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A two-dimensional Be,Au monolayer with planar
hexacoordinate s-block metal atoms:

a superconducting global minimum Dirac material
with two perfect Dirac node-loopsT
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Using a starlike BegAu;  cluster as a building block and following the bottom-up strategy, an intriguing two-
dimensional (2D) binary s-block metal Be,Au monolayer with a P6/mmm space group was theoretically
designed. Both the BegAu;  cluster and the 2D monolayer are global minima featuring rule-breaking
planar hexacoordinate motifs (anti-van't Hoff/Le Bel arrangement), and their high stabilities are attributed
to good electron delocalization and electronic-stabilization-induced steric force. Strikingly, the Be,Au
monolayer is a rare Dirac material with two perfect Dirac node-loops in the band structure and is

a phonon-mediated superconductor with a critical temperature of 4.0 K. The critical temperature can be

iii:g’ti% 22%:;] iuungeuffsgzz enhanced up to 11.0 K by applying compressive strain at only 1.6%. This study not only identifies a new
binary s-block metal 2D material, namely Be,Au, which features planar hexacoordination, and

DOI: 10.1039/d25c03614b a candidate superconducting material for further explorations, but also provides a new strategy to
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1. Introduction

Planar hypercoordinate motifs represent a class of exotic
geometries and rule-breaking bonding, and have been
constantly pushing the limits of our understanding and
knowledge. This area was triggered by the planar tetracoordi-
nate carbon (ptC) imagination, vividly going beyond two well-
established rules in organic chemistry, ie., tetracoordinate
(Kekulé, 1857)* and tetrahedral geometries (van't Hoff and Le
Bel, 1874).>* In 1968, Monkhorst raised the question of the
possibility of atypical ptC molecules.* In 1970, Hoffmann et al.
proposed strategies to stabilize ptC motifs by using electronic
and/or mechanical approaches,” following which in 1976
Schleyer and coworkers theoretically designed the first ptC-
containing molecule (1,1-dilithiocyclopropane).® In 1991,
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construct 2D materials with novel chemical bonding.

Schleyer and Boldyrev further suggested considering both
geometrical and electronic factors for the effective design of
viable ptC species.” Since then, many ptC and ptX (non-carbon
atoms)-containing molecules, well-known as anti-van't Hoff and
Le Bel's molecules, have been explored.** Among others,
various such unique molecules were confirmed to be global
minima,’*" and even detected by gas-phase photoelectron
spectroscopy,”™” and several compounds were realized in the
wet lab."®>!

Inspired by ptC/ptX, explorations have been extended to
planar hypercoordinate motifs with even higher coordina-
tions.”>** Only a few global-minimum examples,** however,
have been found so far because many more critical geometric
and electronic prerequisites are needed along with increasing
the coordination number.> In particular, planar hex-
acoordinate motifs are almost unimaginable. Though the first
planar hexacoordinate carbon (CBs>~ with Dgj, symmetry) was
predicted in 2000, it was confirmed to be only a local
minimum, not a global minimum.* To date, to achieve the
global-minimum planar hexacoordinate species, mixed ligands
and non-uniform bonding of planar center-ligands have to be
used,**”” and the Dg,-symmetry planar hexacoordination as
a global minimum is still rare.

The concept of atypical planar hypercoordination has also
been extended to two-dimensional (2D) and 3D materials.>****
In 2004, Hoffmann and coworkers first demonstrated that a ptC
Cs> system can serve as a building block to construct a variety
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of 3D extended networks.?® Since then, this idea has been
extensively used to extend CB,*® CAl,>",*' C,Al,,* starben-
zene,* and hydrometal complexes® into 1D (nanotubes) and 2D
systems. These studies have strongly promoted the connection
between anti-van't Hoff/Le Bel molecules and bulk materials,
making the first step towards unique geometric structures and
promising physical properties, albeit a detailed potential energy
surface (PES) was hardly explored.

The effective structure search algorithm of 2D and 3D
systems opens a new avenue for designing global-minimum
extended materials containing rule-breaking planar hyper-
coordinate motifs, especially making it possible to uncover
experimentally more feasible candidates and their potential
applications. In this respect, a series of 2D nanosheets, such as
Cu,Si,%® Cu,Ge,*® Ni,Ge,*” Ni,Si,”” Be,C,* CoC,* Be,Cs,* Fe,Si,"
and M,Si (M = Mg, Ca, Sr, Ba** and CaSi**) containing planar or
quasi-planar hypercoordinate motifs, have been verified as
global minima in the 2D space. Amazingly, the Cu,Si monolayer
with planar hexacoordinate Cu/Si was predicted as a global
minimum in 2015.%* Only two years later, this unique monolayer
was experimentally realized,** and shortly after it was revealed
as a superconductor with a Dirac nodal-line in the band struc-
ture.” In 2016, the global-minimum BesC, monolayer contain-
ing quasi-planar ppC was predicted to be a gapless
semiconductor with a Dirac-like point in the band structure and
a negative Poisson's ratio.”” Recently, it was predicted that
multiple-layer 2D AlB¢ with ptAl has rare triple Dirac cones and
node-loop features and is superconducting with a critical
temperature (T,) of 4.7 K.*¢

The striking connection between rule-breaking isolated
clusters and promising 2D materials as mentioned above
strongly inspired us to explore extended materials using stable
or global-minimum clusters by following the “bottom-up”
approach. Note that many stable or global-minimum planar
hypercoordinate clusters are available, and searching for PESs
of clusters is much easier as compared to those of 2D systems,
and thus designing 2D systems based on stable clusters is ex-
pected to be more efficient than searching for 2D materials from
scratch.

The polygonal core surrounded by bridging atoms, namely
star-like molecules,*” can effectively embrace planar hyper-
coordinate centers, in which the star-like framework plays
a crucial role for electronic and steric supports.**** Hence,
global minimum star-like molecules could possess a great
possibility to extend to global-minimum 2D networks, making
an unprecedented bottom-up case. However, the significant
differences in the design strategy and stabilization mechanism
of planar hypercoordinate motifs between isolated clusters and
2D space (no electronic-stabilization-induced steric force for
isolated clusters) make exploring stable 2D systems from stable
clusters a rather difficult task.

Herein, by thorough examinations of the possibility of star-
like Be,Au,, frameworks, the isoelectronic analogues of mono-
cyclic boron rings,**> to form planar hypercoordinate motifs,
we found that the BegAu, cluster, which has a planar hex-
acoordinate gold atom embedded in a BesAu, ring and features
a 20-electron starlike structure, is a global minimum (see

1100 | Chem. Sci., 2022, 13, NO99-11109

View Article Online

Edge Article

V"‘VAVAV‘V‘VAV‘VAV"‘V

‘VAV‘V"‘V[O\"VAV"

AVA

Scheme 1 The planar hexacoordinate motifs in the isolated BegAu,
cluster (red dashed circle) and the 2D Be,Au monolayer (black dashed
lines label a unit cell) constructed using BegAu; ™~ clusters as building
blocks.

Scheme 1), and its high stability is mainly due to high electron
delocalization (60 + 27 double aromaticity). Using this planar
hexacoordinate motif as a building block, we constructed
a binary s-block metal Be,Au monolayer with a P6/mmm space
group (see Scheme 1), and confirmed that this monolayer is
a global minimum where the electronic-stabilization-induced
steric force and electron delocalization both help stabilize the
unique structure. Hence, an unprecedented bottom-up case is
vividly presented. Strikingly, the Be,Au monolayer is predicted
to be a rare Dirac material with two perfect Dirac node-loops in
the band structure. This 2D nanosheet displays phonon-
mediated superconductivity with a critical temperature (7¢) of
4.0 K, and by applying compressive strain at only 1.6%, the T,
value can be enhanced up to 11.0 K, higher than the boiling
point of liquid helium (4.2 K). The intriguing two-dimensional
(2D) binary s-block metal Be,Au monolayer represents the first
non-p-orbital element 2D networks with superconductivity,
ultimately connecting the “anti-van't Hoff/Le Bel” structure with
promising physical properties.

2. Computational details

The geometric structures of BegAu, isomers with singlet and
triplet spin states were fully optimized first at the PBEO (ref. 53)/
def2-SVP level of theory, for the low-lying energy isomers
(<40 kecal mol " above the global minimum), and a bigger def2-
TZVP basis set was employed to obtain more accurate structural
parameters and frequency data. The relative energies of these
BegAu,  isomers were further refined at the level of CCSD(T)**/
def2-TZVP//PBE0/def2-TZVP with zero-point energy (ZPE)
corrections.

For the freestanding Be,Au monolayer and Be,Au with the
Si(111) substrate, the geometric structure was fully optimized
with the Perdew-Burke-Ernzerhof (PBE)*® functional and the
projector augmented wave (PAW)***” approach, where a 500 eV
energy cutoff for the plane-wave basis set was adopted. To well
describe van der Waals interactions, Grimme's DFT-D2 correc-
tions were included.”® The convergence criteria were set as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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107" eV in energy and 10> eV A~? in force. The Brillouin zone
was sampled with a 12 x 12 x 1 I'-centered Monkhorst-Pack
(MP) K-point grid. The Be,Au monolayer was placed in the xy
plane with the z direction perpendicular to the layer plane, and
a vacuum space of 15 A in the z direction was used. The Heyd-
Scuseria-Ernzerhof (HSE06) functional®® was employed to
obtain accurate electronic properties (band structure, density of
states, and projected density of states).

The chemical bonding analysis of the BecAu, cluster was
performed by the natural bonding orbital (NBO)**** and adap-
tive natural density partitioning (AANDP) methods.®* The
nucleus-independent chemical shift (NICS) and the quantum
theory atoms in molecules (QTAIM) analysis were visualized
using Multiwfn.

The molecular dynamics simulations of BegAu, were per-
formed at 300 and 600 K, respectively, for 10 ps at the PBE0/
def2-SVP level, where a canonical NVT ensemble (i.e. constant
temperature and volume) with a time step of 0.5 fs was used. For

63-66

the Be,Au monolayer, the molecular dynamics simulations in
the NVT ensemble were carried out at different temperatures of
300, 600, 900, 1200, 1500, and 2000 K using a 4 x 4 supercell (32
Be and 16 Au atoms), where the Nosé-Hoover thermostat was
applied to control the temperature.®”*® The whole simulation
lasts for 10 ps with a time step of 1.0 fs.

The structure search of the isolated BegAu,~ cluster and the
Be,Au monolayer was performed using the PSO algorithm
within the revolutionary scheme, as implemented in the
CALYPSO (crystal structure analysis by particle swarm opti-
mization) code.®*”® In our PSO simulation, the population size
was set to be 30, and the number of generations was main-
tained at 30. For the Be,Au monolayer, the number of formula
units per simulation cell was set as 2, 4 and 6, that is, unit cells
containing a total number of 6, 12 and 18 atoms were
considered. The calculations for the isolated BegAu,  cluster
and the Be,Au monolayer were carried out using the Gaussian
09 code and the Vienna ab initio simulation package (VASP),
respectively.”"”?

The computations to examine the electron-phonon
coupling (EPC) and superconducting properties of the Be,Au
monolayer were performed utilizing the density functional
perturbation theory (DFPT)”® through the Quantum ESPRESSO
(QE) code.”*” The VASP optimized structure was reoptimized
within QE. For the QE calculations, the PBEsol form of GGA
from the standard solid-state pseudopotentials (SSSP) library
was employed.”® The plane wave kinetic-energy cutoff and
charge-density cutoff were set as 80 and 800 Ry, respectively.
The charge densities were calculated on a 32 x 32 x 1 k-point
grid in combination with a Gaussian smearing of 0.02 Ry. Both
dynamical matrices and EPC were calculated by using a 4 x 4
x 1 g-point grid.

3. Results and discussion

3.1 Stability of the BegAu,  cluster containing the planar
hexacoordinate motifs

We carried out a global minimum search of the BesAu, ~ cluster,
and Supplementary Fig. S1f presents the low-lying isomers

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(within 20 kcal mol " at the CCSD(T)/def2-TZVP//PBEO/def2-
TZVP level of theory). The singlet state with a perfectly planar
hexacoordinate gold (phAu) structure (Fig. 1a) is found to be not
only a local minimum (with the lowest vibrational frequency of
15.7 em ™), but also a global minimum (a) of BegAu,~, and it is
3.1-12.0 kcal mol " lower in energy than all the other 3D
alternatives (b-g). The lowest-energy triplet isomer of BegAu,
also features a phAu (h) atom, but is 16.0 kcal mol~" higher in
energy than the singlet state.

The Born-Oppenheimer molecular dynamics (BOMD)
simulations were carried out at 300 and 600 K, respectively, to
examine the thermal stability of the cluster and the robustness
of the phAu structure. The BOMD trajectories with rather small
RMSD (root mean square deviation) values suggest that phAu
maintains its integrity without any isomerization or dissocia-
tion for at least 10 ps (see Fig. S2t). Thus, the global minimum
nature and its considerable thermodynamic, kinetic, and
thermal stabilities strongly indicate that the phAu-containing
BesAu, is a promising candidate for experimental detection.
To facilitate future experimental characterization, photoelec-
tron spectroscopy of BegAu, was simulated according to
generalized Koopmans' theorem” as shown in Fig. S3.}

(@ (b)

6 % 3c-2¢ 6 bonds
ON=1.93 |e|

1 X 7¢-2e w bonds
ON = 1.56 |e|

3 x 7c-2e 6 bonds ON = 1.61-1.72 |e]

Fig.1 The structure and electronic properties of global phAu BegAu; ™,
(a) bond distance in A; (b) Laplacian V2p(r) and critical points and bond
paths, where the cyan dashed lines indicate areas of charge concen-
tration (V2p(r) < 0) and solid black lines show areas of charge depletion
(v2p(r) > 0). The solid orange lines connecting the atomic nuclei are the
bond paths. The blue dots are bond critical points (BCPs), and orange
dots are ring critical points (RCPs). (c) AANDP analysis (the d orbitals of
gold were not included) and the occupation number (ON) value in |e|.

Chem. Sci., 2022, 13, 1099-1M09 | 11101
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3.2 Structural and electronic properties of the BegAu,
cluster

The geometric match between the planar center and ligand ring
is a key factor for designing planar hexacoordinate species, and it
is even more crucial for the binary Dg,-symmetry starlike planar
molecules since identical ligand-ligand and planar center-ligand
distances are required. To the best of our knowledge, no stable
binary Dy, starlike molecule has been reported so far.

Our computations showed that the Dy, starlike BegAu,
structure (Fig. 1a) featuring a perfect planar hexacoordinate
gold atom is a global minimum. In the inner hexagon core, the
Be-Be and Be-Au (central one) bonds have an identical bond
distance of 2.235 A, similar to but slightly longer than their
single bonds according to the self-consistent covalent radii
proposed by Pyykké™ (2.04 and 2.26 A for Be-Be and Be-Au),
respectively. The slightly longer Be-Be bonds in BegAu,  can be
indicative of its electron delocalization discussed below. Thus,
the peripheral BesAu, ring creates a perfect cavity to fit the gold
atom, making it possible for this gold atom to form optimal
bonding with the surrounding Be atoms. According to the
natural population analysis (NPA), a significant charge transfer
from Be to Au atoms occurs (the NPA charges are +0.48 |e| at Be,
and —0.49 |e| and —0.99 |e| at peripheral and central Au,
respectively). Meanwhile, a clear p, occupation of Be
(2SO'962Px0'092py0'092PZO'23) and Au (651'386px0'036py0'036p20'54)
vividly manifests the back-donation from phAu to Be ligands.

The electronic properties of the BesAu,  cluster were further
considered by QTAIM analysis and the out-of-plane tensor
component of nucleus-independent chemical shift (NICS,,).
The QTAIM results clearly show that all the Au-Be bonds have
the corresponding bond paths and bond critical points (BCPs),
suggesting that six Be ligands are coordinated to a phAu atom
(see Fig. 1b). The NICS,, grid and its canonical molecular orbital
(CMO) dissection into delocalized 7 and o orbitals, and local-
ized o orbitals (Fig. S4b-dt)” reveal that the BesAu, cluster is
aromatic, and the delocalized ¢ orbitals possess larger contri-
butions to the aromaticity of the BegAu, cluster than the
delocalized 7 orbitals.

We also analyzed the chemical bonding of the BesAu;  (Dep)
cluster using the AUNDP method (Fig. 1c). The six 3c-2e (three
center-two electrons) ¢ bonds of the Be-Au-Be peripheral ring
with occupation numbers (ONs) of 1.93 |e| are responsible for
stabilizing the peripheral ring. The remaining delocalized
orbitals, including three 7c-2e ¢ bonds with ONs of 1.61-1.72
le| and one 7c-2e 7 bond with an ON of 1.56 |e|, are associated
with the central phAu atom. The existence of a delocalized ©
bond is consistent with the clear p, occupations of the phAu
center and Be ligands. The valence shell of the central phAu
atom has eight electrons, fulfilling the octet rule (3¢ + 17
bonds) and meeting the Hiickel (4n + 2) rule for 65 + 27 double
aromaticity.*® Note that the d-type lone pairs on Au atoms are
found to have rather large occupation numbers (1.96-2.00 |e|),
suggesting the relatively high localization of d-type lone pairs
(see Fig. S51). Thus, the high electron delocalization and the
electrostatic interaction between Be and Au atoms give rise to
the extraordinary stability of the planar BesAu,  structure.

1M02 | Chem. Sci., 2022, 13, 1099-11109
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3.3 Structure and stability of the Be,Au monolayer
containing planar hexacoordinate Be/Au

As discussed above, the phAu-containing BegAu, cluster is
a highly stable structure. Its hexagonal symmetry indicates that
this starlike structure may serve as a building block to form a 2D
nanosheet. As illustrated in Fig. S6,1 the 2D extended system
can be designed by placing six BesAu, units around one BegAu,
unit. By maintaining the main structural feature and integrity of
phAu BegAu; , the 2D network is vividly constructed by sharing
the bridging Au atoms (circled in Fig. S61) of the BegAu, unit
among three neighboring BegAu, units. Following this bottom-
up strategy, we constructed a 2D s-block metal Be,Au monolayer
with a P6/mmm symmetric group (Group 191) as shown in
Fig. 2a. For this monolayer, each unit cell contains two Be atoms
and one Au atom, and the lattice parameters are @ = b = 3.970 A.
In this 2D extended system, both beryllium and gold are planar
hexacoordinate centers, and the distances of Au-Be and Be-Be
bonds are only slightly longer (by ca. 0.05 A) than those in the
isolated BegAu,  cluster.

Most excitingly, the global minimum searches revealed that
this P6/mmm symmetrical 2D Be,Au monolayer is of the lowest
energy in the 2D space, and its energy is at least ca. 120 meV per
atom lower than that of other low-lying isomers (see Fig. S77).
Note that the Be,Au monolayer has a nonmagnetic ground state
as verified by our spin-polarized calculations.

To evaluate the thermodynamic stability of the Be,Au
monolayer, we computed its cohesive energy using E.,, =
(2nEge + nEsy — NEpe au)/3n, where Ege, Eny, and Ege a, are the
total energies of a single Be and Au atom and a unit cell of the
Be,Au monolayer, respectively. According to this definition,
a more positive E.,, value indicates a higher thermodynamic
stability. The calculated cohesive energy of the Be,Au monolayer
is 3.37 eV per atom. For comparison, the E.,, values of gra-
phene, 2D Cu,Si, and stanene at the same theoretical level are
7.90,%" 3.44,* and 2.73 (ref. 82) eV per atom, respectively.
Though the atomic polymerization of these materials cannot be
directly compared due to their different compositions, the
rather positive E.,, value (3.37 eV per atom) verifies that the
Be,Au monolayer is a strongly bonded network.

Fig. 2b displays the phonon dispersions and phonon density
of states (PhDOS), respectively. No appreciable imaginary
phonon modes were found, and thus the Be,Au monolayer is
kinetically stable. The main contributions below 200 cm ™" are
from out-of-plane vibrations of Be atoms and in-plane vibra-
tions of Au atoms. The highest frequencies (from in-plane
modes of Be atoms) can reach up to ~630 cm ', suggesting
strong bonding interactions between Be atoms.

Ab initio molecular dynamics (AIMD) simulations were per-
formed to evaluate its thermal stability. Six independent AIMD
simulations at 300, 600, 900, 1200, 1500, and 2000 K were
carried out using a 4 x 4 x 1 supercell. The Be,Au monolayer
can retain its structural integrity with slight out-of-plane
distortions throughout a 10 ps AIMD simulation up to 1500 K
(see Fig. S87).

We also calculated the mechanical properties of the Be,Au
monolayer by examining its elastic constants (Cy). In

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Top and side views of an optimized geometric structure of the Be,Au monolayer. (b) Phonon spectrum and phonon density of states of

the Be,Au monolayer. (c) Deformation charge density and (d) electron local function (ELF) of the Be,Au monolayer computed using the PBE

functional.

accordance with the Born criteria,* a mechanically stable 2D
structure should satisfy C;1C5,~C1,> > 0 and Ce > 0. The
computed elastic constants are C1; = Cp, =94 Nm™ ', Cy, = Cyy
=41 Nm ', and Ces = 27 N m ™}, which meet the Born criteria,
indicating that the Be,Au monolayer is mechanically stable. The
in-plane Young modulus, or in-plane stiffness, is a reasonable
descriptor for the mechanical stability of 2D materials. The in-
plane Young modulus of the Be,Au monolayer was predicted to
be 76 N m™ ', which is lower than that of graphene® and 2D
Cu,Si* (295 and 96 N m ™, respectively), but higher than that of
silicone (57 N m ') and® germanene (33 N m ')* obtained at
the same level, suggesting that the Be,Au monolayer has
considerable mechanical stability.

3.4 Electronic properties of the Be,Au monolayer

To evaluate the stabilization mechanism of the Be,Au mono-
layer, the deformation electronic density and electron local
function (ELF) were examined (Fig. 2c and d). The deformation
electronic density is defined as the total electron density of the
Be,Au monolayer minus the electron density of isolated Au and
Be atoms at their respective positions. Obviously, electron
transfer occurs from the 6s orbitals of the Au atoms to Be atoms,
which are delocalized over the Be-Be and Be-Au bonds (see
Fig. 2c), contributing to the stabilization of the Be,Au mono-
layer. Note that ¢ rather than m delocalization is dominant in
the 2D Be,Au monolayer indicated by the 3D representation of
the ELF in Fig. S9, which is quite different from the bonding
nature of the BegAu, cluster (3¢ + 17 bonds). The ELF is an
important tool to study electronic structure. Generally, the
values of 1.0 and 0.5 denote the fully localized and fully delo-
calized electrons, respectively, while the value near 0.0 refers to
very low charge density. As shown in Fig. 2d, the electron

© 2022 The Author(s). Published by the Royal Society of Chemistry

delocalization across the whole Be,Au sheet suggests that the
delocalized multicenter bonding gives rise to strong Be-Be and
Be-Au bonds, which are crucial to electronically stabilize the
Be,Au monolayer. According to the Hirshfeld charge analysis,
each Au atom transfers 0.12 |e| to two Be atoms in the Be,Au
monolayer.

To get insights into the electronic properties of the Be,Au
monolayer, we have computed the band structure and projected
density of states (PDOS) without considering the spin orbit
coupling (SOC) effect (Fig. 3). The band structure of Be,Au
clearly reveals the metallic characteristics. The calculated band
structures for the Be,Au monolayer without SOC using both PBE
and HSEO6 functionals (Fig. 3a and S107) show that there are
two hole-like bands (marked as o and B bands) and one
electron-like band (denoted as y band) near the Fermi level. The
v band goes across o and B bands linearly at approximately 0.21
and 0.76 eV without opening gaps. Note that all these bands are
double degenerated; hence, the gapless nodes correspond to the
4-fold Dirac fermions. According to the PDOS (Fig. 3b), the
momentum distributions of 4-fold Dirac fermions are two Dirac
nodal lines (NL1 and NL2). To get a clearer observation of the
band dispersion and Dirac structure, we plotted the 3D band
structure of the Be,Au monolayer (Fig. 3d). Clearly the Be,Au
monolayer is not only a Dirac material, but has two Dirac node-
loops in the entire Brillouin zone.

Similar to previously reported 2D materials (Cu,Si,** CuSe,*
and AgSe®), as shown in Fig. S11,} the o/p bands of Be,Au are
dominated by in-plane orbitals (Be p,/p, and Au p,/p,/d,/
d,,y), and the y band is contributed by out-of-plane orbitals
(Be p, and Au p,). The symmetry-protected properties of two
Dirac nodal lines in the Be,Au monolayer are similar to the
above mentioned monolayers, where the mirror parities for the

Chem. Sci., 2022, 13, 1099-11109 | 11103
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Fig. 3 Band structure and projected density of states of the Be,Au monolayer without SOC (a) and with SOC (c) calculated using the PBE
functional. The parities of o, B, and vy bands are shown. (b) Distribution of two Dirac node lines (NL1 and NL2) in momentum space, corresponding
to the blue and yellow shaded areas in panel a. The black hexagon lines denote the first Brillouin zone. The blue and yellow dashed lines circle the
edge states in the gaps opened around NL1 and NL2, respectively. (d) Three-dimensional band structure and projection showing the two Dirac

nodal lines (black line).

a/p and vy are even and odd, respectively, thus termed “+” and
“—” in Fig. 3a. The opposite mirror parities verify the existence
of these two gapless Dirac nodal lines in Fig. 3b. However, as
shown in Fig. 3¢, when the spin-orbit coupling (SOC) effect is
considered, the nodal lines in the calculated band structure are
fully gapped. The opened gaps along the M-I"-K direction are
0.24, 0.32, 0.35 and 0.23 eV, respectively, vividly suggesting that
the mirror reflection symmetry only protects the Dirac nodal
loops in the absence of SOC. The SOC effect on the Be,Au
monolayer is similar to that on the Cu,Si monolayer, which was
predicted theoretically and realized experimentally as the 2D
Dirac nodal line fermions.****

The Fermi velocity (vf) is the most important feature in Dirac
cone materials. Therefore, we calculated the Fermi velocity by
% %, where % is the slope of the
linear band and 7 is the reduced Planck's constant. The corre-
sponding v values are 6.60 x 10° ms~ " (DC1), 8.95 x 10° m s~ "
(DC2), 9.57 x 10° m s~* (DC3), and 8.70 x 10° m s~ " (DC4),
which are higher than those in Na;Bi (2.43 x 10° m s~ ), o-
Cu,C (2.45 x 10°> m s~ )* and Bi,Se; (3.43 x 10° m s *),* but
smaller than that in 2D AlBg (1.10 x 10°).%

According to the PDOS of the Be,Au monolayer (Fig. 3a), the
states below the Fermi energy are mainly contributed by the Au
(5d) states, while the states at the Fermi level are mainly
dominated by the Be (2p), Au (6p), and Au (5d) states, in which
Be (2p) and Au (6p) are more pronounced than Au (5d). The
empty Au (6p) orbitals split in the Be,Au monolayer, which
makes it possible for the B atoms to back donate some of their
received electrons to the low-lying 6p orbitals of Au, leading to
a partial occupancy of 6p orbitals and strong p-d hybridization.

using the expression v¢ =

1104 | Chem. Sci, 2022, 13, 1099-11109

The electron donation/back-donation mechanism essentially
helps stabilize the Be,Au monolayer despite the lack of p elec-
trons in this 2D material.

To explain the stability of the Be,Au monolayer, we also
examined the nature of its electronic bonding. As shown in
Fig. S12,7 in-plane bonds formed from p, and p, orbitals
(delocalization o-bonds) are stronger than out-of-plane rt-bonds
derived from p, orbitals. Note that different from the stabili-
zation mechanism of planar clusters (electronic and mechan-
ical), the Be,Au monolayer is stabilized with the help of
electronic-stabilization-induced steric forces.*®

3.5 Electron-phonon coupling and superconductivity of the
Be,Au monolayer

Our above analyses revealed that the rule-breaking Be,Au
monolayer containing planar hexacoordinate s-block metal
atoms has high stability and unique electronic properties.
Then, will this “anti-van't Hoff/Le Bel” 2D structure also have
certain promising physical properties? Given that the main
electronic properties of the Be,Au monolayer are similar to
those of graphene® (see Fig. S131), but the Be,Au monolayer has
a higher density of states at the Fermi level, we further
considered the electron-phonon coupling (EPC) of the Be,Au
monolayer to test the possibility of its potential
superconductivity.

We calculated the phonon linewidth (4,) according to the
Bardeen-Cooper-Schrieffer (BCS) theory:**

Yqv

b = N (B

© 2022 The Author(s). Published by the Royal Society of Chemistry
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where wg, is the phonon frequency and N(Ey) is the electronic
density of states at the Fermi level. The Eliashberg electron-
phonon spectral function «”F(w) and the cumulative frequency-
dependent EPC A(w) can be calculated using®

2 _ ; _ Yqv
o’ F(w) = SN (B %:5((» qu)w .

qv

The total EPC constant is calculated using the frequency-
space integration:
() 2F
Mw) = ZJ L(w)dug
0 w
while the logarithmic average of the phonon frequencies wjog is
defined as:

2

Wiog = EXP {E J o’ F(w) "
0

It is found that the main contribution of the total EPC (A =
0.43) of the Be,Au monolayer is derived from the low-frequency
region ranging from 90-200 cm ™' (68.3%) and the high-
frequency region ranging from 400-630 cm ™" (31.2%). In the
low-frequency region, the 14, values along the M —» K — T
directions are rather large (Fig. 4a), leading to three sharp peaks
of the «®F(w) (Fig. 4b). As a result, A(w) increases rapidly in the
low-frequency region and generates a step of A(w) around
150 cm ™!, where the main contributions are from out-of-plane
vibrations of Be atoms and in-plane vibrations of Au atoms as
shown in Fig. 2b.

According to the BCS theory, the superconducting transition
temperature (7.) can be calculated by using the McMillan—-
Allen-Dynes formula:*

o[ L0401+ )
P 1+ 0.622)

Wiog

T. =
1.2

where u* is the effective Coulomb pseudopotential which
describes the effective electron-electron repulsion. We used

—
©
p

(b) (©)

600- ] _
N ;
_ 5004 El
g \ 3
< 400
5 — M)
5 3oo-k B oF(o)
&
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0.05 and 0.10 for u* here as the estimated values that are
generally used for other 2D materials.**** It turns out that the T,
values of the Be,Au monolayer are 1.7 and 4.0 K for u* = 0.10
and 0.05, respectively, suggesting that it is a phonon-mediated
superconductor. We considered spin-orbit coupling (SOC) that
might affect the estimated T, of the predicted Be,Au monolayer.
Our calculations reveal that the T, value increases from 4.0 to
5.4 Kwhen SOC is considered, and the T, increase behavior that
resulted from the SOC effect was also found in the recently re-
ported 2D 1H-TaN, monolayer.*

The carrier doping or external strains have been proved to be
powerful tools for tuning superconducting properties of 2D
materials.***® We first checked the carrier doping effect. The
insignificant changes of T. (less than 0.4 K as shown in Fig. S14-
S177) suggest that carrier doping has almost no impact on the
superconductivity of the 2D Be,Au monolayer. Then, we exam-
ined the effect of external strains. The Be,Au monolayer is
kinetically stable under strains of —1.6 to +0.6% (a compressive/
tensile strain is denoted by a negative/positive value), as indi-
cated by the phonon spectrum (Fig. S18T) where no appreciable
imaginary phonon modes are available. Fig. 4c presents the
changes of superconductor parameters, 2, wjog, N(Ef), and T, as
a function of external strains. Note that the density of states at
the Fermi level N(E¢) and the logarithmic average frequency wjoq
are gradually reduced along with increasing applied compres-
sive strain, provided that these were the only parameters used to
determine the T, value and a descending T, trend could be ex-
pected. However, the involvement of A overturns this trend:
both A and 7. increase significantly along with increasing
applied compressive strain. Specifically, the T. reaches the
maximum value of 11.0 K with u* = 0.05 at a strain of —1.6%.
Under this external strain (—1.6%), a softened acoustic
frequency along T' — M in the range of 0-100 cm ™" (Fig. S19%)
contributes 59.0% to the total EPC (A = 0.84), and there is a new
step of A(w) at around 100 cm ™" (Fig. S19¢ct). In comparison, the
total EPC in the intrinsic phase is much smaller (2 = 0.43). The
softened frequency in the strained monolayer is mainly
contributed by the out-of-plane vibrations of Be atoms, which

375 8.1 _
| S
300 77” 8.0 2
Q
225 P i 79 §
150 ™ Olog 28
e — N(Ep >
15 ~ — 0.9
e P e T (1=0.10)
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Fig. 4 (a) Phonon dispersion with electron—phonon coupling strength, (b) Eliashberg spectral function «®Flw) and the overall electron—phonon
coupling strength A(w) of the Be,Au monolayer, and (c) evolution of the logarithmic average frequency w4, the density of states at the Fermi level
N(E¢), the superconducting transition temperature T, and the cumulative frequency-dependent EPC A(w) versus the applied strain.
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could increase electron-phonon pairing potential at the Fermi
level, and is a key factor in enhancing the EPC of the Be,Au
monolayer. Note that enhanced superconductivity has been
found in several other strained 2D materials, such as graphene,
h-MnBj;, and YS monolayers.””"*°

Given the highly stable Be,Au monolayer discussed above,
we further considered whether the Be,Au monolayer can be
chemically bonded to another layer or be fabricated on some
potential substrates. For two-layer systems, two stacking
configurations, including eclipsed and staggered models, were
obtained with considerable binding energies of 0.42 and 0.51 eV
per atom, respectively, suggesting that in the two-layer systems
the monolayers are strongly chemically bonded instead of van
der Waals interaction. It is well known that 2D materials can be
synthesized on a suitable substrate,'>'** among which silicon
substrates are widely used for growing nanomaterials.'*>'%
Herein, we found that the lattice parameters of Si(111) are
similar to that of the Be,Au monolayer, suggesting that Si(111)
is a promising substrate. To assess the effects of substrates, we
evaluated two parameters, namely the adsorption energy (Enqs)
and lattice mismatch (9).

The adsorption energy is calculated according to the
following equation:

E(mol+slab) - (Emol + Eslab)
Eads = n

where Emor+sian) denotes the total ground state energy of the
optimized configuration of the Be,Au monolayer adsorbed on
the slab surface, E,p, is the total energy of the slab with a clean
surface, Ey,q is the energy of Be,Au and n is the Be,Au atom
number. The lattice mismatch (¢) is calculated through

Lmol - leab

slab

6= x 100%
where L, and Lg,p, are the corresponding lattice parameters of
the Be,Au monolayer and the slab, respectively.

As shown in Fig. 520, the Be,Au monolayer is slightly dis-
torted as compared to the freestanding monolayer. Compared
with Be atoms, Au atoms are closer to the Si(111) substrate. The
short interlayer distance between the Be,Au monolayer and the
Si(111) substrate reflected by Au-Si contacts is about 2.49 A,
which is comparable to the single covalent Au-Si (2.40 A) bond
length according to the self-consistent covalent radii proposed
by Pyykko.” The negative E,gq5 of —0.52 eV per atom indicates
that the Be,Au monolayer is energetically favorable to be
prepared on the Si(111) substrate. Relative to the free-standing
layer, on the Si(111) substrate, the Be-Be and Be-Au bond
lengths in the adsorbed Be,Au monolayer are shortened only by
0.03 A. The small lattice mismatch (1.34%) suggests that the
Be,Au monolayer could be epitaxially grown on the Si(111)
substrate. However, the relatively large negative E,q4 reveals that
once grown epitaxially on the Si(111) substrate, the fabricated
Be,Au monolayer may not be easily peeled off from the
substrate. Thus, further efforts are needed to find an even better
substrate, which not only enables the growth of the Be,Au
monolayer, but also has a relatively weak interaction to ensure
the exfoliation of the Be,Au monolayer.
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4. Conclusion

In summary, based on the global minimum of an isolated
BesAu, cluster featuring a unique hexagonal starlike structure,
we theoretically designed a Be,Au monolayer, a global
minimum in the 2D space. Specifically, both the isolated
BegAu, cluster and 2D Be,Au monolayer possess the rule-
breaking planar hexacoordinate motifs, well-known as anti-
van't Hoff/Le Bel arrangements. The extraordinary stability of
both the Be,Au monolayer and its building block (BesAu;, ")
benefits from the good electron delocalization, and the Be,Au
monolayer also benefits from the electronic-stabilization-
induced steric force. Strikingly, this Be,Au monolayer is a rare
Dirac material with two perfect Dirac node-loops in the band
structure. The newly designed Be,Au monolayer is predicted to
be a 2D phonon-mediated superconductor with 7. = 4.0 K, and
the critical temperature can be significantly increased to 11.0 K
by applying a small compressive stain of 1.6%. This work not
only identified a new 2D material containing anti-van't Hoff/Le
Bel motifs, namely the Be,Au monolayer with planar hex-
acoordinate s-block metal atoms, which is a global minimum
Dirac material and superconducting, but also provides a new
approach to design 2D materials by rationally assembling stable
clusters.
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