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First-principles exploration of superconductivity in intercalated bilayer borophene phases
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We explore the emergence of phonon-mediated superconductivity in bilayer borophenes by controlled in-
tercalation with elements from the groups of alkali, alkaline-earth, and transition metals, using systematic
first-principles and Eliashberg calculations. We show that the superconducting properties are primarily governed
by the interplay between the out-of-plane (p,) boron states and the partially occupied in-plane (s + py,)
bonding states at the Fermi level. Our Eliashberg calculations indicate that intercalation with alkaline-earth-metal
elements leads to the highest superconducting critical temperatures (7;.). Specifically, Be in 8,, Mg in x3, and
Ca in the kagome bilayer borophene demonstrate superior performance with 7, reaching up to 58 K. Our study
therefore reveals that intercalated bilayer borophene phases are not only more resilient to chemical deterioration,
but also harbor enhanced 7. values compared to their monolayer counterparts, underscoring their substantial
potential for the development of boron-based two-dimensional superconductors.
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L. INTRODUCTION

Possessing a rich research history, elemental boron contin-
ues to captivate the scientific community with its exceptional
and distinctive chemical properties [1,2]. In the first phase
of boron exploration, the primary objective was to compre-
hend the fundamental properties of this lightweight element
by scrutinizing its behavior across different dimensionali-
ties, mainly encompassing three-dimensional (3D) clusters,
and the prospect of two-dimensional (2D) structures [3-5].
Building upon prior theoretical predictions [6,7], a monu-
mental leap forward was accomplished in 2015 when 2D
boron structures were synthesized on a silver substrate,
and named borophenes [8,9]. These borophenes exhibit the
same structural planarity as graphene, but also an abun-
dance of hexagonal voids, with different concentrations
(quantified by the n parameter) and configurations [10].
Borophenes are highly versatile and can be synthesized on an
extensive range of metallic substrates, showcasing their adapt-
ability and potential for widespread applications [11-13].
This major breakthrough has facilitated numerous research
milestones, demonstrating the distinctive physical proper-
ties of borophene, such as high mechanical flexibility and
strength [14,15], optical transparency [16], the presence of
Dirac fermions [17,18], and theoretically predicted phonon-
mediated superconductivity [19,20]. This makes borophene
highly suitable for a plethora of technological applications,
such as energy storage [21], gas sensing [22,23], cataly-
sis [24], and versatile superconducting devices. Regarding the
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latter, borophenes have been theoretically predicted to exhibit
critical temperatures (7;) of up to 33 K, and a potential for
two-gap superconductivity [25-27]. However, in realistic con-
ditions, the presence of the substrate may significantly impact
these predictions. For example, simulations incorporating the
effects of strain and electron doping revealed a notable sup-
pression of superconductivity in the 8, phase (n = é) [28].

Borophene’s susceptibility to oxidation in ambient envi-
ronments forms one of the main hindrances to its controlled
functional properties [29,30]. One approach to remedy this
issue is surface functionalization [31], however, an alterna-
tive research pathway has emerged with the recent synthesis
of bilayer borophene. Both zigzag f),-like borophene on a
Cu(111) substrate [32] and o phase (n = %) on a Ag(111)
substrate have been synthesized in bilayer form [33]. These
bilayer structures exhibit exceptional thermal stability, and
resilience to oxidation [34], and hold promise for optical
sensors and thermoelectric devices [35], as well as anode
materials for future Li-ion batteries [36]. Theoretical exami-
nations have shown that certain bilayer configurations display
covalent interlayer bonding phenomena that not only influ-
ence the localization of electronic states but also induce partial
decoupling of the entire bilayer from the substrate, ultimately
leading to a “quasi’-free-standing system [37]. Hence, these
double-layered configurations provide sufficient means to mit-
igate surface reactivity of borophenes as well as adverse
substrate effects. Moreover, through liquid-phase exfoliation
it is possible to fabricate freestanding monolayer [38], as well
as bilayer borophenes [39].

These advances have opened up an entire exploration av-
enue, specifically in the quest for novel functionalities in
boron-based 2D materials. Particulary, bilayer structures of-
fer convenient intercalation opportunities to tailor desired
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properties with relative ease. Theoretical investigations have
yielded support for the viability of the latter, as exemplified
by the predicted superconductivity of Mg-intercalated Bi,, x3
(n= %), 84 and kagome (both with n = }1) bilayer borophene
with 7, of up to 13 K [40,41]. Moreover, Ca-intercalated
kagome bilayer borophene has been demonstrated to have a
T, of 23 [42] and 36 K in the MBene (n = %) form [43].
Furthermore, when bilayer borophenes are stacked, their 3D
van der Waals structures [44] could also prove a fertile ground
for phonon-mediated superconductivity [45].

Building upon these recent advances in the field, the
primary aim of this paper is to illuminate pathways to opti-
mized phonon-mediated superconductivity in B2, x3, 84, and
kagome bilayer borophene through strategic intercalation with
specific elements from the group of alkali, alkaline-earth, and
transition metals. The main goal is to understand the mech-
anisms promoting stability and robust 2D superconductivity
in these systems. The paper is organized as follows. Sec-
tion II contains the methodology used in this work. In Sec. III
we present the results on structural, electronic, vibrational,
and superconducting properties of the studied structures. In
Sec. IV we present the results of fully anisotropic Migdal-
Eliashberg calculations for the most prominent candidates
for superconductivity (as identified on the isotropic level).
Finally, Sec. V summarizes our findings and conclusions.

II. METHODOLOGY

The structural and electronic properties were examined
via density functional theory (DFT), as implemented within
the QUANTUM ESPRESSO package [46,47], using the Perdew-
Burke-Ernzerhof (PBE) functional and norm-conserving
pseudopotentials from the PSEUDODOJO project [48]. The
wave functions and the electron density were expanded in
plane waves with cutoff energies of 120 and 480 Ry, respec-
tively. A vacuum region of 20 A was applied to prevent the
interaction of periodic images. For the 81, phase a 24x18x 1
Monkhorst-Pack electronic wave-vector (K) grid was chosen,
and a 24 x24 x 1 grid was used for the integration of electronic
states over the k space for the xs3, §4, and kagome phases.
All structures underwent a complete relaxation so that the
Hellmann-Feynman forces on each atom were reduced to be-
low 107 Ry/Bohr. Generally, a Methfessel-Paxton smearing
parameter of 0.02 Ry was selected to treat the electronic
occupation around the Fermi level. For certain compounds
this smearing value results in soft phonon branches, sug-
gestive of potential unstable phonon modes. Therefore, to
validate the structural stability, phonon dispersions were also
calculated at smaller smearing values of 0.01, 0.005, and
0.0025 Ry. We find that at lower smearing values pristine
84 phase becomes dynamical unstable. Subsequently, the
dynamical properties of the system were examined at the har-
monic level, using the density functional perturbation theory
(DFPT) method [49], using 8x6x1, 8x8x1, 8x8x1, and
12x12x1 q grids for Bi», x3, 84, and kagome bilayer
borophene, respectively. To characterize the superconduct-
ing state we employed the isotropic Eliashberg theory, a
quantitative and precise expansion upon the Bardeen-Cooper-
Schrieffer (BCS) theory [50,51]. Using the density of states
at the Fermi level [N(0)], the matrix elements of the

electron-phonon coupling (gk k+q,v), the phonon (wq,,), and
electron (ex) bands obtained from our ab initio calculations,
we have evaluated the isotropic Eliashberg spectral function
using the following expression:

1
PF = —— 3" |gkktqol "8(ekrq)8(€6)8(0 — wg.0).
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Further, the electron-phonon coupling (EPC) constant was
calculated as
o 2
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Based on this, we reported the 7; values using the McMillan-
Allen-Dynes formula [52,53], with a value of 0.1 for the
Morel-Anderson pseudopotential describing the Coulomb in-
teraction within the Cooper pairs (u*).

For materials predicted to possess high-T,. values,
self-consistent solutions of the fully anisotropic Migdal-
Eliashberg equation were obtained using the electron-phonon
Wannier (EPW) code [54,55]. For the initial guesses of
maximally localized Wannier functions (MLWFs), we used
s-, Pz-» Px-» and py-like orbitals for B atoms, and s-like orbitals
for intercalated atoms. The computation of electron-phonon
matrix elements was first executed on coarse k and q grids,
the same as in the isotropic step. These were subsequently
interpolated onto a finer (denser) 192x192x1, 216x216x1,
and 216x216x1 Kk and 64x64x1, 72x72x1, and
108x108x 1 q grid for Mg in 3, Be in §4, and Ca in kagome
bilayer borophene, respectively, to accurately obtain the
electron-phonon coupling constants (1) and superconducting
gaps. The cutoff for the fermionic Matsubara frequencies
wj = 2j+ 1)nT was set to 0.6 eV and u* was the same as
in the isotropic calculations (0.1).

III. RESULTS AND DISCUSSION

A. Crystal structures and stability

The borophene phases consist of a sheet of boron (B) atoms
arranged in a triangular lattice configuration, exhibiting a
distinct pattern of empty close-packed hexagonal holes (HH),
arising from the absence of B atoms at their center (Bpojiow)-
The remaining Bypopow atoms play the role of electron donors,
while the HH themselves serve as electron acceptors, engen-
dering an atypical chemical mechanism of “self-doping”. In
order to classify different phases of borophene, it is of great
importance to consider the coordination number (CN) of the
B atoms. As depicted in Table I, the four borophene phases
under consideration exhibit variations in both the number of
atoms within the unit cell and their corresponding CN values.
Figure 1 illustrates that while the §4 and kagome phases share
the same CN value for their atoms, they differ in their lattice
symmetries. Specifically, the former comprises two types of
symmetrically arranged atoms (labeled as 1 and 2), whereas
the latter consists of only one type.

The CN values also play a significant role in driving vari-
ations in the local electronic properties of the B atoms, with
a direct effect on their reactivity. Here, we focused on bilayer
borophene and its properties upon intercalation with selected
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TABLE 1. Space group, n value, number of B atoms in the unit cell (Ng), number of B atoms (N,) with CN = 4, 5, 6, lattice parameters,
and the average interlayer distance (d), for different bilayer borophene structures studied in this work.

Structure Space group n Ns Ny withCN =4,5,6 aA) b(A) (d) (A)
B2 Pmm?2 (No. 25) 1/6 10 4:4:2 2.943 5.073 2761
X Cmmm (No. 65) 1/5 8 4:4:0 4451 3.166
84 Pmmm (No. 47) 1/4 6 6:0:0 2.889 3.332 4.957
Kagome P6/mmm (No. 191) 1/4 6 6:0:0 3.316 4.830

metals. To characterize different adsorption geometries of
intercalants, we calculated the binding energy

NxEx + Epg — Epxp
Nx ’

where Nx is the number of X atoms in the unit cell (in
this work Nx = 1 in all cases), and Ex, Egp, Egxp are the
total energies of the intercalants in isolated form, and of
pristine and intercalated bilayer borophenes, respectively. We
found a strong preference for metal atoms to bind between
vertically aligned HH sites of the bilayers with the AA
stacking of borophene sheets, as shown in Fig. 1. The set
of examined binding sites and the corresponding binding
energies are presented in the Supplemental Material (SM),
Fig. S2 [56].

Distinct trends can thus be distilled for different metal
intercalants. For instance, the binding energy of the K atom
exhibits the lowest values in all phases of bilayer borophene
[see Fig. 2(a)]. This is in line with its minimal electroneg-
ativity value, as follows from the Bader charge analysis,
presented in the SM (Table S6) [56]). Comparing different
borophene phases, an overall trend in the binding energy
emerges: strongest binding for the kagome phase, followed by
Bi2, 84, and ultimately x3. There are just a few exceptions to
this rule, with minor energy differences between subsequent
borophene phases.

Furthermore, specific interactions between the intercalant
and B atoms with different CN lead to variations in their

Ey)(X) = 3

VOO C OO«
-0-6-0-0-0-

bond lengths. In the Bi, phase, we observed that the
shortest X-B bond occurs for B; atoms (see Fig. 1), with
its lowest value for Be (2.02 A) and highest for K (3.15 A),
as depicted in Fig. 2(b). In the case of x3 the shortest
X-B bond is consistently formed with the B, atoms. Fi-
nally, the 84 structure is characterized by minimal bonds
with either B; or B, depending on the type of intercalant
(B, for alkali, and B, for alkaline-earth and transition met-
als). Figure 2 shows that the binding energies anticorrelate
with the X-B bond lengths. Therefore, in general, stronger
bonding of the intercalants goes hand in hand with shorter
bond lengths with the adjacent boron atoms, and with Ca
as the only intercalant forming a minor exception to this
rule.

Let us now turn to the dynamical stability, based on phonon
dispersions calculated using DFPT [see the SM, Figs. S32—
S36 [56] for the collected phonon dispersions]. It is known
that in the B, monolayer configuration, electron deficiency
is minimal, and that this phase is dynamically stable when
a small amount of uniform tensile strain is applied [19]. In
a similar vein, we find that its bilayer counterpart can be
stabilized through the inclusion of intercalants. Another dy-
namically stable monolayer phase is x3, at least upon applying
tensile strain [19]. We found its pristine bilayer AA-stacked
configuration to be dynamically stable, as well as its interca-
lated form with alkali metals (Li, Na) and Mg as intercalants.
Proceeding with the other phases, it becomes evident that the
electron deficit increases significantly, resulting in dynamical

FIG. 1. Top and side views of intercalated (a) B12, (b) x3, (c) 84, and (d) kagome bilayer borophene phases. Boron and intercalated atoms

are represented by blue and gray spheres, respectively.
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FIG. 2. (a) Binding energy of intercalated bilayer borophene
phases, together with (b) the corresponding minimal X-B distances.

instability of both the &4 and kagome monolayers. The
stability in their double-layered configurations is achieved by
introducing intercalants capable of effectively large transfer
of electrons, like some alkaline-earth and transition met-
als. During the process of intercalation, notable alterations
occur in both the in-plane lattice constants and the aver-
age interlayer distances (cf. SM, Tables S2— S5 [56]). It is
important to note that all intercalated structures considered
in this study were found to be nonmagnetic through spin-
polarized calculations we have performed, fully in line with
earlier reports in the literature [57,58]. Figure 3 presents an
overview of our results on the dynamical stability, together
with the corresponding values of 7. for the found stable
structures.

o DDA P |
s OO IR <
R R

None Li Na K Be Mg Ca Sc Ti V

FIG. 3. Overview of the dynamically stable bilayer borophene
structures in conjunction with their calculated superconducting criti-
cal temperature (7;.). The blue crosses indicate dynamically unstable
structures.

B. Electronic, vibrational, and superconducting properties
1. By, phase of bilayer borophene (n = 1/6)

As the next step towards understanding their superconduct-
ing properties, we here discuss the electronic structure of the
bilayer borophenes under study. The intrinsic metallic nature
of B bilayer systems is evident from the orbital-resolved
band structures and projected electronic density of states
(PDOS), presented in the SM, Figs. S8 and S16 [56]. The
dominant contributions to this metallic nature stem primarily
from the B-p, orbitals. In addition, there are relatively minor
contributions from the s orbitals in the case of alkali-metal
and alkaline-earth-metal intercalants, and more substantial
contributions from the d orbitals for the transition metal inter-
calants. When compared to the other phases, the §;, structure
has the lowest 1 value and the lowest electron deficit in the
monolayer form. Figure 4 clearly illustrates that upon in-
tercalation the bonding states (o) of the B in-plane orbitals
(s + px,y) are almost fully occupied, exhibiting a gap of ap-
proximately 3 eV that separates them from their antibonding
states (0*). The remaining electrons partially fill the states
of the B out-of-plane orbitals (p.). As expected, intercalation
leads to a significant increase in the p,-projected DOS at
the Fermi level (Ef), stemming from B; and B, atoms. We
found that Na intercalation leads to the highest total DOS
at Ep, with a value of 2.33 states/eV, while Mg intercala-
tion yields the lowest value, namely, 1.08 states/eV. At EF,
the primary contribution to the total DOS for all structures
arises from out-of-plane states. In addition, in the cases of
Sc and Ti, d orbitals also assume a more prominent role,
contributing 0.64 and 0.68 states/eV, respectively. Further-
more, when compared to other dynamically stable structures,
Na exhibits the highest DOS coming from not fully occu-
pied o states at Ep, with a value of 0.33 states/eV [see
Fig. 4(e)], followed by Sc and Ti with 0.19 and 0.16 states/eV,
respectively.

As depicted in Fig. 3, we found that the §;, configuration
is dynamically unstable in pristine form as well as upon in-
tercalation with K, Be, and V. For all other compounds, the
phonon dispersions clearly demonstrate dynamical stability,
with several phonon modes having a significantly flat dis-
persion, producing pronounced peaks in the phonon DOS.
Below the energy of ~50 meV, the modes mainly originate
from hybridized B and intercalant vibrations, while purely
B-based phonon modes are situated above ~50 meV. Our
momentum-resolved electron-phonon coupling (EPC) analy-
sis shows that the highest EPC values commonly correspond
to softened phonon modes at ~9 meV near the Y point [see
SM, Fig. S37 [56]].

Now we proceed to investigate the superconducting prop-
erties based on isotropic Eliashberg theory. Overall, the total
EPC values in these compounds are very low, reaching their
maximum value of 0.35 in the case of Na, yielding 7. ~ 1 K.
The two main peaks in the Eliashberg function [see SM,
Figs. S37(b) [56]] originate from the B-based ZA phonon
mode and from the A, optical phonon mode (within the Cj
point group), corresponding to out-of-plane movement of both
the Na and B atoms (at ~30 meV). This stronger EPC in the
case of Na compared to other intercalants correlates with its
higher DOS at Er. Nevertheless, in a broader context, the very
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FIG. 4. The DOS projected on the p, and s + p, , orbitals of different B atoms [with the numbering of the atoms corresponding to the
one in Fig. 1(a)] in (a) pristine, (b) Na, and (c) Mg-intercalated S, bilayer borophene. In the case of the intercalated structures, s orbital

contributions from the X atoms are also shown.

modest 7 of this phase renders it a less compelling candidate
for further theoretical and experimental exploration.

2. x3 phase of bilayer borophene (n = 1/5)

Compared to the 81, phase with predominant contributions
from out-of-plane orbitals close to Er, the states near Er in
the x3 phase have both o and out-of-plane orbital character, as
shown in Fig. 5 for pristine and Mg-intercalated x3 bilayers.
To quantify this effect, we may consider the case of Mg inter-
calation, in view of its high total DOS at Er (1.71 states/eV)
and its elevated T, of 17 K. We obtained contributions to the
DOS at Er of 1.00 states/eV from B-p, (corresponding to
out-of-plane states), 0.65 states/eV from B-s + p, , orbitals
(0), and an additional 0.06 states/eV from the Mg-s orbital, as
also depicted in Fig. 5(b). This mixture of o and out-of-plane
states results in a plethora of intersecting Fermi contours with

(a)6.0
40 3 1
20T

0.0 gF o ff g NN

E - Ef (eV)

-2.0

-4.0

6.0 ; L L \ ‘ N

broadly varying Fermi velocities for the Mg intercalated x3
bilayer compound, shown in Fig. 6(a).

The analysis of the vibrational properties reveals that the
X3 phase is the only one of the investigated bilayer borophene
compounds that is dynamically stable in pristine AA-stacked
form. As depicted in Fig. 7, the predominant contributions to
the total EPC for both pristine and Mg intercalated y3 bilayers
are situated within the frequency region below ~50 meV. In
the pristine case [Fig. 7(a)], the Eliashberg function features
several prominent peaks in this range. The lowest two peaks
correspond to an optical phonon branch (A; representation
within the G,y point group), for which the EPC has maxi-
mum value of ~2.8 at I'. This mode at ~9 meV consists of
layer-breathing motion of the two boron sheets, as depicted in
Fig. 7(a). The overall highest peak in the Eliashberg function
of pristine bilayer 3 (at ~30 meV) originates from the optical
B, phonon mode. At I', this mode consists of out-of-plane and

X r H K M r K

K B—stpxy

FIG. 5. Orbital-resolved bands of (a) pristine and (b) Mg-intercalated y3 bilayer borophene. The blue, purple, and cyan dots represent the

B-s + px, B-p;, and Mg-s contribution, respectively.
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FIG. 6. Fermi surface (colored according to the Fermi velocities) for (a) Mg-intercalated y3, (b) Be-intercalated 84, and (c) Ca-intercalated

kagome bilayer borophene.

out-of-phase movement of the B atoms, as shown in Fig. 7(a),
which are both infrared and Raman active (I+R).

For the case of Mg intercalation [Fig. 7(b)], the EPC is no-
tably strong along the H-K segment. The Eliashberg spectral
function exhibits two distinct peaks, around 21 and 26 meV.
The first one is related to the A, acoustic phonon mode,
corresponding to out-of-plane motion of the Mg and B atoms,
as depicted in Fig. 7(b). The second one is related to the
A, optical phonon mode. With interesting multifaceted Fermi
contours, shown in Fig. 6(a), a total EPC of 0.8, and resulting

T

(@) 160 ' T I T ‘ ]
140 7 N .
120 | | L
100 |
80 |
60
40
20

0

W (meV)

(b)
140

120
100 |

W (meV)
o0
S

T. of 17.3 K, Mg is the best candidate among all considered
intercalants for superconductivity in the x3 phase of bilayer
borophene.

The intercalated x3; structures were also found to be
dynamically stable with intercalants Li and Na. Upon inter-
calation with Li [see SM, Figs. S38(b) and S38(c) [56]], the
EPC within the A; phonon mode, at I, reduces to ~0.6. The
main two peaks appear at 29 and 33 meV, and stem from out-
of-plane movement of the B atoms, and in-plane movement
of Li atom, respectively. In the case of Na, there are also two

28 T
Total
B -
A ]
0 | |
0 03 0.6
0.5 T
Total
B i
Mg —
)\qv )
0 1 Il Il Il 1 1
0 040812 0 040.81.2

PhDOS (states/meV)  o’F W)

FIG. 7. Phonon band structure, atom-resolved phonon DOS, and the isotropic Eliashberg spectral function o> F with modes corresponding
to its peaks, of (a) pristine, and (b) Mg-intercalated x; bilayer borophene. The phonon branch (v) and g-resolved electron-phonon coupling
Agv is indicated by colors, as well as by point sizes that are proportional to A.
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FIG. 8. The projected density of states (PDOS) on s + p, , and p, orbitals of pristine (a) 6, and (b) kagome bilayer borophene. (c) The
relation between the critical temperature and the average distance between the two borophene sheets in the two phases. The red arrows
indicate the required shift of Fermi level in order to stabilize these systems. Additionally, orbital-resolved bands of (d) Be-intercalated &4
and (e) Ca-intercalated kagome bilayer borophene are also shown. The blue, purple, and cyan dots represent the B-s + p, ,, B-p;, and X-s

contribution, respectively.

main peaks in the Eliashberg function. The highest peak at
33 meV corresponds to the A, phonon mode at the X point,
and again corresponds to out-of-plane movement of B atoms
and in-plane movement of Na atom. Comparing the pristine
form and the Na-intercalated case, we observe a stronger
contribution from high-frequency optical phonon modes to
the EPC, along with an increase in the total electronic DOS
and the logarithmically averaged phonon frequency (wiog).
However, the total EPC is depleted, effecting a reduction of
T, from 12.9 to 9.1 K.

3. 84 and kagome phase of bilayer borophene (n = 1/4)

Last but not least, we proceed to structures characterized
by n = ;. In contrast to the 8;, and x3 phases, the o states
(s+ px,y) of §4 and kagome phase are less occupied, therefore
contribute significantly more to the DOS at Er as shown in
Fig. 8. Due to this electron deficiency the out-of-plane (p.)
states are partially filled, which renders these compounds dy-
namically unstable in their pristine form. Furthermore, such
partially occupied p, states lead to weak interlayer interac-
tion, resulting in larger interlayer distances (see Table I). As
can be observed in Figs. 8(a) and 8(b), due to the partially
filled p, orbitals, there is a distinct gap between w and 7*
states above Er. Moreover, for intercalated kagome bilayer
borophene, we found van Hove singularities (saddle points at
the M point), and high-order van Hove singularities (at the K
point), intersecting or being near to the Fermi level, stemming
from hybridized B-p, and intercalant s state.

Thus, to stabilize the §; and kagome phases, intercalants
able to transfer sufficient electronic charge to the borophene
layers are required. For example, by shifting the Fermi level
by ~1.2 eV, a good electronic balance between the o and 7 *
states can be achieved, which is crucial for dynamical stability
of the material. However, we found that the electron transfer
from alkali-metal intercalants is not sufficient to stabilize the
borophene sheets (donating at most ~0.87 e per intercalant).
In contrast, dynamically stable structures were obtained by in-
tercalation with alkaline-earth-metal and transition elements,
where the electron transfer is significantly larger (donating at
least ~1.20 e per intercalant).

Despite the equal number of B atoms in their unit cells,
the different crystal symmetries of the 84 and kagome
structures result in distinct local structural and electronic
properties. This becomes particularly noticeable upon in-
tercalation. For the 8, phase we found significant buckling
of borophene layers due to stronger bonding of alkaline-
earth and transition metal intercalants with B, compared
with B; atoms. On the other hand, as the kagome phase
consists of only one type of atom, there is no buckling
taking place. Therefore, the &4 case is characterized by a
nonuniform charge transfer from the intercalant to the boron
atoms, while in the kagome phase the transfer is uniform and
bond strengths are equal [see electron localization function
(ELF) plots in the SM, Figs. S24— S31 [56]]. This yields
opposite trends in their 7, values as a function of the (av-
erage) distances between the borophene layers, as shown in
Fig. 8(c).
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Another characteristic separating the two phases concerns
the relation between the 7, and the DOS at Er, with a
clear correlation in the kagome case, which is absent for
the 8, phase. This is clearly seen for the Ca-intercalated
kagome structure, with the highest DOS at Er among the
n= }1 structures, 1.71 states/eV, contributed mainly by B-p,
and B-s + p,, orbitals, and the resulting overall highest T,
of 27.1 K.

Let us now delve deeper into the superconducting proper-
ties of the Be-intercalated §4 phase. This structure possesses
an interesting Fermi surface, shown in Fig. 6(b), consisting of
several straight parallel segments with strong nesting prop-
erties, in particular along I'-X. At first glance, there is an
unexpected highly softened phonon branch (A representation
within the C,y point group), with several dips that make a
significant contribution to the Eliasberg function, as shown in
Fig. 9(a). Thus, the first peak at ~5 meV which possesses a
very strong EPC value of 7.1, and the overall highest peak
at ~24 meV, both stem from the same mode. This mode
corresponds to in-phase and out-of-plane movement of B,
atoms together with small in-plane displacements of the Be
atom. This behavior is caused by the strong interaction be-
tween the borophene layers, mediated by Be which forms a
strong bond with the B, atoms. Additionally, this interaction
causes a shift of the layer-breathing mode at I" to higher
frequencies (~28 meV) when compared with the pristine
x3 phase [cf. Fig. 7(a)]. Furthermore, due to the different
symmetry, this mode belongs to the A, representation (within

the Dy, point group), and it is Raman active. Similarly, in
the cases of Mg- and Ca-intercalated &4 bilayers, the high-
est EPC values are also stemming from softened phonon
modes [see SM, Fig. S40 [56]]. In the case of Ca, these low-
frequency peaks contribute less to the Eliashberg function,
resulting in a lower T, of 5.2 K compared to the 8.8 K of the
Mg case.

Considering the superconducting properties of the Ca-
intercalated kagome phase, one should notice its scarcely
intersecting Fermi contours [see Fig. 6(c)] and overall highest
T. of 27.1 K. As shown in Fig. 9(b), the maximal EPC value
of 0.6 corresponds to the first peak in the Eliashberg function,
related to the A, phonon mode (within point group C;), entail-
ing rotation of B atoms together with in-plane movement of
Ca atoms. The highest peak corresponds to the flat segment
in the phonon dispersion around M (~43 meV), comprising
out-of-plane motion of the B atoms. At higher frequencies
(~119 meV) we find another peak related to optical phonon
mode of in-plane B atoms movement. The total EPC for
Ca is high (A = 0.98), establishing it as the best candidate
among all of the intercalants for the kagome phase of bilayer
borophene.

Upon intercalation of the kagome bilayers with transition
metal elements, the total EPC reaches 0.61 for Sc, which is
significantly higher than 0.43 from Ti, directly reflecting on
their respective 7;’s of 6.4 and 2.0 K.

In summary, similarly as for B, and x3 phases, the highest
obtained 7, values in both 64 and kagome structures were
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384, and (e), (f) Ca in kagome bilayer borophene, respectively.

realized by intercalation with alkaline-earth-metal elements:
Be in 44 and Ca in the kagome phase.

IV. ANISOTROPIC MIGDAL-ELIASHBERG
CALCULATIONS

Taking into account that the Fermi surfaces in Fig. 6
exhibit strong anisotropy, we have subsequently performed
fully anisotropic Migdal-Eliashberg calculations to com-
pletely characterize the superconducting properties of the
prime candidates. The results are summarized in Fig. 10.

The Fermi surface of Mg-intercalated x3 bilayer
borophene, shown in Fig. 10(a), consists of several
intersecting Fermi contours. The ellipsoidal B-o Fermi
sheets located around I'-M path host the strongest gap
values within the anisotropic gap spectrum A(k). At low
temperatures, the A values stemming from B-o states
reach 4.9 meV, while the gap of the B-p, and Mg-s states
is highly anisotropic, ranging from 2.2 to 3.9 meV. This
results in distinctly two-gap superconductivity. By solving
the anisotropic Migdal-Eliashberg equations for a range
of temperatures, we found that the anisotropic 7. of this
compound is 28.5 K.

For Be-intercalated 8, bilayer borophene, there is hy-
bridization of different states, resulting in overlapping gaps
on the Fermi surface. Figure 10(c) shows this anisotropic
single-gap nature. The A values reach 5.6 meV at low temper-
atures, at the Fermi contour mainly stemming from strongly

hybridized B-p, and Be-s states, specifically along I'-X seg-
ment where strong nesting is present. The Fermi contour
around the S point mainly carries B-p, character, and has a
much smaller contribution to A, and similarly for the Fermi
contour along the I'-Y segment with dominant B-o character.
The resulting anisotropic 7. is 27 K, as shown in Fig. 10(d).
Finally, we arrive at the best candidate for superconduc-
tivity among the studied structures, namely, Ca-intercalated
kagome bilayer borophene. This compound harbors a single,
strongly anisotropic gap. The gap reaches a maximum value
of 11.4 meV at low temperatures [see Fig. 10(e)]. The highest
contribution mainly stems from B-o states positioned along
I'-K. The weaker A contributions stem from the Fermi sheet
situated along I'-M, corresponding to hybridized B-p, and
Ca-s states. As shown in Fig. 10(f), the anisotropic 7, is 58 K,
establishing Ca-intercalated kagome bilayer borophene as the
best candidate for robust superconductivity at elevated tem-
peratures among all the compounds considered in this work.

V. CONCLUSIONS

In summary, we have performed an extensive first-
principles exploration of the boron-based 2D superconduc-
tors, specifically metal-intercalated bilayer borophene phases,
considering four bilayer borophene phases (812, x3, 84 and
kagome) and nine possible intercalants (Li, Na, K, Be, Mg,
Ca, Sc, Ti, V). For a comparative analysis of the emergent
superconductivity in these materials, we have employed the
isotropic Eliashberg formalism combined with ab initio calcu-
lations of the electronic and vibrational properties. In total, we
identified 17 possible superconductors, with diverse electronic
and vibrational properties, and isotropic 7, values ranging up
to 27.1 K.

We found that among all considered structures, only in the
case of intercalated B, phase the o states are almost fully
occupied, with a clear gap separating them from the o* states.
Therefore, the contribution of these states at Er is low, and the
metallic character is mainly provided by the p, orbitals. This
strongly limits the isotropic 7, to low values of 0.1-1 K.

On the other hand, in the x; phase (n = %), the metallic
properties are governed by both o and out-of-plane (p,) states,
mainly due to the intrinsically larger electronic deficit in the
x3 monolayers. The contribution of o states at Er is larger in
this case, and as a result the isotropic 7, values were found
to be higher compared to the B, case, ranging from 9.1 to
17.3 K.

Proceeding to phases with n = namely, 84 and kagome,
the electron deficit becomes even larger resulting in a distinct
gap between the 7 and 7* states. Only intercalants from the
group of the alkaline-earth and transition metal elements can
provide sufficient electronic transfer to the borophene layers
to stabilize them. The contribution of the o states is also high,
hence due to this combined effect the isotropic 7. reaches
values up to 27.1 K for the Ca-intercalated kagome bilayer.

Our results therefore suggest that the combination of the
stabilization of the out-of-plane states and the contribution
of the o states at Ep (which play an important role in
the coupling with in-plane vibrational modes) yields higher
isotropic T, values. We also found that, generally, a larger
contribution from the B-s + p, , orbitals to the DOS at Er
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limits the EPC strength from phonon modes with frequen-
cies above ~50 meV (as visible in the Eliashberg function),
and vice versa. The exception to this rule is intercalants
from the group of transition metals, where d states play a
more important role. Furthermore, higher 5 values align with
higher isotropic 7. values, a discernible trend in our study,
that can be connected to MBene structures with n = %, for
which even higher isotropic 7, values (up to 36 K) have been
reported [43].

After having revealed distinct trends in the superconduct-
ing properties of various intercalated borophene bilayers, we
have delved deeper into the analysis of the electronic origin
of superconductivity by considering anisotropic and multi-
band effects through anisotropic Eliashberg calculations for
selected compounds. We have thereby revealed the high im-
portance of the anisotropy of the Fermi surface, and that
it contributes to a two-gap behavior of Mg-intercalated y3
bilayer borophene as well as to elevated 7. values in all
compounds, of up to 58 K in the case of the Ca-intercalated
kagome bilayer borophene. An interesting step for further
exploration would be the inclusion of anharmonic effects,
expected to play an important role in the case of the lighter
elements [59]. Moreover, in contrast to their monolayer coun-
terparts, the functionalized bilayer borophenes studied here
are expected to be more chemically stable and more resilient

to contamination and deterioration such as due to oxidation.
Considering that several phases in this work have exhibited
robust superconductivity and elevated 7. values, in partic-
ular the ones intercalated with alkaline-earth metals, our
results position the intercalated bilayer borophenes among
the prime candidates for further development of boron-based
two-dimensional superconducting technologies.
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