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High-temperature superconductivity in a two-dimensional electride

Gui Wang ,1 Pu Huang,1 Zhengfang Qian,1 Peng Zhang ,1,* and Su-Huai Wei2
1Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and Guangdong Province,

College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China
2Beijing Computational Science Research Center, Beijing 100193, China

(Received 20 September 2023; revised 19 December 2023; accepted 20 December 2023; published 10 January 2024)

Electrides constitute a unique class of materials that can be developed as conventional superconductors with
diverse dimensional superconductivity. However, the transition temperatures (Tc) of electride superconductors
are generally low and promoting their Tc usually requires extremely high external pressures that are formidable
for practical applications. Here, based on the first-principles calculations, we proposed that the recently reported
electride, Be2N, can exhibit a two-dimensional (2D) superconductivity, which has a Tc of 10.3 K that is the
highest Tc ever found for bulk electride superconductors at ambient pressure. More interestingly, we found that
the high Tc of Be2N is mainly attributed to the large average phonon frequency, rather than the strong electron-
phonon coupling, which can be further understood by the small atomic weight of Be atoms and the strong Be-N
bonds. Moreover, compared to most conventional superconductors, we identified an unusual dependence of the
superconductivity of Be2N on external pressures, originating from a unique charge transfer from its cationic
framework to its anionic electron cloud. Our studies provide a deeper understanding of the superconductivity of
2D electrides and suggest a feasible way for the development of high-temperature electride superconductors at
ambient pressure.
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I. INTRODUCTION

Since the first discovery of Cs+(15-crown-5)2e− by Dye
and co-workers in 1982, electrides have attracted increasing
research interest over the past four decades [1,2]. Unlike
conventional ionic crystals, where both the positive and the
negative constituents are ions, electrides consist of a cationic
framework with excess electrons that locate in their structural
cavities and serve as anions [3]. This unusual structural ar-
rangement brings electrides exceptional physical properties,
including high electrical conductivity and low work functions
[4,5]. In particular, at low temperatures, superconducting tran-
sitions could also occur in electrides, as first demonstrated
in [Ca24Al28O64]4+(e−)4 (C12A7 : e−) [6]. Since then, a
series of electride superconductors have been proposed, in-
cluding Li6P, Li6C, Li5Si, Li5C, Ca3Si, Li3S, Nb5Ir3, and
Zr5Sb3 [7–14]. Depending on their crystal structures, these
electrides display diverse dimensional superconductivity and
distinct superconducting behaviors, compared to the well-
known high-pressure superconductors, such as H3S [15],
LaH10 [16], and YH9 [17], which may open up a new avenue
for the development of conventional superconductors.

The successful synthesis and identification of Ca2N as the
first two-dimensional (2D) electride in 2013 made alkaline-
earth metal nitrides (AE2N, AE = Be, Mg, Ca, Sr, Ba) an
important family of electrides that have received extensive
attention in recent years [4,18,19]. Inspired by their remark-
able electronic transport properties, significant efforts have
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also been paid to study the superconductivity of AE2N. It
has been reported that both Ca2N and Ba2N can exhibit
2D superconductivity at their monolayer limit and even the
semiconducting Mg2N transforms to a superconductor under
external tensile strains [20–22]. However, the transition tem-
peratures (Tc) of these AE2N superconductors were predicted
to be generally low, which was often ascribed to the weak
electron-phonon coupling (EPC) in these materials. Moreover,
for the bulk AE2N at ambient pressure, superconductivity
was still not reported. More recently, by careful symmetry
analysis, we have proposed a ground-state structure for Be2N,
which is different from the anti-CdCl2 structure of Ca2N [23].
It has been shown that the width of the interlayer space in this
Be2N structure is only 1.43 Å, which is much smaller than the
empirical values (3−5 Å) found for other AE2N [23,24]. Thus,
compared to other AE2N, this structure character implies
more concentrated anionic electrons and a much stronger in-
teraction between these electrons and the cationic framework
in Be2N, which may together lead to the superconductivity
with a promoted transition temperature.

To verify this anticipation, here we performed the first-
principles calculations within the density functional pertur-
bation theory (DFPT) method to systematically study the
electronic and superconducting properties of Be2N. Our re-
sults indicated that the exotic electronic structure of Be2N
drives it to be a 2D superconductor with a Tc of 10.3 K that is
the highest Tc ever found for bulk electride superconductors at
ambient pressure. More interestingly, different from the pre-
vious expectations, we identified that the high Tc of Be2N is
mainly attributed to its large average phonon frequency, rather
than the strong EPC, which can be further understood by the
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FIG. 1. (a) The crystal structure of Be2N. (b) Three-dimensional
(3D) and 2D plot of electron localization function (ELF) in Be2N
with the isosurface of 0.7. The 2D ELF is plotted for the top (001)
surface of Be2N with a 2 × 2 × 1 supercell. (c) Projected band struc-
ture of Be2N, where the contribution of anionic electrons is labeled
as X and the metallic band across the Fermi level is highlighted
by green. (d) 3D Fermi surface in Be2N with the electron and hole
pockets colored by cyan and yellow, respectively.

small atomic weight of Be atoms and the strong Be-N bonds.
Moreover, the pressurization effect on the superconductivity
of Be2N was also considered. Compared to most conventional
superconductors, our results indicated an unusual dependence
of the superconducting behaviors of Be2N on external pres-
sures, which can be ascribed to a unique charge transfer from
its cationic framework to its anionic electron cloud.

II. COMPUTATIONAL METHODS

The first-principles calculations were carried out by us-
ing the projector augmented wave method based on the
density functional theory as implemented in the QUANTUM

ESPRESSO (QE) code [25]. The exchange-correlation energy
was treated by the generalized gradient approximation method
with the Perdew-Burke-Ernzerhof functional [26]. The SG15
optimized norm-conserving Vanderbilt pseudopotentials [27]
were employed to describe the effect of core electrons, and
the energy cutoffs of 80 and 320 Ry were chosen for the wave
functions and the charge densities, respectively. The Fermi

surface was broadened by the Gaussian smearing method [28]
with a width of 0.008 Ry, and the van der Waals correction
adopts the rVV10 approach [29]. The EPC constants were
calculated based on the DFPT [30] with a 4 × 4 × 4 q-point
grid and a 16 × 16 × 16 k-point grid, and the Tc was estimated
by using the McMillan-Allen-Dynes formula [31]. The crystal
orbital Hamilton population [32] curves are obtained using the
LOBSTER code [33].

III. RESULTS AND DISCUSSION

As reported previously, the ground-state structure of Be2N
possesses a layered framework with the R3̄m symmetry, as
illustrated in Fig. 1(a) (the detailed structural information is
given in the Supplemental Material [34]). Here, the lattice
parameters of Be2N were calculated to be a = b = 2.841 Å
and c = 28.603 Å by QE, which is in good agreement with
that calculated by VASP [23] (see Supplemental Material Ta-
ble S1 [34]). The anionic electrons in Be2N were found to
locate mainly in the interlayer space between adjacent [Be2N]
slabs, forming a 2D electron gas in the ab plane, as shown
in Fig. 1(b). Thus, similar to Ca2N, Be2N is also a 2D elec-
tride, despite their different crystal structures. The width of
the interlayer space in Be2N was calculated to be 1.43 Å,
which is much smaller than that reported for other AE2N, such
as Ca2N (3.90 Å), Sr2N (4.24 Å), and Ba2N (4.54 Å) [23].
Consequently, Be2N has a much higher density of anionic
electrons than other AE2N, as shown in Table I, which is
beneficial to improve the electrical conductivity and realize
the superconductivity in Be2N.

Figure 1(c) plots the projected band structure of Be2N. It is
clear to see that Be2N is a metal with only one band (green)
crossing the Fermi level (EF ). A detailed inspection of this
metallic band indicated that it is mainly contributed by the
anionic electrons, with only a small hybridization with Be 2s
and N 2p orbitals (see Fig. S1 [34]). The corresponding Fermi
surface for this metallic band is shown in Fig. 1(d), which
illustrates a hexagonal toroidal electron pocket at the center
of the first Brillouin zone (FBZ) and a triangular tubelike
hole pocket at each corner. These results implied that the
electronic transport properties of Be2N should largely rely on
its anionic electrons. Moreover, from Fig. 1(c), we can also
see that the metallic band is highly dispersive along the T-H2,
F-�, and �-S0 high-symmetry lines but becomes relatively flat
along the H2-S2 and S0-H0 high-symmetry lines around EF .
The coexistence of these steep and flat bands near EF would
provide a vanishing Fermi velocity to part of the conduction
electrons, which is favorable for the formation of Cooper pairs
and thus essential to realize the superconductivity in electride
superconductors [35–37].

TABLE I. The number of anionic electrons, λ, ωlog, average bond length, and integrated COHP (ICOHP) in Be2N, as well as that in Ca2N
and Ba2N monolayers.

AE 2N Structure Anionic electron (e−/f.u.) λ ωlog (K) Bond length ( Å) −ICOHP

Be2N bulk 0.127 0.68 314 1.705 1.32
Ca2N [20] monolayer 0.038 0.78 158 2.417 0.44
Ba2N [21] monolayer 0.020 0.59 103 2.767 0.29
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FIG. 2. (a) Phonon spectrum with the projected EPC constants (λqν), PhDOS, Eliashberg function [α2F (ω)], and integrated EPC constant
[λ(ω)] for Be2N. (b) Vibrational patterns for mode I and mode II, where aqua arrows represent the direction of atomic vibration.

To estimate the superconductivity of Be2N, the corre-
sponding EPC parameters [λqν, α2F (ω), λ] were calculated.
Among them, λ can be estimated either by summing the
projected EPC constant (λqν) for all phonon modes in the
whole FBZ or by integrating the Eliashberg spectral function
[α2F (ω)] as follows:

λ =
∑
qν

λqν = 2
∫

α2F (ω)

ω
dω, (1)

where ω is the phonon frequency, λqν was calculated by

λqν = γqν

π h̄N (EF )ω2
qν

, (2)

and α2F (ω) was calculated by

α2F (ω) = 1

2πN (EF )

∑
qν

δ(ω − ωqν )
γqν

h̄ωqν

, (3)

γqν = 2πωqν

∑
i j

∫
dk

BZ

|gqν (k, i, j)|2

× δ(Єk,i − EF )δ(Єk+q, j − EF ), (4)

where N(EF ) is the electronic density of states at EF , γ qν

presents the phonon linewidth, and gqν denotes the EPC ma-
trix element.

Figure 2(a) shows the calculated phonon spectrum, phonon
density of states (PhDOS), and EPC parameters for Be2N.
There are totally 27 phonon branches, including 3 acoustic
and 24 optical branches, respectively. λ was calculated to be
0.68 for Be2N, which is comparable to that found for Ca2N
and Ba2N monolayers, as given in Table I. From α2F (ω), we
identified that the most significant contribution to λ comes
from the phonon modes within the frequency range from 80
to 120 cm−1 and that from 250 to 350 cm−1. Moreover, the
phonon modes that have the largest λqν were found to be
along the �-T (mode I) and F-� (mode II) high-symmetry
lines, with the frequencies of 338 and 90 cm−1, respectively.
The real-space atomic vibrational patterns indicated that both
these phonon modes are largely dominated by the vibration
of Be atoms, as shown in Fig. 2(b). Consistent results were
also obtained in PhDOS, where the Be contribution dominates
the low-frequency range from 0 to 500 cm−1. From these

calculations, we can deduce that it is the coupling between
the Be vibration and anionic electrons that determines the
superconductivity of Be2N.

The Tc of Be2N was estimated by the McMillan-Allen-
Dynes formula [31],

Tc = ωlog

1.2
exp

(
− 1.04(1 + λ)

λ − (1 + 0.62λ)μ∗

)
, (5)

ωlog = exp

(
2

λ

∫
α2F (ω)lnω

ω
dω

)
, (6)

where ωlog and μ* denote the logarithmically averaged char-
acteristic phonon frequency and the Coulomb pseudopotential
that typically has a system-independent value, respectively.
Here, we adopted a typical value of 0.1 for μ* [40,41]. In-
terestingly, our calculations showed that the Tc of Be2N can
reach 10.3 K at ambient pressure, which is more than two and
three times larger than that of Ca2N and Ba2N monolayers,
respectively, as shown in Table I. Moreover, by surveying
all the reported bulk electride superconductors at ambient
pressure, we identified that Be2N still has the highest Tc, as
shown in Table II. Obviously, this high Tc of Be2N cannot
be attributed to the strong EPC, since it has only a moderate
λ that is even smaller than that found for Ca2N monolayer.
On the other hand, we found that Be2N has a much larger

TABLE II. Crystal structures and transition temperatures (Tc) of
electride superconductors at ambient pressure.

Formula Symmetry Bulk or monolayer Tc/K Ref.

Be2N R3̄m Bulk 10.3 Our work
Mg2N R3m Bulk 0.3 [22]
Ca2N R3̄m Monolayer 4.7 [20]
Ba2N R3̄m Monolayer 3.4 [21]
Y2C R3̄m Monolayer 0.9 [38]
MgONa Monolayer 3.4 [38]
C12A7 : e− I 4̄3d Bulk ∼0.4 (Expt.) [6]
Nb5Ir3 P63/mcm Bulk 9.4 (Expt.) [13]
Zr5Sb3 P63/mcm Bulk ∼2.3 (Expt.) [14]
Li5Si P6/mmm Bulk 1.1 [9]
AlH2 P6̄m2 Monolayer 38 [39]
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FIG. 3. (a) The Tc, λ, and ωlog of Be2N calculated at different
pressures. (b) Phonon spectrum with λqν , PhDOS, α2F (ω), and λ(ω)
for Be2N at 5 GPa. (c) The ωlog and number of anion electrons in
Be2N calculated at various c-axis stretching strains. The number of
anion electrons was calculated according to the Bader charge [42].

ωlog than that of Ca2N and Ba2N monolayers, which should
be mainly responsible for its high Tc, as shown in Table I.
Since the Be vibration dominates the low-frequency phonon
spectrum of Be2N, this large ωlog can be partly understood
by the small atomic weight of Be atoms, which tends to
facilitate the atomic vibration. In addition, compared to Ca2N
and Ba2N monolayers, we found that Be2N possesses much
stronger chemical bonds, as shown in Table I. These strong
Be-N bonds and the corresponding robust crystal lattice of
Be2N would also prefer to enlarge its phonon frequencies.

It has been widely recognized that pressurization usually
plays an effective role in enhancing the Tc of conventional su-
perconductors. Accordingly, here we also studied its effect on
the superconductivity of Be2N. Figure 3(a) plots the variation
of Tc, λ, and ωlog for Be2N, as the pressure changes from 0
to 8 GPa. Moreover, to check its structural stability at high
pressures, we performed the ground-state structure search for
Be2N at 10 GPa with the CALYPSO code [43,44] and the re-
sults indicated that its ground-state structure does not change
after searching for 30 generations with 900 structures (see
Fig. S2 [34]). As shown in Fig. 3(a), λ was found to increase
monotonically as the pressure increases from 0 to 8 GPa,
suggesting a continuously enhanced EPC in Be2N. Similar
results can also be obtained in Fig. 3(b), where λqν for model
I and model II calculated at 5 GPa are significantly larger
than that calculated at 0 GPa, which leads to an enhanced
λ of 0.82 and a promoted Tc of 12.5 K at 5 GPa. However,
on the other hand, it is surprising to see that ωlog of Be2N
decreases monotonically in the same pressure range, contrary
to the common trend found for most conventional supercon-
ductors [7,45,46]. Consequently, the Tc does not continue to
increase but decreases to 12.2 K, as the pressure increases

from 5 to 8 GPa, which illustrates that the pressurization
cannot effectively enhance the Tc of Be2N. To understand
this unexpected decrease of ωlog, we examined the change of
anionic electrons in Be2N, as the pressure increases from 0
to 5 GPa. The results showed a 4.2% increase of the number
of anionic electrons in Be2N at 5 GPa, compared to that at
0 GPa, indicating a charge transfer from [Be2N] slabs to the
anionic electron cloud. This depletion of charge from [Be2N]
slabs would weaken the Be-N bonds and consequently reduce
ωlog of Be2N. For comparison, we also examined the anionic
electron change in Be2N under different stretching strains
along the c direction. As expected, a reversed charge transfer
from the anionic electron cloud to [Be2N] slabs was found,
resulting in an increased ωlog, as shown in Fig. 3(c). These
results elucidated that, different from most conventional su-
perconductors, the existence of anionic electrons may endow
distinct superconducting behaviors to electride superconduc-
tors.

IV. CONCLUSIONS

In summary, based on the first-principles calculations, we
have studied the electronic and superconducting properties of
a recently proposed 2D electride, Be2N. Our results indicated
that the exotic electronic structure of Be2N drives it to be a
2D superconductor with a Tc of 10.3 K that is the highest
Tc ever found for bulk electride superconductors at ambient
pressure. More interestingly, we uncovered that this high Tc

of Be2N is mainly attributed to the large average phonon
frequency, rather than the strong EPC, which can be further
understood by the small atomic weight of Be atoms and the
strong Be-N bonds. Moreover, the calculations also revealed
that pressurization has an unusual effect on the superconduct-
ing behaviors of Be2N, deviating from the general trend found
for most conventional superconductors. This phenomenon can
be understood by a unique charge transfer from the cationic
framework to the anionic electron cloud in Be2N, which tends
to weaken the Be-N bonds and thus reduce its average phonon
frequency. Our studies thus deepen the understanding of the
superconductivity of 2D electrides and meanwhile suggest a
possible way to enhance the Tc of electride superconductors at
ambient pressure.
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