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We employ ab initio modeling to investigate the possibility of attaining high-temperature conventional
superconductivity in ambient-pressure materials based on the known MgB,C, and recently proposed thermody-
namically stable NaBC ternary compounds. The constructed (7', Py;) phase diagrams (M = Mg or Na) indicate
that these layered metal borocarbides can be hole doped via thermal deintercalation that has been successfully
used in previous experiments to produce Li; . ,>osBC samples. The relatively low temperature threshold required
to trigger NaBC desodiation may help prevent the formation of defects shown recently to be detrimental to
the electron-phonon coupling in the delithiated LiBC analog. According to our numerical solutions of the
anisotropic full-bandwidth Migdal-Eliashberg equations, the proposed Mg,B,C, and Na,BC materials exhibit
superconducting critical temperatures between 43 K and 84 K. At the same time, we demonstrate that buckling
of defect-free honeycomb BC layers, favored in heavily doped Na,BC compounds, can substantially reduce or
effectively suppress the materials’ potential for MgB,-type superconductivity.

DOLI: 10.1103/PhysRevMaterials.8.114801

I. INTRODUCTION

The naturally hole-doped stoichiometric MgB, with hon-
eycomb boron layers has served as a blueprint for designing
ambient-pressure high critical temperature (7;) superconduc-
tors ever since the unexpected 2001 discovery of the material’s
conventional superconductivity at 39 K [1]. It was quickly
established that no other known diborides of Al or transition
metals display the quasi-2D electronic features responsible for
the strong electron-phonon (e-ph) coupling, while the pos-
sibility of adding new members to the large MB, family is
prohibited by unfavorable thermodynamics at ambient con-
ditions (M = Li, Cu, Ag, Au, etc.) [2,3]. Expansion of the
search space to other metal-boron compositions (e.g., MB) or
ternary metal borides (e.g., Mg M;_,B, and Li,M,B) further
demonstrated the difficulty of obtaining stable materials with
the desired hole-doped covalent bonds [3—11]. Meanwhile,
graphite intercalation compounds (GICs) with fully filled o
states display a different e-ph coupling mechanism and gener-
ally lower T [12-15].

The electron-deficient honeycomb frameworks with alter-
nating B and C atoms possess the signature quasi-2D elec-
tronic states and hard vibrational modes to be MgB,-type su-
perconductors. Since the two well-known metal borocarbides
with this morphology, LiBC [16] and MgB,C; [17], are semi-
conductors in the stoichiometric form, several studies have
been dedicated to investigating their hole-doped derivatives.
Li;.,BC had been predicted in early computational works
to superconduct at temperatures as high as 100 K [18-20],
but successful experimental efforts to delithiate Li,BC
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unfortunately resulted in no detectable 7; [21-27]. The lack
of superconductivity has been attributed to the likely presence
of defects in the BC layers that become thermodynamically
favored at low Li concentrations [26,28]. Reintercalation of
Li,BC with other group I or II elements has been identified
in our recent work as a possible route for obtaining elusive
MgB, analogs [28].

Computational studies examining hole-doped MgB,C,,
through removal and/or replacement of Mg with alkali met-
als [29-32], also noted the materials’ potential for high-7;
superconductivity. In particular, Spand et al. [31] consid-
ered various (Mg, Li)B,C, and (Mg, Na)B,C, phases and
concluded that a substitution of Mg by Li is energeti-
cally favorable in hole-doped MgB,C,. The most extensive
experimental investigation of the compound’s derivatives
was performed by Mori and Takayama-Muromachi in 2004
[33]. The appearance of Pauli magnetism in the synthesized
Mg, sLip3B,C, material indicated that the sample became
metallic, but no superconductivity was observed down to
1.8 K. Attempts at high-pressure synthesis of (Mg, Li)B,C;
and boron doping of the B/C nets in MgB,C, were unsuc-
cessful, resulting in large amounts of neighboring phases,
LiBC and MgB, [33]. To the best of our knowledge, there
have been no reported attempts to deintercalate MgB,C,
through high-temperature annealing as has been done with
LiBC [23,24,26,27].

The recently uncovered thermodynamic stability of NaBC
at low temperatures [28], in a simple hexagonal structure [34],
offers another pathway for designing high-7. metal borocar-
bides. Prior theoretical work simulated holes in NaBC through
desodiation [35] or substitution of C by B [34], and pre-
dicted the hole-doped NaBC to have high critical temperatures
in both cases (e.g., 35 K for NaB; Cy9 using the Allen-
Dynes modified McMillan formula and p* = 0.1 [34]). The

©2024 American Physical Society
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FIG. 1. Crystal structures of select examined layered Na,BC and Mg B,C, phases denoted with Pearson symbols. The fully intercalated
compounds are (a) NaBC with perfectly flat BC layers previously proposed to be a low-temperature ground state [28] and (f) MgB,C, with
BC layers buckled around rhombus-shaped Mg patches first observed in 1994 [17].

discovery of a new NaB5sC compound as recently as 2021 [36]
brings up questions about what other materials may exist in
this ternary system and what properties they may display.

In this work, we use density functional theory (DFT)
to analyze thermodynamic stability and superconducting
properties of the Na;.,BC and Mg, B,C, compositional
subspaces. We identify the most favorable layered configu-
rations, map out the (7, Py;) synthesis conditions needed to
thermally deintercalate the ternary compounds, and calculate
the superconducting 7; of the hole-doped materials using the
anisotropic Midgal-Eliashberg (aME) formalism. Our find-
ings indicate that NaBC and MgB,C,, shown in Fig. 1, are
promising precursors for ambient-pressure synthesis of high-
T.. conventional superconductors.

II. METHODS

The Vienna ab initio Simulation Package (VASP) [37] was
used to conduct the stability analysis of Na-B-C and Mg-B-C
phases using projector augmented wave potentials [38] and
a 500 eV plane-wave cutoff. Due to the known importance of
dispersive interactions in layered materials [7,39—41], we used
the optB86b-vdW functional [42], and checked the sensitivity
of the results to the DFT approximations with the DFT-
D3 [43], optB88-vdW [44], r2 SCAN +rVV10 [41,45], and
Perdue-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [46] based on the generalized gradient approximation
(GGA). All structures were evaluated with dense (Ak ~ 2w x
0.025 10\’1) Monkhorst-Pack k meshes [47].

Global structure searches were performed with an evo-
lutionary algorithm implemented in the MAISE package
[48]. In fixed-composition runs, randomly initialized 16-
member populations with up to 22 atoms per unit cell were
evolved for up to 250 generations using standard mutation
and crossover operations [48]. The resulting set comprised
over 50 000 fully optimized crystal structures. The thermody-
namic corrections due to vibrational entropy were calculated
within the finite displacement methods implemented in
PHONOPY [49]. We employed supercells between 56 and
168 atoms, applying 0.1 A displacements within the harmonic

approximation. Previous quasi-harmonic approximation re-
sults for related Li-B-C, Li-Na-B-C, and Na-Sn materials
[28,50,51] show that volume expansion has a negligible effect
on the formation free energies in the considered temperature
range. A combinatorial screening method was used to se-
quentially remove intercalants and leave only nonequivalent
configurations. Equivalence was evaluated with our structural
fingerprint based on the radial distribution function [48,52].

The QUANTUM ESPRESSO package [53] was used for cal-
culating properties related to superconductivity. We employed
the optB86b-vdW and optB88-vdW functionals [42,44,54—
57] and norm-conserving pseudopotentials from the Pseudo
Dojo library [58] generated with the relativistic PBE
parametrization [46]. A plane-wave cutoff value of 100 Ry,
a Methfessel-Paxton smearing [59] value of 0.02 Ry, and
I'-centered Monkhorst-Pack [47] k meshes were used to de-
scribe the electronic structure. The lattice parameters and
atomic positions were relaxed until the total energy was con-
verged within 107% Ry and the maximum force on each atom
was less than 10~* Ry/A. The dynamical matrices and the
linear variation of the self-consistent potential were calcu-
lated within density-functional perturbation theory [60] on
irreducible sets of regular q meshes. The optimized lattice
parameters for the investigated phases and the k and q meshes
used are reported in Table S1 [61].

The e-ph interactions and superconducting properties were
evaluated with the EPW code [62—65]. The Wannier interpo-
lation [66—68] was performed on uniform I'-centered k-grids
(see Table S1 [61]) with the Wannier90 code [66—68] in li-
brary mode. We considered 2p orbitals for every C or B atom
as projections for the maximally localized Wannier functions
to accurately describe the electronic structure of all the com-
pounds under investigation. The anisotropic full-bandwidth
[65,69] equations were solved with a sparse intermediate rep-
resentation of the Matsubara frequencies [70] on fine uniform
k- and g-point grids (see Table S1 [61]), with an energy
window of +0.2eV around the Fermi level. The Coulomb
w* parameter was chosen to be 0.20, which ensures good
agreement between measured and computed aME T. values
for MgB, [71].
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FIG. 2. Relative energies of Na,BC and Mg B,C, phases referenced to a hypothetical fully deintercalated BC phase and (a), (b) the
elemental ground states or (c), (d) the fully intercalated ternary ground states. The solid green lines define the global convex hulls, the solid
black lines mark the boundaries of the local convex hulls for deintercalated honeycomb derivatives, the dashed blue lines show the estimated
configurational entropy contributions from metal disorder, and the dashed gray lines point to the chemical potentials of Nad® (Mg#*) needed
to destabilize the starting NaBC (MgB,C,) phase. The solid symbols denote metal borocarbides with honeycomb (black hexagons), bond
rotation (BR, purple triangles), interlayer bridging (IB, orange circles), and fully connected (3D, red circles) morphologies of the BC covalent
networks. The crossed gray circles in panel (d) correspond to deintercalated phases derived from the large experimental MgB,C, structure.
The circle points highlight materials examined for their superconducting properties. The shaded areas correspond to compositions that should

be accessible via deintercalation.

The Allen-Dynes modified McMillan formula [72] is an
explicit equation for the superconducting critical temperature
relying upon three parameters, the e-ph coupling A, the log-
arithmic average phonon frequency wio,, and the Coulomb
parameter ©*, the first two of which are calculated ab initio.
The formula has been shown to provide reasonable accuracy
of T estimates in conventional bulk materials and compounds
where the Fermi surface anisotropy is averaged out by im-
purities [73]. Because this method underestimates the 7; in
anisotropic materials such as MgB, [64,71], to accurately
reproduce the T, of this materials class, one needs to rely
upon first-principles solutions to the anisotropic gap function
as a function of temperature using the aME formalism. In this
work, we use the Allen-Dynes T; as a less-costly indicator for
predicting whether materials will have substantial or negligi-
ble T..

Visualizations of crystal structures and Fermi surfaces
were created with VESTA [74] and FermiSurfer [75], respec-
tively. To resolve different phases at the same composition,
we use Pearson symbols and space groups when needed. Full
structural information for relevant DFT-optimized Na,BC or

Mg, B,C, phases is provided as CIF files in the Supplemental
Material.

III. RESULTS AND DISCUSSION
A. Stability

Complementary structure search strategies shown to be
effective in the exploration of related metal borocarbides [28]
were employed to examine the Na,BC and Mg, B,C, sub-
spaces with the ultimate aim of determining the composition
ranges where the materials should remain layered and rel-
atively defect free after hole doping. First, we conducted a
combinatorial screening by generating different NaBC and
MgB, C; (super)cells and systematically removing metal ions,
leaving only the nonequivalent configurations. The supercells
included standard expansions of the fully filled hP6 structure,
known to be the ground state for LiBC and NaBC, such
as /3 x /3 x 1, 2 x 2 x 1, and orthorhombic supercells of
increasing size up to 54 atoms with both AA and AA’ stack-
ings of the BC sheets. We also proceeded with systematic
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FIG. 3. Average distortion of BC layers (da,) at different com-
positions x in (a) Na,BC and (b) Mg, B,C,. The color map shows
the energy of the considered phases within a 20 meV /atom window
relative to the most stable structure at each composition, which are

connected with dashed black lines. The circled phases were exam-
ined for superconducting properties with aME calculations.

deintercalation of the 0S80 ground state of MgB,C, down
to x = 11/16. The full set of considered layered phases con-
tained over 700 distinct metal decorations.

The convex hulls in the two ternary systems were
constructed by including all relevant synthesized
or proposed materials: hR36-B, hP4-C, cF4-Na,
hP2—Mg, mS3O—B4C, 0F46—Na6B40, oI64—Na4B60,
hP6-NaBC, aP189-NaBsC, oP14-NaBsC, 0S80-MgB,C,,
0l60-MgB,,C,, tP54-Mg,B,4C, hP3-MgB,, and oP20-MgB,,
described in Refs. [28,34,36,50,76]. The formation energies
of the best candidate hole-doped structures fall above
the global convex hull boundaries as defined by the
respective combinations of NaBC (MgB,C;), B4C, and
C materials shown with green lines in Figs. 2(a) and 2(b).
However, the successful deintercalation experiments on
LiBC have established that the BC framework retains its
layered morphology with the ideal 1:1 stoichiometry at high
temperatures (up to 1770 K) and low metal concentrations
(down to at least x = 0.5) [26]. This indicates that the high
kinetic barriers associated with rebonding of the covalent
layers are sufficiently high to keep the materials from
deviating from the 1:1 ratio of B:C or decomposing into other
products under a wide range of experimental conditions.
Hence, we examine the feasibility of the intercalated M,BC
phases within the kinetically restricted subspace and, for
convenience, display their relative stability with respect to
NaBC (MgB,C;) and a fully deintercalated hypothetical

layered BC, as was done in our previous study on Li,BC [50].
Figures 2(c) and 2(d) show that the best Mg, B,C, phases, just
as in the LiBC case, stay close to the MgB,C, <> BC tie-line,
but the Na,BC derivatives fall way below the corresponding
reference line and are actually within 25 meV /atom, for x
down to 3/4, of being globally stable relative to NaBC, B4C,
and C.

For reference, we estimated the upper bound of the
configurational entropy contribution to the free energy
arising from disorder within the metal sublattice in Na,BC
as  AFont = kT[xIn(x) + (1 —x)In(1 —x)]/(2+x) (see
Supplemental Material [61] for details). Figure 2(c) illustrates
that this term, plotted as a function of y = (1 — x)/(1 + x/2)
at 600 K, is not sufficient to drive the Na-deficient layered
configurations below the global convex hull boundary
at the expected deintercalation temperatures. Since Mg
atoms occupy only half of the available metal sites in
Mg B,C, and the deintercalation requires much higher
temperatures, a non-negligible configurational entropy
due to metal disorder may be present even at the starting
x =1 composition. A simple upper bound estimate as
AFoont = KT[(x/2)In (x/2) + (1=x/2) In (1=x/2)1/(2 + x/2)
derived in the Supplemental Material [61] and plotted in
Fig. 2(d) as a function of y = 2(1 — x)/(2 4+ x/2) at 1500 K,
suggests that the Mg B,C, compound may remain globally
stable until it loses at least a few percent of Mg and may affect
the (T, Py) conditions in the deintercalation phase diagram
[50]. More accurate assessments of the configurational
entropy will require the application of models that take
into account the dispersion in excess energies for different
configurations [50,77].

To analyze the preferred Mg arrangement after deinterca-
lation, we first considered the conventional unit cell of the
0S80-MgB,C, ground state, where the Mg atoms are grouped
in thombus-shaped patches with two nonequivalent sites at the
acute- and obtuse-angled corners [Fig. 1(f)]. The relative ener-
gies of Mg-depleted structures are contained in a well-defined
wedge [Fig. 2(d)], with the more stable configurations fea-
turing Mg atoms in the obtuse-angle sites. Structures derived
from hP6-Mg,B,C, supercells with more even distributions
of Mg atoms prove to be more favorable for compositions
below ~0.95, and one can expect the material to quickly
depart from the complex rhombus-patterned arrangement of
Mg atoms upon deintercalation.

The amount and distribution of the intercalants can influ-
ence the compound’s superconducting properties by defining
not only the doping level of the BC sheets but also the degree
of their buckling. The maximum B or C out-of-plane dis-
placements in the synthesized MgB,C, material [17] reaches
dnax = 0.20 A. To illustrate the dependence of the corrugation
on the metal type, concentration, and distribution, we col-
lected the DFT data for all constructed Na,BC and Mg B,C,
phases in Fig. 3. Focusing on the most stable structures in
each ternary, we observe different trends for covalent frame-
work buckling upon extraction of the larger alkali and smaller
alkaline-earth metals. The BC layers start as perfectly flat in
the fully loaded NaBC, become progressively more distorted
with decreasing Na content reaching an average displace-
ment from the ideal perfectly flat plane of dyye = 0.14A at
x =5/8, and finally settle with an intermediate corrugation

114801-4



FIRST-PRINCIPLES DESIGN OF AMBIENT-PRESSURE ...

PHYSICAL REVIEW MATERIALS 8, 114801 (2024)

o
a#.atg‘_#-a#-e At e
1 3.66A O O 13654
6.79-.6:3-? _g@-.e.#-.a O s e

o & o o & o

(i) hP7 (P62m) (ii) hP14 (P63/mcm)
e
. w,‘?é.““‘ ;:g;\wz;fg
Mg © Nl

eTats ’& N & ’&
(iii) hP14 (P6,22) (iv) mS28 (Cm)

ST

N R ot
%, BN, B8R
i "J o*gozsoA-

BB o8 Pt ' 320A wag
‘A*'&*:&x*,& o 390A
75A -
ooi‘?«o 2%042«0'4231& / fof fo
V{&*;&\*i o’ LMM'«AW

(v) mS28 (C2/m) (vi) mP14 (Pm)

FIG. 4. Crystal structures of competing Mg, ;B,C, phases pro-
posed in (i) previous work [30] and (ii)—(vi) in the present study.

value of 0.07 A at x = 1/2. The MgB,C, material, being half
filled, possesses a significantly corrugated BC network with
daye = 0. 10 A, exhibits numerous nearly degenerate conﬁgu—
rations with gradually decreasing buckling down to 0.06 A at
x = 11/16, and has perfectly flat layers in a high-symmetry
crystal structure with a uniform distribution of Mg ions at
x =2/3. Some configurations in both Na and Mg sets led
to the natural formation of interlayer C-C bonds upon local
relaxation but none of these phases were found to be preferred
in the composition range considered.

Additionally, we constructed layered structures with both
AA and AA’ stackings incorporating rotated B-C bonds. This
defect type was theorized to occur in Li,BC [26,28] and
could be responsible for the absence of superconductivity
in the synthesized samples. The most stable stoichiometric
ternary phases with rotated bonds, mP15-MgB,C, and mP36-
NaBC, are well above the corresponding ground states, by 151
meV/atom and 119 meV/atom, respectively. In Mg B,C,,
the relative energy of the defective structures with respect to
MgB,C, and BC decreases almost linearly with metal content
x but remains well above the energy of the best ordered hon-
eycomb phases, e.g., by 61 meV /atom, at the lowest x = 2/3
end [see Fig. 2(d)]. In Na,BC, a similar linear trend as a
function of composition makes the structures with rotated
bonds more competitive, with the best one at x = 1/2 actually
becoming slightly more favored, by 7 meV/atom, over the
ordered honeycomb counterparts.

Previous computational work on the Li,BC system also
showed that non-layered structures with bridged or fully con-
nected 3D frameworks can become favored once the metal
concentration falls below a certain level (x ~ 2/3) [28,50],
but experiments indicate that Li,BC remains layered down to
approximately x ~ 0.45, at which point the material begins
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FIG. 5. Relative free energies of select Mg, ;B>C, polymorphs
calculated at (a) T = 0K and (b) T = 600 K with the DFT-D3 [43],
optB86b-vdW [42], optB88-vdW [44], r2SCAN +rVV10 [41,45],
and PBE [46] functionals. The labeled points correspond to the
crystal structures shown in Fig. 4. The blue hexagons denote phases
with honeycomb BC layers, while the red spheres denote phases
with complex reordered 3D networks. The latter set is more favored
in both optB86b-vdW and r2SCAN + rVV10 approximations up to
600 K.

to decompose [26]. To probe the response of the Na,BC
and Mg, B,C, compounds to alternative non-layered config-
urations, we performed unconstrained evolutionary searches.
We found that non-layered morphologies become competitive
around x = 1/2 for Na,BC and x = 2/3 for Mg, B,C,, see
Figs. 2(c) and 2(d).

The critical Mg, 3B,C; stoichiometry examined by Pham
et al. [30] deserves a closer look. This previous study iden-
tified an hP7 structure phase with AA stacking [Fig. 4(i)]
as the 1:3:3 ground state with the optB88-vdW functional.
Our optB88-vdW calculations show that an hP14 structure
(P63/mcm) with the AA’ stacking [Fig. 4(ii)] is degenerate
in energy at 0 K but is slightly preferred by 0.5 meV/atom
with the inclusion of the zero-point energy (ZPE) and be-
comes more stable by 0.9 meV/atom at 600 K with the
inclusion of the vibrational entropy. The finding is not un-
expected given that the parent MgB,C, material has the
same stacking sequence and that LiBC, with a 5% shorter
interlayer spacing, has a more pronounced preference for
AA’ over AA by 17 meV/atom at 0 K. To assess the re-
liability of the observations for these and other relevant
polymorphs found with the evolutionary algorithm, we also
calculated the free energies with the DFT-D3, optB86b-vdW,
r?’SCAN +rVV10, and PBE functionals. Figure 5 summa-
rizes the structure stability results relative to hP7 obtained
with the five exchange-correlation functionals at 0 K and
600 K. The DFT-D3 [43], r?SCAN +rVVI10 [41,45] and
optB86b-vdW [42] results indicate that several non-layered
low-symmetry phases [Figs. 4(iv)—4(vi)] are noticeably more
stable than hP7 or hP14 (P63/mcm) at 0 K, with mP14
[Fig. 4(vi)] remaining preferred at 600 K. The optB88-vdW
[44] and PBE functionals, on the other hand, favor the layered
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FIG. 6. Calculated map of phase stability (7, Py,) for deinter-
calated derivatives of NaBC. The phase boundaries correspond to
thermodynamic equilibria between neighboring layered Na,BC ma-

terials and Na5™.

polymorphs. The findings may look surprising given that the
PBE functional does not bind vdW materials [39] and, for this
reason, similar GGA functionals have been used as a starting
approximation for incorporating vdW corrections [41-44].
To illustrate that the trend holds in metal borocarbides, we
calculated the interlayer binding in hP7-Mg, ;B,C; by com-
paring the energy of the bulk material against a relaxed single
layer with the same Mg decoration. The resulting values of
—0.454 eV/atom (DFT-D3), —0.472 eV /atom (r>SCAN +
rVV10), —0.446 eV /atom (optB86b-vdW), —0.436 eV /atom
(optB88-vdW), and —0.376 eV /atom (PBE) indicate that the
interlayer binding of nearly 0.5 eV/atom is predominantly
ionic, with the 0.1 eV /atom variation likely arising from the
different descriptions of dispersive interactions. The test con-
firms that PBE underbinds the layered phase and, combined
with the results in Fig. 5, suggests that the vdW contri-
bution in the 3D interconnected phases is actually a larger
part of the total binding. Figures 4(iv)—4(vi) illustrate that
the domelike structures indeed have layered segments with
interatomic distances falling in the typical vdW range. Our
previous study of the covalent-ionic-vdW Mg(BH4 ), material
[78] revealed that empirical corrections may overestimate the
vdW binding in such cases. Hence, we expect that the ground
truth is bracketed by the DFT-D3 and PBE results and that
the chosen optB86b-vdW functional offers a reasonable esti-
mate of the relative stability. Overall, the five approximations
agree that the ordered honeycomb phases remain competi-
tive at this composition, especially at high temperatures, and
that the most stable decoration, by at least 15 meV /atom,
has the +/3 x +/3 in-plane expansion of the BC primitive
unit cell. Therefore, one can indeed expect hP14-Mg, sB,C,
(P63/mcm) to be the product of MgB,C, deintercalation at
high temperatures.

In the case of Li,BC, deintercalation is driven by the large
gain in entropy attained when Li enters the diatomic gas state.
As has been done previously [50], we can evaluate the entropy

2] MgB,C, oot
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FIG. 7. Calculated map of phase stability (7', Py,) for dein-
tercalated layered derivatives of MgB,C,. The phase boundaries
correspond to thermodynamic equilibria between neighboring lay-

gas

ered Mg, B,C, materials and Mg**.

of Na and Mg within the ideal gas model by accounting
for either the vibrational, rotational, and translational degrees
of freedom for Na5™, or just the translational degrees of
freedom for monatomic Mg&* [79]. In Figs. 2(a) and 2(b),
we illustrate how NaBC and MgB,C, should become desta-
bilized when the chemical potentials for Na3* and Mg®*,
relative to their respective bulk ground states, fall below cer-
tain free energy values, approximated via extrapolations of
the NaBC <> Naj3,4BC or MgB,C,; < Mg4/5B2C2 lines. The
necessary change in the chemical potential for Na5™ is much
smaller in magnitude than those for Li5™ and Mg®#®, which in-
dicates that NaBC deintercalation should be easier to achieve.
In Figs. 6 and 7, we propose (T, Py) diagrams demon-
strating the required Na5® or Mg vapor pressures and
temperatures needed to transition to metastable deinterca-
lated products Na,BC and Mg, B,C,. We find the positions
of phase boundaries in Na,BC by analyzing the identified
ordered oP22, 0S32, and 0S80 structures at x = 3/4, 2/3, and
1/2, respectively. After incorporating the vibrational entropy
for the bulk phases, we determined the equilibrium (7', Py)
conditions within the temperature range of 200 to 2000 K
by aligning the relative Gibbs free energies per Na atom for
NaBC and the three combinations of Na,BC with Na5*. A
similar procedure was done for Mg, B,C, using the 0S48 and
hP14 (P63/mcm) structures at x = 4/5 and 2/3, respectively.
The resulting phase diagrams show that deintercalation of
the known MgB,C, should well be achievable with simi-
lar experimental setups used for Li,BC [23,26,50]. NaBC
may be desodiated under considerably lower temperatures.
The large separation of stability regions suggests that attain-
ing a certain x composition in Na,BC could be possible by
choosing the targeted (7', Py;) conditions and establishing the
thermodynamic equilibrium, as opposed to relying upon the
kinetics-determined nonequilibrium reaction [50].
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TABLE I. Properties of select Na,BC and Mg B,C, phases: the thermodynamic stability (AEy,;) with respect to the local kinetically-
restrained convex hull, average buckling of BC layers (d,), density of states (DOS(EE)), electron-phonon coupling strength A, and
superconducting critical temperature calculated with the Allen-Dynes modified McMillan equation (7;*P) and with the aME formalism (7*MF).

Phase Space Pearson AEw dove DOS(Er) A TAD TME
composition group symbol (meV /atom) (A) (states/(eV atom)) (K) (K)
Nay,sBC P2/m mP23 6.7 0.04 0.17 0.97 24.9 88
Na;,,BC Pbam oP22 0.0 0.11 0.21 0.95 21.9 84
Na,,;BC Cmc2, 0S32 0.0 0.12 0.32 1.32 15.6 43
Nas;sBC P2/m mP21 10.9 0.14 0.19 0.51 1.0

Mg,,sB2C, C222, 0548 0.0 0.06 0.23 0.99 20.8 57
Mg;,,B2C, P2 mP19 22.0 0.05 0.26 0.97 18.8 59
Mg, ;B,C, P62m hP7 0.0 0.00 0.27 1.12 28.7 73

B. Superconductivity

The following analysis aims to establish whether the pro-
posed layered Na,BC and Mg, B,C, materials attainable at
ambient pressure have the necessary electronic and vibrational
properties to be high-7; superconductors. Previous work
[19,20,28-30,34,35] has demonstrated similarities between
hole-doped borocarbides and MgB,, attributing the strong
e-ph coupling to the pairing of hole-doped o states at the
Fermi level with bond-stretching BC or B phonon modes. The
superconducting properties of the relevant Mg, B,C,, Na,BC,
and NaB,,C;_, compounds have been investigated in several
studies [29,30,34,35] but the T, estimates have not included
the e-ph anisotropy important in MgB,-type materials. The
recent implementation of the anisotropic Migdal-Eliashberg
formalism and the present identification of representative
Na,BC and Mg, B,C, materials allow us to make more accu-
rate 7; predictions and examine the 7. sensitivity to different
morphological traits.

First, we evaluated the potential for superconductivity
in select phases depicted in Figs. 1 and 4, and listed in
Table I to check for optimal doping levels in the Mg-
and Na-based borocarbides. In addition to the honeycomb
phases defining the local convex hull (0S48-Mg, sB,C,,
hP14-Mg, 3B,C; (P63/mcm),  oP22-Na3,4BC  and
0S32-Na;3BC), the set included other low-energy metastable
phases (mP19-Mg; ,B,C,, hP7-Mg, 3B,C,, mP23-NaysBC,
oP22-Na3/4BC, and mP21-Nas;BC) to provide a better
sampling of the composition range. All of the Mg
borocarbides and the Na borocarbides with x > 2/3 display
the hallmark MgB, electronic properties, including the
hole-doped B- and C-o states lifted at I' by about 0.5 eV
above the Fermi level (Figs. 8(a), S1, and S2 [61]), the
corresponding sets of inner and outer Fermi surface cylinders
(Figs. S10 and S11 [61]), and a considerable total DOS of
0.23-0.27 (0.17-0.21) states/(eV atom) in the Mg (Na) phases
(Figs. 8(b), S1, and S2 [61]).

To determine the importance of the stacking order of the
BC sheets, we performed superconductivity calculations for
the hP7 (AA) and hP14 (AA’, P63/mcm) Mg, 3B, C, variants,
shown in Figs. 4(i) and 4(ii). The primary difference between
them is a more pronounced dispersion of the C-p, states
along the I' — A direction in the AA-stacked structure due to
a larger interlayer overlap of the p, orbitals centered on the
vertically aligned C atoms (Fig. S3 [61]). While the stacking

shift causes a significant rearrangement of the conduction
states near 1.5 eV above the Fermi level, it has a negligi-
ble effect on the total DOS(EF), the isotropic e-ph coupling
(Fig. S6 [61]), or the anisotropic T; (Fig. S9 [61]). We checked
the sensitivity of the results to the choice of the functional by
examining hP7 in both optB86b and optB88 approximations.
The latter produces a slightly larger 0.3% interlayer spacing,
a close, within 0.1%, in-plane lattice constant, a 5 meV soft-
ening of the bond-stretching BC modes lying near 80 meV, an
8% boost in the isotropic A, and a 10 K increase in T; (Figs. S4,
S6, S7 and S9 [61]).

The total e-ph coupling strengths in the majority of the
examined layered borocarbides are near 1.0, but the Eliash-
berg spectral functions plotted in Figs. S4 and S5 [61] help
appreciate the different make-ups of the integral values. In
the Mg-intercalated phases, only about half of the e-ph cou-
pling comes from the BC bond-stretching phonon modes with
frequencies above 75 meV, with the other half determined
primarily by mixed soft modes below 50 meV. The soft modes
were found to play a similarly important role in our work on
the Li,BC and Li,M,BC materials [28], as well as in studies
on the YbCg and CaCg GICs [12,13]. In the Na borocarbides
with x = 7/8 and x = 3/4, the bond-stretching modes soften
significantly, down to 60 meV, and make a dominant con-
tribution, between 70% and 80%, to the total coupling. In
this respect, the two phases bear a stronger resemblance to
the MgB, superconductor [28,71]. Fittingly, calculations of
the superconducting 7; with the anisotropic full-bandwidth
Migdal-Eliashberg equations result in gap functions with a
MgB,-like two-gap structure, vanishing at 57 K, 59 K, 73 K,
88 K, and 84 K for the OS48-Mg4/5B2C2, mP19-Mg3/4B2C2,
and hP7-Mg2/3B2C2, mP23-Na;3BC, and oP22-Na3,,BC
phases, respectively (Figs. S7 and S8 [61]).

The consistently high ab initio T; values obtained for this
set, as well as for a number of layered Li-Mg-B [71] and
Li;M,BC compounds [28], make it seem that any material
with ordered hole-doped honeycomb frameworks should have
robust phonon-mediated superconductivity, a notion not borne
out by experiments on Li,BC [21-27] or Mg, ;sLip3B,C>
[33]. In addition to showing a 7. reduction caused by
BC layer buckling and an effective superconductivity sup-
pression caused by BC layer bridging or disorder, we use
0S32-Nay3BC and mP21-Nas;sBC as examples to further
illustrate the detrimental effect relatively moderate deviations
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FIG. 8. Electronic properties of (a)—(c) mP23-Na;,3BC, (d)—(f) 0S32-Na,;3BC, and (g)—(i) mP21-Nas,3sBC. The left (middle) panels show
band structures with orbital character (total and projected DOS). The right panels show Fermi surfaces where colors are used to show (c), (f)
the value of the superconducting gap at 10 K or (i) the band index. mP23-Nay,3sBC possesses the signature MgB,-like Fermi surface cylinders,

while the other two phases with large BC layer buckling do not.

from the perfect planar morphology can have on the e-ph
coupling.

At first glance, 0S32-Na,;3BC with a high 0.12-A
average buckling appears to be an even better candi-
date for high-7; superconductivity because of the highest
DOS(Eg) = 0.32 states/(eV atom) and X = 1.32 among
the considered Na borocarbides (Figs. 8(e) and S5 [61]).
However, the distribution of the electronic states and the
breakdown of A contributions set it apart from the examined
phases with higher Na content. Just as the curvature of C
layers in nanotubes makes the valence states acquire a mixed
sp?/sp’ hybrid character [80], the distortion of the BC layers
in this partially deintercalated metal borocarbide causes a con-
sequential realignment of the C-p states (we will refer to the
in-plane and out-of-plane directions as z and (x, y) regardless

of the orientation of the unit cell). Namely, a 0.5 eV gap
opens up between the p; and p, , states around —0.5 eV along
the R — A and X — S directions, and the separation between
the p,, states along I' — Z increases to about 1 eV, which
reshapes the outer Fermi surface cylinders from the upper p, ,,
states at 1 eV and collapses the inner ones from the lower
sets that are now essentially at the Fermi level [Fig. 8(f)].
As a result, the largest contribution to the e-ph coupling
comes not from the bond-stretching BC phonon modes, but
rather from a low-frequency manifold with predominantly Na
character (Fig. S5 [61]). The superconducting gap function
does not have the two typical distinct gaps (Fig. S8 [61])
and the 7; can be expected to be around 43 K, but an un-
usually slow convergence in the iterative solution of the aME
equations, presumably due to the presence of a sharp DOS
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peak at Ef, introduces a higher degree of uncertainty in this
estimate.

The mP21-Nas;3sBC phase with the largest d.y, = 0.14A
has a total DOS(EE) value of 0.19 states/(eV atom) com-
parable to those in Na,.,,;3BC (Figs. 8 and S2 [61]). The
Eliashberg spectral function also has a well-defined maximum
corresponding to the BC bond-stretching vibrations, but the
peak is localized around 90 meV instead of spreading over
a broad range and attaining its highest value at ~65meV.
This indicates the lack of the characteristic phonon softening
and leads to a net e-ph coupling value of only 0.51 (Fig. S5
[61]). The band structure plot in Fig. 8(g) reveals that, just
as in 0S32-Na,;3BC, the corrugation of the BC layer pushes
the C-p, , states further apart to 1 eV along I' — Z. Despite
the lower pair of the p,, bands remaining hole doped and
generating the inner Fermi cylinders, the outer ones are no
longer discernible [Fig. 8(i)]. Given the low value of A and the
1 K estimate of the Allen-Dynes T;, we did not attempt aME
calculations for this phase.

Table I summarizes the aME results for Na and Mg boro-
carbides at all examined compositions. The T; values in the
Mg phases trend upward from 57 K to 73 K with decreasing x,
closely following the aME estimates obtained for Li,BC at the
matching levels of the electron count [28]. The highest T; of
88 K for the Na phases, on the other hand, is found in the least
hole-doped mP23-Na;,sBC that lies above the local convex
hull. The factor of two T; reduction in 0S32-Na;;3BC with
higher doped but significantly more puckered BC layers is in
qualitative agreement with the trend found for Li; »,BC [28].
However, our findings for mP21-Nas,gBC raise a question of
whether buckling alone could suppress superconductivity at
other possible compositions or decorations not sampled in this
study.

A systematic screening of superconducting properties at
the highest level of theory would be difficult to carry out
because of the prohibitively high computational cost of aME
calculations. Several simple descriptors have been proposed
in previous studies to detect specific signs of the MgB,-type
superconductivity. For example, the difference between I'-
and M-point bond-stretching phonon frequencies was found
to be a suitable proxy for phonon softening in metal borides
with hexagonal unit cells [6], while a zone-center descriptor
involving the comparison of screened phonon frequencies (w)
obtained via standard calculations versus unscreened phonon
frequencies (@) obtained by fixing the occupation number
in the finite displacement method was shown to provide
estimates of the e-ph coupling [81]. Unfortunately, the ap-
plication of the descriptors to the metal borocarbides proved
to be not straightforward because of the large size and low
symmetry of the considered structures and we opted for a

manual inspection of the relevant electronic structure features.
In order to distinguish between the electron count and BC
layer corrugation factors, we focused on two representative
compositions, Nas;sBC and Mg; /4B2C2, and considered an
additional 8 Na and 7 Mg phases within 100 meV /atom from
the respective most stable configuration. Upon examination of
their band structures and Fermi surfaces, we confirm that all
3 Na and 4 Mg structures with the average buckling above
0.12 A have absent, distorted, or reduced Fermi surface cylin-
ders (Figs. S12 and S13 [61]). The results provide evidence
that buckling is indeed a major factor capable of suppressing
phonon-mediated superconductivity at various metal borocar-
bide stoichiometries.

IV. CONCLUSIONS

Our ab initio investigation into the stability of Na
and Mg borocarbides uncovers layered oP22-Naj;,BC,
0832-N32/3BC, OSSO-Na]/zBC, OS48-Mg4/5B2C2, and
hP14-Mg, 3B,C, (P63/mcm) phases as the most likely
products of high-temperature deintercalation of the respective
fully loaded NaBC and MgB,C, materials. The proposed
(T, P) diagrams establish temperature and Na, (Mg)
gas partial pressure conditions defining phase boundaries
between the metal borocarbides as long as they retain the
layered BC morphology. The deintercalation of NaBC
requires much lower temperatures and may produce Na,BC
derivatives with fewer defects in the BC honeycomb
layers. Examination of layered Na and Mg borocarbides
at various compositions with aME reveals that buckling
of the covalent honeycomb BC networks, that tends to
occur in heavily deintercalated Nay/;.,BC, can effectively
suppress MgB,-type superconductivity. Fortunately, our
aME calculations indicate that all accessible hole-doped
phases identified in this study should have high 7; between
43 K and 84 K. We hope that the combination of the
extensive experimental knowledge of the related Li and Mg
borocarbides and the present ab initio findings can guide the
synthesis of new ambient-pressure high-7;. superconductors.
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