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ABSTRACT: We propose a new family of two-dimensional (2D) metal
borocarbide clathrane superconductors derived from three-dimensional - /g
(3D) MM'B,Cq4 clathrates. First-principles calculations reveal that | f

L

hydrogen passivation and surface metal decoration stabilize the “‘ :
M,M'BgCgH; monolayers. These 2D systems exhibit tunable super- @ % € Sty

P . . PN W /] A bit
conductivity governed b.y hole concentrat1.c>n, structurlal anisotropy, and o e e 2D-5r,B,C4H,
electron—phonon coupling. We find that in-plane anisotropy competes i\ ‘"*\ . T.=1.3K
with superconductivity, reducing T, despite favorable doping. Biaxial 6-—\5-:{55;—,5{‘ l
strain mitigates this anisotropy, enhances Fermi surface nesting, and 3D-Sr,B,C; Biaxially strained

increases T by an average of 15.5 K. For example, the T of Sr;BgCgHj is

T.=224K

predicted to increase from 11.3 to 22.2 K with strain engineering. These
findings identify 2D clathranes as promising, strain-tunable superconductors and highlight design principles for optimizing low-

dimensional superconducting materials.
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Nanostructuring, for example, by decreasing dimension-
ality, harnessing substrate-proximity effects, or using
strain engineering, can influence a material’s superconducting
properties. > Nearly a century ago, the first studies on how
dimensionality reduction affects superconductivity were
performed on Pb and Sn.* Now, highly crystalline two-
dimensional (2D) systems can be investigated.5 The first
demonstration of superconductivity in the ultimate 2D limit of
a single atomic layer yielded a critical temperature (T.) of 1.8
K for Pb grown epitaxially on Si(111).° Beyond fundamental
interest, 2D superconductors are attractive for device
miniaturization, enabling applications in quantum information
science, nanoscale circuitry, and gate-tunable superconducting
devices.””” The superconducting properties of various 2D
systems, including alkali-metal-intercalated few-layer gra-
phene,'"™"> NbSe,,"*~'° 2H-NbS,,"” and TiSe,,'* have been
reported. The measured T values are sensitive to the nature of
the intercalant and competition between the superconductivity
and charge density waves (CDWs), layer thickness, and
external electric fields. Density functional theory (DFT)
studies predicted that the T, of bulk LiC4 increases from 0.9
to 8 K in the monolayer,"” yielding a T, of 18 K for monolayer
Li,C4.*° The influence of the layer thickness and magnetic and
CDW order on the superconducting properties of NbSe, were
investigated.”"””> Strain-tunable 2D superconductors were
predicted, including monolayer W,N;** and Janus monolayers
of MoSH,**** WSeH, and WSH.***’

Boron-based compounds have also attracted considerable
interest. While bulk MgB, exhibits a T, of ~40 K,”® the T, of a
monolayer was predicted to be ~20 K, which could be
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enhanced to over 50 K under biaxial strain® and further
increased to 67 K via hydrogenation and even 100 K with
additional strain engineering.”’ Other theoretically studied
boron-rich systems include monolayers of B,C,”' B,0,”
TiB;C, Ti,B;C,>’ and LiBC.”* Boron-side hydrogenation of
LiBC was predicted to increase T from 70 to 80 K,** while a
TiB;CH, monolayer was computed to have a T of 18.7 K.*> A
high-throughput study reported a T, of 22 K for Mg,B,N,,*’
isostructural to the previously predicted Mg,B,C, (T, ~ 47
K*®), and a DFT and machine-learning hybrid study screened
over 140,000 2D compounds for superconductivity.’’
Although experiments have yet to verify these computations,
the borophene allotrope of boron was synthesized,”® with
computed T, values reaching as high as 10-20 K.’ The
reactivity of borophene with oxygen hinders such applications.
However, recent experiments demonstrated that hydrogen
passivation can significantly enhance borophene’s stability,"’
and subsequent theoretical studies predicted an increase in T,
up to 29 K under uniaxial strain.”'

Herein, the superconductivity in the 2D analogues of a new
class of borocarbides is studied via DFT calculations. The
compounds SrB;C;">** and LaB,C,** have been synthesized
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in bulk, with SrB;C; exhibiting a T, value of 22 K at 23 GPa."
Subsequent theoretical studies predicted additional super-
conducting phases including BaB;C;, *> RbSrB C6,
Rb, ¢Sr; ,B4Cs,"” KPbB c6,48 CsBaB4Cy,*” RbYbB.Cg,*’
SrNH4B6C6, and PbNH,B,C,*" with T, values as high as 115
K> Anharmon1c1ty was shown to effect the T, value of
KPbB(Cy.>* Structurally, MM'B4Cs clathrates resemble dia-
mond: both are covalent solids built on sp* frameworks."® The
synthesis conditions for compounds such as StB;Cs (50—60
GPa and 2500 K)**** closely resemble those required for
diamond formation (typically >15 GPa and 1200 K).»*~°
However, while diamond has a 2D-layered counterpart known
as diamane, which can be experimentally realized from bilayer
graphene under pressure and/or surface passivation with
hydrogen or fluorine,*® the 2D analogue of M,B;Cs—a metal
borocarbide “clathrane”—has not yet been explored. Below we
investigate whether such a clathrane monolayer is theoretically
viable and examine its superconducting properties.

Our model, illustrated in Figure 1A and B, features a single
layer of the 3D clathrate with metal atoms positioned both at
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Figure 1. (A) Supercell of the 2D hydrogenated metal borocarbides
(M,M’'B4CgHj). Surface metals are red, cage metals are gray, boron is
green, carbon is black, and hydrogen is white. (B) Top view of the
structure. The equatorial boron/carbon atoms are marked with
green/black arrows. (C) Energy (AEgys) associated with the
formation of 2D structures along with solid M’, a-boron, and
graphite via hydrogenation of the 3D structure. The green color
shows regions where 3D structures are thermodynamically preferred
(Ca,Y, Ca,la, Y,Ca, Y3, Y,La, La,Y, and La;); otherwise, the color is
scaled to the energy difference. Dynamically unstable structures are
enclosed with blue squares.

the center of the cage and on the surface within a half-cage
configuration. Similar to diamane®” and borophene,’ surface
passivation is essential for dynamic stability. Various
termination schemes were evaluated—no passivation, bridge-
site passivation with oxygen or sulfur, halogen termination, and
hydrogenation—and only hydrogenation yielded local minima.
The presence of surface metal atoms was also found to be
critical for dynamic stability. By combining appropriate surface
passivation and metal incorporation, we arrived at a stable
composition with M,M'BgCgHg stoichiometry, where M
represents the surface metal and M’ denotes the encapsulated
metal cation (Figure 1A). The choice of metals was guided by
size compatibility with the B4Cq cage, including K, Rb, Ca, Sr,
Ba, Y, La, Sn, and Pb, following previous theoretical results.*®
Computations investigated the thermodynamic conditions
required to stabilize the 3D clathrates,”***” and synthesized
SrB;C; was quenched to 1 atm, persisting in an inert
atmosphere but degrading after exposure to moisture.”> For

the clathranes, the thermodynamic stability (at zero temper-
ature and for static nuclei) was assessed by calculating the
exfoliation energy (AEgpyy) defined as the energy of the
products minus the reactants for the reaction:

AMMB(Cy (3 + 4Hyg)

- MZM/BSCSHS(S,ZD) + MES) + 4B(s) + 4C(S)

where B, C, and M’ correspond to the 1 atm stable phases of
a-boron, graphite, and solid elemental metals in the face-
centered-cubic (K, Ca, Pb), body-centered-cubic (Rb, Ba),
hexagonal-close-packed (Sr, Y, La), or a-Sn structure, and H,
is modeled by the P6;/m phase of solid molecular hydrogen.>®
The functional used underestimates the energy of graphite.
Inclusion of dispersion corrections and consideration of further
reactions is likely to stabilize the products (Section S4.1, S$4.2).
In many cases, with exceptions, such as Sn and Pb, the
formation of a binary metal boride or metal carbide would
strongly favor the forward reaction (Table S3). Therefore, the
energy estimates presented here represent a lower bound for
the thermodynamic driving force favoring hydrogenated 2D
slab formation following exfoliation of the 3D crystal in a
hydrogen atmosphere (Figure S$4).

In most cases, the aforementioned process is exothermic
(Figure 1C). Exceptions, highlighted in green, involve
lanthanum, yttrium, and calcium atoms, where AEgpy: was
predicted to range from 5.2 to 48.0 meV/atom. The reason for
this is likely the enhanced stability of MM'B,Cy4 compounds
that contain trivalent metal atoms because they are insulators.
Notably, AEgyg for the formation of Sr;BgCgHg from Sr,B¢Cq
was —72.3 meV/atom (—132.8 meV/atom with dispersion).
The tendency for the formation of SrBgs and SrC, on the
product side further suggests that the forward reaction would
be favored A similar stabilizing effect has been established in
diamane.”® Without surface passivation, diamond nanosheets
are unstable and reconstruct into multilayer graphene.’” The
strong C—H bonds ensure that diamane is resistant to
dissociation, with activation barriers reaching up to 6 eV.*
Our molecular dynamics simulations showed that Sr;BgCgHjg
remains intact up to at least 500 K with a simulation length of
10 ps (Figures S2 and S3). Above 600 K, we observed
dissociation of the B,C, squares and reorganization into S- or
6-membered rings. These results suggest that SrB;Cs, which is
thermodynamically unstable at 1 atm and reactive with air,
may, upon hydrogenation, resist decomposition due to the
strong B—H and C—H bonds formed within Sr;B;CgHg.

Bulk MM'B,C; can be interpreted as a hole-doped
compound relative to the ideal sodalite-type Cg cage; the
number of unoccupied C/B 2p states (i.e., holes) was found to
correlate with dynamic stability.*® For example, in
(Rb,Sr),BCs, imaginary phonons emerge when the rubidium
concentration exceeds 50%,”° and no dynamically stable
clathrates were found when both M and M’ were alkali
metals.** ™" For the 2D clathranes, no dynamically stable
structure was identified, with the number of holes (Table S2)
exceeding 4 per formula unit (Figure 1C), further underscoring
the necessity of both surface passivation and the inclusion of
surface metal atoms. Previous studies reported a correlation
between the dynamic stability and the ionic radius mismatch
between the two guest metal species in the 3D clathrates**—
an effect that also manifests in the 2D analogues. Interestingly,
several structures fulfilling the requirement of less than 4 holes
can also exhibit a single imaginary phonon mode at the X point
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Figure 2. Electronic structure of Sr;BsCgHg. (A) Electronic band structure and atom projected density of states (PDOS) of Sr;BgCsHg. The Fermi
level (Eg) is set to 0 eV. (B) Partial charge density integrated around Eg + 1 eV within an energy window of 0.1 eV, corresponding to the green-
shaded region in part A. (C) Partial charge density integrated around Ep within an energy window of +0.1 eV, corresponding to the blue-shaded
region in part A. The isosurfaces in parts B and C enclose 50% of the total charge within the selected energy windows. Atom color coding is
consistent with Figure 1. (D) Fermi surface of the 2D Sr;BgCgHj clathrane. The black dashed arrow illustrates an example of a q vector at the M
point (g, = 0.5 and g, = 0.5) that connects nested electronic states on the steepest band. (E) Phonon dispersion, Eliashberg spectral function,
a*F(w), and the integrated electron—phonon coupling constant, A(w), within the frequency range of 0—800 cm™". The width of the red lines in the

phonon dispersion corresponds to the mode-resolved electron—phonon coupling strength, proportional to 4,

@y, for each phonon mode v at

wavevector q. The plot in the full frequency range is available in the Supporting Information.

[e.g, K,Y (Figure S6H), Rb,Y (Figure S7H), and Y; (Figure
S13H)]. Visualization of these modes reveals a “super-
dimerization” motion of neighboring cage-metal atoms,
indicating CDW-like distortions confined to the metal
sublattice.

The analysis below focuses on Sr;BgCgHj because its parent
compound Sr,B¢Cg has been synthesized.* A key distinction
between the 2D and 3D structures is the loss of chemical
equivalence among the carbon and boron atoms in the
clathrane. As a result, the conduction band states that are triply
degenerate at the I pomt located ~1.5 eV above the Fermi
level (Eg) in Sr,B4Ce, ™ split in the 2D structure, with a total
energy separation of 1.5 eV (Figure 2A). Compared to the 3D
system, the uppermost band shifts from Eg + 1.5 eV to Eg + 1.8
eV, while the remaining two (nondegenerate) states are
stabilized and become nearly flat, lying ~0.3 eV above Eg. To
better understand the electronic structure of this clathrane, we
calculated its partial charge densities within the chosen energy
windows. The green region in Figure 2A, spanning an energy
range of +0.1 eV around E; + 1 eV, cuts through the
aforementioned dispersive band. Its computed charge density
resembles 7-type orbitals centered on unpassivated B/C atoms

15083

that point along the a lattice vector, encompassing the B,C,
square in the central region of the clathrane layer (Figure 2B)
with minimal contributions from the surface atoms. The
projected density of states (PDOS) in this energy range is
similar to that of the 3D clathrates, where boron and carbon
contribute comparably, and no contribution from hydrogen is
evident.”*®* Notably, the boron atoms that contribute
significantly to the charge density in the green-shaded region
do not contribute at all to the region shaded in blue. As a
result, the PDOS near E contains significantly larger carbon
character, a feature rarely observed in the 3D counterparts.
Additionally, the hydrogen atoms, which passivate the
structure, contribute modestly to the PDOS around Eg. This
hydrogen character is evident in the charge density plot,
especially the lower panel in Figure 2C. Another notable
feature is the nearly flat electronic DOS, a hallmark of a 2D
system, around Eg, contrasting the nearly parabolic DOS in
Sr,B¢Ce.

The three bands that cross Eg form the 2D Fermi surface of
Sr;BsCsHg (Figure 2D), and they can participate in the
superconducting mechanism. The Fermi surface is charac-
terized by nearly vertical features located at k, =~ 0.1, which

https://doi.org/10.1021/acs.nanolett.5c04166
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Figure 3. (a) Summary of the superconducting transition temperatures (T) for various M,M'BgCgH, compositions under zero external stress, i.e.,
fully relaxed in-plane lattice constants. The T, values are calculated using the Eliashberg theory with y* of 0.1; for systems with T, < 10 K, values
are estimated using the Allen—Dynes-modified McMillan formula, shown to be adequate for such high-throughput studies.”’ (b) Correlation
between T, the DOS at the Fermi level, g(Eg), and the in-plane structural anisotropy in angstroms (quantified by the lattice constant difference b —
a). The inset shows the symbols employed for systems with the listed number of holes or with an excess electron (denoted by —1).

enable favorable Fermi surface nesting across a wide range of q
vectors along the I'=Y path. This nesting condition is clearly
manifested in the phonon spectrum (Figure 2E), where three
relatively flat phonon branches near 470, 530, and 630 cm™
display strong electron-phonon coupling (EPC) along the 'Y
direction, consistent with the three dominant peaks in the
Eliashberg spectral function. Significant EPC-active modes are
also found near the M point; the nesting vector q = (0.5, 0.5)
connects sections of the Fermi surface (black arrow in Figure
2D), emphasizing the anisotropic nature of the EPC.
Significant EPC is also found along the other high-symmetry
lines in the Brillouin zone, although in a very narrow frequency
range.

The dominant EPC mechanism in bulk SrB;C; arises from
the interaction between C 2p states and an E, phonon mode
near I, involving out-of-plane displacements of boron atoms,
leading to distortions of the B,C, squares.”” We identified a
similar vibrational mode in Sr;B;CyHg at ~640 cm™'; however,
it contributed significantly to EPC only near the zone center,
and its contribution rapidly decayed moving away from I
Visualization of the three aforementioned phonon branches
with large EPC in the clathrane reveals a Jahn—Teller-like
distortion of the B,C, units, transforming square motifs into
rectangles. The 470 cm™ mode corresponds to distortions of
the central ab-plane square within the cage; the 630 cm™
mode involves similar distortions at the surface ab-plane square
but with additional motion from the hydrogen atoms
increasing its frequency. The 530 cm™' mode primarily
involves distortions of the ac-plane square. Previously, we
identified a similar Jahn—Teller mechanism as being a
dominant contributor to the EPC in many MM'B¢Cg systems
with 2 or 3 holes per formula unit.** These compounds, such
as KPbBCy, typically exhibited phonon softening; however,
such a softening is absent in Sr;BgCgHg. This combination of
broken degeneracy in the electronic structure and the relatively
“hard” phonon modes weakens the EPC in Sr;BgCgHy,
resulting in a moderate coupling constant of A 0.55
(compared to A = 0.92 in SrB,C"). The high-frequency B—

15084

H and C—H stretches do not contribute significantly to EPC in
Sr;BgCgHg. Nonetheless, a logarithmic average phonon
frequency, @y, of 600 K is obtained, slightly higher than
that of the bulk (544 K),* reflecting the lack of phonon
softening. Solving the isotropic Eliashberg equations with p* =
0.1 yields a T, value of 11.3 K, significantly lower than the
theoretically predicted T, of 40 K for bulk Sr,B4Cy.*

The T, values of binary MM'B4C4 compounds correlate with
the level of hole doping, with the highest values obtained for
metals with an average charge of +1.5.*>**7°° While the
valence and radius of the metal atoms are important for the 2D
clathranes, an additional distinguishing feature—also inti-
mately linked to the hole doping and ionic size—is the in-
plane structural anisotropy. This anisotropy arises from the
inequivalent in-plane atomic configurations: carbon atoms
align along the equatorial a axis, while boron atoms align along
the b axis (Figure 1B). A similar anisotropy is present in 2D
B,O and hydrogenated B1,-borophene.””*" To capture this
effect, we fully optimized the in-plane lattice parameters a and
b, imposing zero stress along both directions. The resulting
difference in lattice constants (b — a) serves as a metric for
quantifying the degree of in-plane anisotropy. We find that
structures with a higher hole concentration generally exhibit
larger anisotropy (Figure S1). In compositions such as La,
La,Y, Y,La, and Y; where all B/C 2p orbitals are fully
occupied and any excess electrons reside in the metal d states,
the lattice distortion is minimal, with anisotropy values
typically below 0.1 A. In contrast, 1 h* structures exhibit
anisotropies ranging from 0.05 to 0.25 A, 2 h* from 0.12 to
0.39 A, and 3 h* from 0.21 to 0.52 A. Among clathranes with
the same hole concentration, those incorporating metals with
smaller ionic radii exhibit larger anisotropy (Figure S1),
indicating a synergistic effect between the doping level and
cation size. Importantly, this anisotropy competes with
superconductivity, suggesting a trade-off between Ilattice
distortion and optimal EPC.

For 3D clathrates, the T, values within a given hole-doping
group are relatively consistent, ranging from 30 to 44 K for 1

https://doi.org/10.1021/acs.nanolett.5c04166
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Figure 4. (a) Comparative summary of T, in 3D bulk MM'BCg, unstrained 2D M,M’'BgCgHg, and biaxially strained 2D M,M'BgCgHg. The T,
values are calculated using Eliashberg theory with p* of 0.1; for systems with T, < 10 K, values are estimated using the Allen—Dynes-modified
McMillan formula. Ca,Pb, Ca,Sn, Ca,Sr, Ca;, Pb,Ca, Sr,Ca, Sr,Sn, Ba,Rb, and Ca,Rb are dynamically unstable in 3D but stable in the 2D
analogues. (b) Fermi surface of biaxially strained 2D SryB;CgHj. (c) Phonon dispersion, Eliashberg spectral function, @*F(w), and the integrated
electron—phonon coupling constant, A(w), within the frequency range of 0—900 cm™'. The width of the red lines in the phonon dispersion
corresponds to the mode-resolved electron—phonon coupling strength, proportional to Ag,@g, for each phonon mode v at wavevector q. The plot
in the full frequency range is available in the Supporting Information. (d) 2D nesting function, y(q), of unstrained Sr;BgCgHs. (e) Nesting function
of biaxially strained Sr;BgCgHs.

h* systems, from 40 to 54 K for 2 h*, and from 72 to 88 K for 3
h**® In contrast, 2D clathranes show a broader and more

irregular T, spread (Figure 3A), suggesting that additional

factors are at play. For example, within the 1 h* group, T,
ranges from 0 to 15 K, for 2 h', from 1 to 27 K, and for 3 h?,

15085

from 18 to 43 K. Figure 3B illustrates T, in-plane anisotropy,
and the electronic DOS at the Fermi level [g(Eg)]. In general,
an increased number of holes leads to higher g(Eg), consistent

with enhanced metallicity. An exception is seen in electron-
doped species (—1 hole, e.g, La;, La,Y, Y,La, Y;), which

https://doi.org/10.1021/acs.nanolett.5c04166
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exhibit the highest g(Eg) from the metal d states. Because such
d states may, in principle, call for a DFT+U treatment,
magnetism could emerge if correlations are included; however,
we do not expect T in such systems to be high based upon the
values calculated for their nonmagnetic counterparts. Struc-
tures with zero holes are nominally semiconducting, although
in some cases, band overlap results in a small but nonzero
g(Eg). Notably, structures with anomalously low T.—despite
having favorable doping levels—exhibit larger in-plane
anisotropy compared to other members of the same group,
reinforcing the conclusion that in-plane anisotropy suppresses
superconductivity in 2D clathranes, disrupting the otherwise
robust correlation between hole doping and T, observed in
their 3D counterparts.

While the relationship between anisotropy and super-
conductivity likely involves multiple intertwined effects, it is
clear that larger in-plane anisotropy correlates with suppressed
T. To determine if a physical approach mitigating the
anisotropy by biaxial strain could enhance T, computations
were performed that restored the in-plane lattice constants to
those of the corresponding 3D clathrates by simultaneously
elongating the a lattice vector and contracting the b lattice
vector. We focused on the compositions with 2 h* and 3 h*
because their T, values were typically higher (Figure 3B).
Comparing T, values across the 3D clathrates, unstrained 2D
clathranes, and biaxially strained clathranes revealed that the
3D phases generally exhibit the highest T, with exceptions
such as K,La and Rb,La (Figure 4A). The degeneracy breaking
in the 2D structures weakens the EPC, accounting for the
lower T, values in most cases. Conversely, some dynamically
unstable 3D frameworks possess stable clathrane analogues—
particularly those containing Ca and Sn. Biaxial strain enhances
T, relative to the fully optimized systems, with an average
increase of 15.5 K (Figure 4A), e.g, the T. of Sr;BgCgHg
increases from 11.3 to 22.2 K upon straining. This enhance-
ment can be traced to subtle modifications in the electronic
band structure: elongation of the a axis results in flatter bands
along I'=X and steeper bands along Y—M, shifting the Fermi
crossing points closer to X and Y, respectively (Figure 4B),
with concomitant changes in the EPC-active modes (Figure
4C). Strain enhances the nesting along the '—M direction, as
evidenced by the 2D nesting functions (cf. Figure 4D and E).
These improved nesting features activate the same EPC modes
as those in the unstrained case but with stronger contributions
extending from the I'=Y direction to a broader range of q
vectors along '=Y—M and I'-M (Figure 4C), increasing 1
from 0.55 to 0.71. However, this enhancement comes with a
trade-off: low-frequency phonons around 200 cm™' become
EPC-active due to mode softening along I'-M and M—-X.
These phonon modes involve out-of-plane displacements of
boron atoms, following the E, character described for 3D
Sr,BcC," and decreasing ), from 600.3 to §31.4 K.

In conclusion, a family of 2D metal borocarbide clathranes,
derived from 3D MM'B4Cy clathrate counterparts, some which
have recently been synthesized,"””** were proposed. DFT
calculations demonstrated that the dynamic and thermody-
namic stability of the 2D analogues can be achieved via
appropriate surface metal decoration and hydrogen passivation,
yielding stable M,M'BgCgHg compositions. The Fermi level
and hole concentration can be tuned by varying the metal
atoms, enabling metallicity and superconductivity. Unlike their
3D analogues, the 2D clathranes exhibit in-plane anisotropy,
which competes with, and in some cases suppresses, super-

conductivity. Clathranes with high anisotropy typically show
reduced EPC and lower T, values, despite favorable doping
levels, whereas biaxial strain reduces anisotropy and enhances
the superconducting properties. Strain engineering increased
T. by an average of 15.5 K, with Sr;ByCgHg exhibiting T
enhancement from 11.3 to 22.2 K. This study establishes 2D
clathranes as a promising platform for tunable super-
conductivity and highlights the interplay between hole doping,
lattice anisotropy, and electron—phonon interactions.
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