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Inorganic electrides are considered potential superconductors due to the unique properties of their anionic
electrons. However, most electrides require external high-pressure conditions to exhibit considerable
superconducting transition temperatures (T.). Therefore, searching for superconducting electrides under
low or moderate external pressures is of significant research interest and importance. In this work, a series
of AsHf,Bs-type compounds (A = Mg, Ca, Sr, Ba; B = Si, Ge, Sn, Pb) were constructed and systematically
studied based on density functional theory calculations. According to the analysis of the electronic
structures and phonon dispersion spectrums, stable one-dimensional electrides CazHf,Ges, CazHf,Sns, and
SrsHf,Pbs, were screened out. Interestingly, the superconductivity of these electrides were predicted from
electron phonon coupling calculations. It is highlighted that SrzHf,Pbs showed the highest T, reaching 4.02
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Accepted 17th November 2023 K, while the T, values of CasHf,Ges and CazHf,Snz were 1.16 K and 1.04 K, respectively. Moreover, the T,
value of CazHf,Gez can be increased to 1.96 K under 20 GPa due to the effect of phonon softening. This
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1. Introduction

The pursuit of high-temperature superconductivity is a pressing
research topic. Unfortunately, most of the superconductors
discovered through experiments and theory require either
excessively high pressures or extremely low temperatures.' To
overcome these limitations, a new class of ionic compounds,
named electrides, has attracted growing attention and wide
interest as novel candidates for superconductors.®® Electrides
are unique compounds with interstitial anionic electrons that
are relatively free in the interstitial region and do not attach to
the nucleus.” This distinctive structure confers upon electrides
exceptional electron mobility, low work function, and robust
electron-donating capacity, rendering them highly attractive for
deployment in various areas, such as superconductivity,'*** as
well as ferromagnetism,”™* catalysis, and Dbattery
electrodes.">* The exploration and development of novel elec-
trides are still ongoing and of great interest.”**

Based on the distribution of anionic electrons, electrides can
be categorized into zero-dimensional (0D), one-dimensional
(1D), and two-dimensional (2D).>* For 0D electrides, the elec-
trons are localized at specific positions, forming electron anion
pairs or isolated electron anions. For 1D electrides, the electron
anions can diffuse along one direction in the crystal, forming
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research on constructing electrides and related superconducting materials.

1D electron anion chains. For 2D electride, the electron anions
can diffuse along two directions, forming planar structures.
C12A7:e” is an example of a zero-dimensional (0D) inorganic
electride and is the first stable electride at room tempera-
ture.””*®* Ca,N was subsequently discovered as the first two-
dimensional (2D) inorganic electride, where the anionic elec-
trons are loosely confined in the interlayer space, making Ca,N
a highly active catalyst.”>* Nevertheless, the synthesis of elec-
trides has been a challenging endeavor, as only a handful of
them, such as Ca,N" and Y,C,** have been successfully
prepared owing to their inherent high reactivity, which often
translates into lower stability. Among various types of elec-
trides, 1D electrides, which exhibit electron confinement in one
dimension, can enhance the thermal stability of the electride.*
Therefore, extending the superconducting electrides to 1D may
enable achieving higher superconducting transition tempera-
tures (T.) at lower external pressures. For example, the 1D
electride NbsIr; has been reported to exhibit a 7. of 9.4 K at
ambient pressure,* while Y;Si has been reported to have a T, of
14.49 K at 50 GPa.* It is noteworthy that Ca;Si has been found
to have the highest 7. among 1D electrides discovered to date,
with a value of 17.6 K at 100 GPa. The superconducting prop-
erties of Ca,Si are mainly attributed to the electron-phonon
coupling between the interstitial electrons and Ca atoms.*

In addition, the application of external pressure to materials
has been theoretically and experimentally demonstrated as an
effective approach to induce superconductivity or enhance the
superconducting transition temperature of materials.**** In the
case of electrides, external pressure leads to a reduction of the
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lattice constant and distance between atoms in the crystal. This
results in a change in the electron arrangement, thereby influ-
encing the electronic structure and properties of the compound.
Pressure can either bring free electrons closer or modify the
interactions between electron pairs, affecting their super-
conducting behavior.** Recently, the electride LigAu has been
predicted to possess the highest T, among known electrides,
with a value of 73.1 K at a pressure of 250 GPa.'* Despite the fact
that many electrides have demonstrated superconducting
properties, the majority of them still require high pressure
conditions to exhibit high T.. Therefore, considering the
excellent superconducting properties of 1D electrides under low
or moderate pressure conditions, it is highly valuable to search
for superconductors among 1D electrides.

In this work, by screening A;Hf,B;-type compounds (A = Mg,
Ca, Sr, Ba; B = Si, Ge, Sn, Pb) inspired by the realization of novel
stable 1D electride CazHf,Pbs,* we predicted three additional
stable one-dimensional electrides (CazHf,Ges, CazHf,Sn;, and
Sr3Hf,Pbs) based on the results of the electron localization
function (ELF), electrostatic difference potential (ESDP), band
structure, partial charge density around the Fermi level, and
phonon dispersions. Furthermore, the superconducting prop-
erties of three electrides at ambient pressure were analyzed.
Finally, external pressure was applied to attempt to increase the
superconducting transition temperature of the electrides while
maintaining lattice dynamic stability.

2. Computational details

Herein, structural optimizations and ELF calculations were
carried out within the density-functional theory (DFT)*' as
implemented in the Vienna ab initio Simulation Package
(VASP)** and employed in conjunction with the ALKEMIE plat-
form.* Considering both accuracy and computational effi-
ciency, the Perdew-Burke-Ernzerhof generalized gradient
approximation (GGA) exchange and correlation functional was
used.** During the structural relaxations, the energy difference
between sequential steps were taken to be 10> eV to ensure that
the calculations were well converged. Crystal structures and
isosurfaces were plotted using VESTA software.** For the con-
structed electrides, the enthalpy of formation was calculated
using the following formula:

H(AHf,B.) — (xH(A) + yH(Hf) + zH(B))
X+y+z

AH; = 6))]
where H(AHf,B;) is the calculated enthalpy of a A;Hf,B;-type
compounds; H(A), H(Hf), and H(B) are the enthalpies of the A,
Hf, and B atoms in the most stable simple substances, respec-
tively; x, y, and z represent the stoichiometric proportions of A,
Hf, and B in a A;Hf,B;-type compounds, respectively.

The QuantumWise Atomistix ToolKit (QuantumATK)
package*® was used to calculate the ESDP. The PBE-GGA func-
tional was adopted to describe the exchange and correctional
interactions of electrons with a linear combination of atomic
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orbitals (LCAO) norm-conserving PseudoDojo pseudopoten-
tial,”” which contains scalar relativistic and fully relativistic
pseudopotentials for each element and it is shipped with
multiple projectors for each angular channel to ensure high
accuracy.*® The density mesh cutoff was set to 85 Hartree,and a 7
x 7 x 7 k-point mesh was generated by the Monkhorst-Pack
method with I symmetry. Structural optimization was executed
until the maximum forces converged to 0.001 eV A™*.

We used VASP for the study of electronic structures and
Quantum ESPRESSO (QE) for the superconducting calcula-
tions,* because this code has all the tools needed to study
phonons and electron-phonon coupling (EPC) effects in the
context of superconductivity. To investigate the phonon spectra
and electron-phonon coupling, the density functional pertur-
bation theory (DFPT)* calculations were performed with the QE
package. The kinetic energy cutoffs of 70 and 700 Ry were
chosen for the wavefunctions and the charge densities,
respectively. The Fermi surface was also broadened by the
Gaussian smearing method with a width of 0.02 eV (0.00147 Ry).
Self-consistent electron density and EPC were evaluated by
employing a 16 x 16 x 16 k mesh and centered 2 x 2 X 2 g
mesh. The superconducting transition temperature 7, was
calculated with the McMillan-Allen-Dynes formula:*

w 1.04(1 + 2)
T, — log _ 2
2P| T AT 1 0.622) )

where u* is the effective screened Coulomb repulsion constant
which was set to an empirical value of 0.1.°>* The total EPC
constant A can be obtained either by summing the EPC constant
Agv for all phonon modes in the whole BZ or by integrating the
Eliashberg spectral function ¢®F(w) as follows:**

A=) dg = 2Ja2F(w)dw (3)

w

) _ 1 _ T
o Fw) = 27N (ep) ;6((” ©) ho,

(4)

qv

where N(ey) is the density of states at the Fermi level, wy, is the
frequency of the »-th phonon mode at the wave vector g, and v,
is the phonon linewidth,

zé(sk,, - ep)6<€k+an - 8}:) (5)

— qv
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in which g;fiqn/ wm 18 an EPC matrix element, which was
straightforwardly calculated from the response of the self-
consistent potential to lattice distortion as:

v . h 1/2 ’ , dVSCF'E
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The logarithmic average frequency wio, is defined as:
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3. Results and discussions
3.1 Crystal structure and screening process

The existence of a sufficiently large void in the crystal structure
to accommodate anionic electrons is an important prerequisite
for the formation of electrides.”® As shown in Fig. 1, a void
surrounded by A site atoms appears along the c-axis direction of
the crystal, which is beneficial for accommodating interstitial
electrons and forming electrides.*® The design principle of our
electride screening is stated as following: considering the good
electron donor ability of alkaline earth metals, alkaline earth
metals were chosen to replace the A site elements to act as
electron donors,* facilitating the formation of electrides, such
as Ca,N** and Ca;Si.** On the other hand, to reduce the attrac-
tion of anionic atoms to electrons, the electronegativity of
element B should not be too strong.*® Group IVA elements,
including Si, Ge, Sn, and Pb, have moderate electronegativity
(Pauling scale) ranging from 1.87 to 2.01, which is lower than
that of group VA elements (the electronegativity of N and P is
3.04 and 2.19, respectively).>® Therefore, group IVA elements
were chosen to replace the B site elements.

Fig. 2 illustrates our research flow for achieve A;Hf,B;-type
electrides and superconductors. Firstly, 15 compounds were
constructed by replacing A and B with alkaline earth metal
elements and group IVA elements. To identify the characteris-
tics of electrides, ELF was calculated to observe the localization
of gap electrons. Herein, ELF is a suitable method for dis-
tinguishing localized electrons and electron gas, which has
been used as a powerful tool for identifying electrides.>”** By
judging the electron localization phenomenon of the
compounds with ELF > 0.75, 8 compounds with obvious

(a)

interstitial site

© A=Mg/Ca/Sr/Ba @B=Si/Ge/Sn/Pb @) Hf

Fig. 1 (a) Top and (b) side views of the crystal structure of AzHf,Bz-
type compounds.
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N —- A=Mg/Ca/Sr/Ba

B=Si/Ge/Sn/Pb

15 A Hf,B,-types compounds

(ELF > 0.75) at the

e — .
Interstitial space

8 compounds with
ELFmax in cavity

3 stable compounds

Phonon dispersion

e
Superconductivity

EPC calculations

Fig. 2 The schematic illustration for the discovery of possible
AsHf,Bs-type superconducting electrides.

electron localization were initially screened, and their stability
was analyzed by further phonon dispersion calculations.
Through this screening process, three new stable electrides of
Ca;Hf,Ge;, CazHf,Sn;, SrzHf,Pb; were finally screened out, and
their superconducting properties were further analyzed by the
electron-phonon coupling calculations.

3.2 Electronic structure and stability at ambient pressure

Fig. 3 displays the preliminary screening results of the ELF with
localized electronic features. The results indicate that eight
compounds (CazHf,Siz, CazHf,Ge;, CazHf,Sn;, BazHf,Pbs, Sr;-
Hf,Si;, Sr;Hf,Ges, Sr;Hf,Sn;, and SrzHf,Pb;) exhibit distinctive
electron localization phenomena at the interstitial sites along
the c-axis direction, indicating the potential to be 1D electrides.
These eight compounds 1D channels and

show clear

Fig. 3 The ELF 3D plots with isosurface value of 0.75 for (a) CazHf,Sis,
(b) Ca3Hf2Ge3, (C) Ca3Hf23n3, (d) Ba3Hf2Pb3, (e) SI’3Hfzsi3, (f) Sr3Hsze3,
(g) Srszzsnz, and (h) Sr3Hf2Pb3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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characteristic features of 1D electrides at ELF = 0.75.
Conversely, Fig. S1f shows that the remaining seven
compounds (BazHf,Ges;, BazHf,Si;, BazHf,Sn;, Mg;Hf,Ge;,
Mg,;Hf,Pb;, Mg;Hf,Si;, and Mg;Hf,Sn;) did not exhibit clear
electron localization phenomena, implying that they lack the
characteristics of electrides. Hence, our later discussion will
focus on the eight compounds exhibiting localized features.
To investigate the lattice dynamic stability of the eight
compounds that were preliminarily screened for localized
electron phenomena, we calculated the phonon dispersion
curves at 0 GPa. Fig. S21 displays the phonon dispersion results.
Among the eight compounds, Ca;Hf,Ge;, CazHf,Sn;, and Srs-
Hf,Pb; exhibit no imaginary frequencies throughout the Bril-
louin zone, indicating dynamic stability at ambient pressure in
Fig. S2(b), (c) and (h).} In contrast, the remaining compounds
show imaginary frequencies in their phonon dispersion curves,
implying instability at 0 GPa. Therefore, we conclude that
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Ca;zHf,Ges, CazHf,Sn;, and Sr;Hf,Pb; have the potential to be
stable electrides at 0 GPa.

To further demonstrate the electride nature of Caz;Hf,Ge;,
CazHf,Sn;, and SrzHf,Pb;, we calculated the electrostatic
difference potential (ESDP) to investigate the spatial charge
distribution during electronic transitions that lead to electrical
conductivity in real space.* In typical compounds, electrons are
tightly bounded to atoms or molecules, making their locations
challenging to figure out. However, in electrides, the electrons
are dispersed and located in cavities or channels within the
crystal structure, which makes it relatively easier to identify
their positions.* Anions, which typically carry negative charges,
generate a particular charge distribution in the cavities or
channels, leading to a potential difference. The expression for
ESDP is given by:

_ AVH(r)

AVE(r) =

(8)

Fig. 4 The projected band structures and density of states for (a) CasHf,Ges, (c) CazHf,Snz and (e) SrzsHf,Pbs. The partial charge densities at the
energy range of —1 eV to 0 eV for (b) CazHf,Ges, (d) CazHf,Sns and (f) SrsHf,Pb=. The isosurfaces of partial charge densities in (b), (d) and (f) are
plotted at values of 0.005, 0.025, and 0.002 e A~3, respectively. The Fermi energy is set to O eV.

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2023, 13, 34400-34409 | 34403



RSC Advances

where e is the unit charge, and AVH(r) is the Hartree difference
potential, which is the solution to the Poisson equation for the
difference in electron density as:

2

V2VH[n|(r) = n(r) )

_4TC€0
where n(r) is the valence electron density and ¢, is the vacuum
permittivity. Fig. S31 displays the 3D density map plot of the
ESDP of the three compounds. It shows a one-dimensional
electrostatic potential and electron transport channel along
the edge of the unit cell, parallel to the c-axis, which shows
obvious 1D characteristics. Thus, excess electrons can move
easily along this one-dimensional electrostatic potential. In
contrast, a significant external potential is necessary to remove
electrons from the electrostatic potential perpendicular to the
[001] direction. This observation further confirms that CazHf,-
Ges, CazHf,Sn;, and Sr;Hf,Pb; have the potential to be 1D
electrides.

To further understand the electronic structures of three
stable potential electrides, we added pseudo atoms (marked as
X) to simulate the contribution of anionic electrons at the
interstitial positions of (0, 0, 0) and (0, 0, 0.5). Then, we

Paper

calculated the corresponding projected band structures and
partial density of states (PDOS). Fig. 4(a), (c) and (e) show the
contribution of interstitial electrons to the band structure
marked in red. The energy bands contributed by the interstitial
electrons are primarily located near and cross the Fermi level,
exhibiting metallic features. Combined with PDOS of the three
compounds, we can see that the PDOS contributed by the
interstitial electrons are mainly concentrated around the Fermi
level, and the PDOS at the Fermi surface is mainly contributed
by the Hf d orbitals. To visualize the contribution of interstitial
electrons more intuitively, the partial charge densities were
calculated within the range of —1 €V < E — Egermi < 0 €V, as
shown in Fig. 4(b), (d) and (f). It can be seen that one-
dimensional electron channels similar to those shown in the
previous ESDP results appear at the interstitial positions, which
further verifies the 1D electride characteristics of Caz;Hf,Ge;,
CazHf,Sn;, and Sr;Hf,Pb;. Therefore, the above results show
that Caz;Hf,Ge;, CazHf,Sn;, and SrzHf,Pb; are stable 1D elec-
tride at 0 GPa. Table S17 lists the basic structural information
and calculated formation energy values of CazHf,Ge;, CasHf,-
Sn;, and Sr3Hf,Pb; for further references. They have the same
hexagonal crystal structure as CazHf,Pbs, with a space group of

Ca Hf Ge, Ca Hf Sn, Sr,Hf,Pb,
(a)_~250; (b) 225 (c)140
5200 ] - 105F
2150
= 70
g 100
= 75 2l
e 35 b
= 50
0 0 - 0
I MK r A L H A r MK r A LH A r MK r A L H A
«Ca-xyeCa-z » Ge-xy- Ge-z» Hf-xy+ Hf-z »Ca-xyeCa-z » Sn-xy- Sn-z » Hf-xys Hf-z
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Fig. 5 The phonon dispersion curves proportional to the phonon linewidth vy, for (a) CazHf,Ges, (b) CazHf,Sns, and (c) SrsHf,Pbs. The phonon
dispersion curves weighted by the vibrational modes of different atoms for (d) CazHf,Ges, (e) CazHf,Sns, and (f) SrsHf,Pbz at 0 GPa. The projected
phonon density of states and Eliashberg spectral functions for (g) CasHf,Ges, (h) CazHf,Sns, and (i) SrsHf,Pbs.
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P63/mcm.*® By calculating the formation energy, it is found that
the formation energies of these three electrides are all negative,
indicating that their formation is an exothermic process, and
therefore corresponding experimental synthesis is possible.

3.3 Superconductivity at ambient pressure

To analyze the vibrational modes and calculate the supercon-
ductivity of the three novel electrides, we calculated the phonon
dispersion curves weighted by the phonon linewidth v,,, along
with the Eliashberg spectral function 2a’*F(w)/w and the elec-
tron-phonon coupling coefficient A(w), as illustrated in Fig. 5.
The Eliashberg spectral function is represented by the orange
area, while the blue line depicts how A(w) increases by inte-
grating the spectral function. The phonon dispersion curves
weighted by the phonon linewidth vy, are presented in
Fig. 5(a)-(c), where the size of the blue lines is proportional to
the electron-phonon coupling contribution in that region. The
observation reveals that the electron-phonon coupling of the
three electrides is primarily concentrated in the middle and
low-frequency modes, particularly in Sr;Hf,Pbs;. To understand
the contribution of different vibrational modes to EPC, we
generated the phonon dispersions distinguished by the atomic
vibrational modes, as illustrated in Fig. 5(d)-(f). The investiga-
tion reveals that the high-frequency vibrational modes in the
three electrides, contributed by the alkali-earth metals (Ca, Sr),
are mainly associated with the in-plane vibrations (Ca-xy, Sr-xy),
with the highest frequency range, while the out-of-plane vibra-
tions (Ca-z, Sr-z) of the alkali-earth metals occupy the next
highest frequency range. Vibrational modes associated with the
Hf element and the IVA group elements (Ge, Sn, Pb) mainly
dominate the low-to-medium frequency range. Fig. 5(g)—(i)
show the Eliashberg spectral function 2¢°F(w)/w and the
phonon density of states (PhDOS) of the three electrides. By

511 (b)

Ca,Hf Ge,

M __K 731

©

Ca,Hf,Sn,
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analyzing the Eliashberg spectral function, it can be observed
that the entire range of the Eliashberg spectral function is
similar to the phonon dispersion curve weighted by the phonon
linewidth +yg,. It can be roughly divided into two regions,
namely, the low-to-medium frequency range and the high
frequency range. For instance, in Fig. 5(i), SrzHf,Pb; exhibits
distinct peaks in the low-to-medium frequency range, which
diminish considerably in high frequency modes. The result of A
for Sr;Hf,Pb; reveals that its primary contribution (over 50%)
arises from the 0 to 100 cm ™" in the low-to-medium frequency
range, while modes in the high frequency range (above
100 ecm ') contribute negligibly to the overall EPC. The final
calculated A values for CazHf,Ge; and CazHf,Sn; are both equal
to 0.46. Sr;Hf,Pb; has the highest A value, reaching 0.74.
According to the McMillan-Allen-Dynes equation, the T, values
of CazHf,Ge;, CazHf,Sn;, and Sr;Hf,Pb; at 0 GPa are calculated
to be 1.16 K, 1.04 K, and 4.02 K, respectively. Herein, Sr;Hf,Pb;
has the highest T, value. By analyzing the PhDOS, it can be more
intuitively seen how the vibration modes of different elements
contribute to the phonon dispersion. The contribution of alkali
earth metals is significantly concentrated in the high frequency
region, with a distinct peak in the high frequency area. On the
other hand, the contributions of Hf and group IVA elements are
relatively evenly distributed in the low-to-medium frequency
modes. Therefore, considering the dominant position of Hf d-
orbital electrons at the Fermi level, the superconductivity of
the three electrides mainly comes from the electron-phonon
coupling between the low-to-medium frequency modes domi-
nated by Hf and group IVA elements vibrations and Hf d-orbital
electrons.

To visualize the contribution regions of EPC, we plotted the
integrated distribution within g, = 0 and 0.5 planes in the first
Brillouin zone (BZ), by summing up the EPC of all phonon

(c) M__K 929
L _H 798

| (@
41 7.84

Sr,Hf,Pb,

Fig. 6 The integrated EPC distributions in the plane g, = 0 for (a) CazHf,Ges, (b) CasHf,Snsz, and (c) SrsHf,Pbs, and in the plane g, = 0.5 for (d)

CazHf,Ges, (e) CazHf>Sns, and (f) SrsHf,Pbs, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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branches on these two planes.®®** As shown in Fig. 6, in the ¢, =
0 plane, the EPC integrated distribution of all three electrides is
mainly concentrated near the I' point, indicating a stronger EPC
contribution near the I' point than other positions in this plane.
In the g, = 0.5 plane, the EPC integrated distribution of Ca;-
Hf,Ge; is relatively concentrated around the A point, with
a larger range of hotspots and a radiating shape expanding
outwards. However, for CazHf,Sn; and Sr;Hf,Pbs;, the EPC
integrated distribution is mainly concentrated near the H point.
Although the g, = 0.5 plane exhibits different hotspot distri-
butions, we found that the EPC integrated distribution is more
evenly spread out than in the g, = 0 plane, as evidenced by the
numerical values on the color scale, indicating a more uniform
EPC contribution in various regions on the g, = 0.5 plane.

3.4 Superconductivity under external pressures

Pressure is a promising method to enhance the super-
conducting transition temperature. Here, we examined the
impact of pressure on the superconducting properties of three

Ca3Hf2Ge3 at 15 GPa (b)

Ca,Hf Sn,at 12 GPa

Paper

artificial electrides. Firstly, we evaluated the lattice dynamical
stability of the three electrides at different pressures by
computing the phonon dispersion curves, which are depicted in
Fig. S4.1 Specifically, Fig. S4(a), (¢) and (d)f illustrate the
phonon dispersion curves of Ca;Hf,Ge;, CazHf,Sns;, and Srs-
Hf,Pbs, respectively, at pressures of 15, 12, and 9.3 GPa.
Notably, no imaginary frequencies were found in the entire
Brillouin zone of these electrides, suggesting their lattice
dynamical stability under the corresponding pressure condi-
tions. Nevertheless, at 20 GPa, a clear imaginary frequency
appeared near the I' point of Ca;Hf,Ge;, indicating its insta-
bility under this pressure and rendering it unsuitable for further
compression in future research.

To gain further insight into the impact of external pressure
on superconductivity, we calculated the phonon dispersion
weighted by the phonon linewidth v, as well as the Eliashberg
spectral function 2a*F(w)/w and the electron-phonon coupling
coefficient A(w) under selected pressures, as illustrated in Fig. 7.
As shown in Fig. 7(a), under a pressure of 15 GPa, the EPC

Sr.Hf Pb, at 9.3 GPa
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Fig.7 The phonon dispersion curves at selective pressure proportional to the phonon linewidth v, for (a) CasHf,Ges at 15 GPa, (b) CazHf,Sns at
12 GPa, and (c) SrsHf;Pbz at 9.3 GPa. The phonon dispersion curves at selective pressure weighted by the vibrational modes of different atoms for
(d) CasHf,Ges at 15 GPa, (b) CazHf,Sn3z at 12 GPa, and (c) SrsHf,Pbs at 9.3 GPa. The projected phonon density of states and Eliashberg spectral
functions at selective pressure for (g) CasHf,Ges at 15 GPa, (b) CazHf,Sn3z at 12 GPa, and (c) SrsHf,Pbs at 9.3 GPa.
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Fig. 8 The integrated EPC distributions in the plane g, = 0 for (a) CasHf,Ges at 15 GPa, (b) CazHf,Sn3z at 12 GPa, and (c) SrsHf,Pbs at 9.3 GPa, and
in the plane g, = 0.5 for (d) CasHf,Ges at 15 GPa, (e) CazHf,Sns at 12 GPa, and (f) SrsHf,Pbs at 9.3 GPa, respectively.

contribution region of CazHf,Ge; is mainly concentrated in the
low frequency region, which is different from that at ambient
pressure, where the EPC contribution mainly comes from the
low-to-medium frequency region. In contrast, for Caz;Hf,Sn;
and Sr3Hf,Pbs, depicted in Fig. 7(a) and (b), the EPC contribu-
tions are still primarily located in the low-to-medium frequency
modes, similar to the distribution observed at ambient pres-
sure. Additionally, we saw a phonon softening phenomenon of
CazHf,Ge; on the I'-M-K-I path (g, = 0 plane), especially at the
I' point, which is not observed in the other two compounds.
According to the phonon dispersion curves differentiated by
vibrational modes shown in Fig. 7(d)-(f), the high-frequency
modes are still dominated by the alkali metals under pres-
sure, while the vibration modes of Hf and IVA elements stay
concentrated in the low-to-medium frequency region. Based on
our analysis, it appears that the softening phonon modes of
Ca;zHf,Ge; are primarily dominated by the in-plane vibration
mode of Hf (Hf-xy). Furthermore, from the Eliashberg spectral
functions shown in Fig. 7(g)-(i), we observed a clear peak in the
low frequency modes of Caz;Hf,Ge;, while the peaks of Ca;Hf,-
Sn; and Sr;Hf,Pb; are still concentrated in the low-to-medium
frequency region, and the calculated A(w) curve rapidly
increases in this region. Based on the analysis of PhDOS, we
found that the states in the low frequency modes of Ca;Hf,Ge;
are mainly contributed by Hf atoms, while the results of PhDOS
of the other two compounds under pressure are similar to those
at 0 GPa. According to the McMillan-Allen-Dynes equation, the
calculated T, value of CazHf,Ge; under a pressure of 15 GPa is
1.96 K, which is significantly higher than that at 0 GPa. There-
fore, we conclude that the enhancement of T, in CazHf,Ge;
under pressure mainly results from phonon softening.
However, for CazHf,Sn; and SrzHf,Pb;, their T, values

© 2023 The Author(s). Published by the Royal Society of Chemistry

decreased to 0.71 K and 2.69 K under pressures of 12 GPa and
9.3 GPa, respectively, indicating that further increasing of the
external pressure could not increase their T, values.

To observe the distribution of EPC under external pressures,
we also plotted the integrated distribution on the g, = 0 and 0.5
planes in the first Brillouin zone (BZ) under different pressure,
as shown in Fig. 8. It can be seen that, similar to the results at
0 GPa, the EPC integrated distributions of the three electron
compounds are mainly concentrated near the I" point on the g,
= 0 plane. However, on the g, = 0.5 plane, the EPC integrated
distributions of the three electrides are more concentrated
around the H point. Except for Ca;Hf,Sn;, the EPC integrated
distributions on the g, = 0.5 plane still appear more uniform
compared to the g, = 0 plane. For Caz;Hf,Ge;, we can observe
a significant distribution around the I point, which is
contributed by the softening phonon mode mentioned earlier
in g, = 0 plane. This phenomenon further confirms that the
increase in T, value of Caz;Hf,Ge; under pressure is due to the
contribution of phonon softening.

To gain a deeper understanding of the superconducting
mechanism of A;Hf,B;-type electrides under various pressure
conditions, we investigated the superconducting transition
temperature (7.), logarithmic phonon frequency (wog), and A(w)
of CazHf,Ges, CazHf,Sn;, and Sr;Hf,Pb; under different pres-
sure conditions, as shown in Fig. 9. We can see that the changes
in A(w) values are consistent with those of T, values, while wjog
shows an opposite trend. For the calculated compound with the
highest T, Sr;Hf,Pbs, also has the highest calculated A(w) value
of 0.74. Conversely, for Caz;Hf,Sn; under 12 GPa with the
smallest T, value, its calculated A(w) is the minimum value of
0.42. To evaluate the effect of pressure on the superconducting
properties of the three electrides more intuitively, Table S27
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Fig. 9 The estimated superconducting transition temperature T,
logarithmic phonon frequency wiog, and Alw) for CazHf,Ges, CazHf,-
Sns, and SrzHf,Pbsz under different pressure conditions.

lists the calculated A, w),g, and T, values under selected pres-
sures for the three electron compounds. Fig. S51 depicts the
influence of various u* values on T.. It is evidently that despite
a significant decreasing trend in T, values of all electrides with
increasing u* values, the order of T. for the selected pressures
remains unchanged, irrespective of the u* value. It is seen that
Sr;Hf,Pb; still exhibits the highest T. value at 0 GPa, while
CazHf,Sn; at 12 GPa has the smallest T..

4. Conclusion

In summary, we have systematically investigated the electron
localization function (ELF), electrostatic difference potential
(ESDP), band structure, partial charge density around the Fermi
level, and phonon dispersions of A;Hf,B;-type compounds (A =
Mg, Ca, Sr, Ba; B = Si, Ge, Sn, Pb) via density functional theory
calculations combined with electron phonon coupling calcula-
tions. Among them, we identified three novel stable 1D elec-
trides, CazHf,Ges;, CazHf,Sn;, and Sr;Hf,Pb;. By calculating
their electron-phonon coupling properties, the super-
conducting transition temperatures (T.) of Ca;Hf,Ge;, CazHf,-
Sn;, and Sr;Hf,Pb; were predicted to be 1.16 K, 1.04 K, and 4.02
K, respectively, and their superconducting properties were
mainly derived from the electron-phonon coupling between the
d-electrons of Hf and the low-to-medium frequency range
vibration modes dominated by Hf and group IVA elements.
Under external pressure, the T, of Ca;Hf,Ge; increased to 1.96 K
at 15 GPa, while the T, of CazHf,Sn; and Sr;Hf,Pb; decreased.
The increase in T, of Ca;Hf,Ge; was attributed to the pressure-
induced phonon softening phenomenon. The analysis of the
superconducting properties revealed that the trend of A values
was consistent with that of T¢, while the trend of wj,, values was
opposite. The value of u* did not affect the trend and magni-
tude of the changes in T, with pressure for the three electrides.
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