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Li,,BC;: Prediction of a second MgB,-class high-temperature superconductor
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Recent synthesis of Li,,BC3, pseudoisostructural to MgB,, has been reported, with control of doping level
by concentration x of Li. Density-functional calculations based on the virtual crystal approximation confirm
metalization over a wide range of Li concentration but predict regions of structural instability. The electron-
phonon coupling strength and superconducting critical temperature 7, around x = 0.5 is found to be comparable
to that in MgB,, but of different character, accounting for the unexpected result that a stronger bond-stretch
mode and a higher B-C E, mode frequency results in little increase in T,. The B-C honeycomb layer contributes
strong o-bonding (p., py) cylinders similar to MgB,,while the corresponding C-C states lie well below the
Fermi level and are dead” for coupling. However, the w-bonding (p,) states on the B-C/C-C layer provide a
large Fermi-level density of states and weak coupling that moderates the coupling strength and thereby T...
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I. INTRODUCTION

Superconducting materials are comprised of several classes
with widely differing characteristics that can be surveyed
across each class to guide understanding of what properties
are important in that class. MgB,, discovered by Akimitsu’s
group [1] to superconduct at temperatures up to 7, = 40K,
remains a class with a single member. Calculations quickly
established coupling by phonons to be the mechanism [2-7].
Attempts to increase 7, in this system by alloying have been
unfruitful; strain can provide a minor increase [8]. However,
theory indicates that phase-space scaling in two-dimensional
(2D) metals is favorable [9-12] for promoting strong cou-
pling, high T, materials if the number of Fermi surfaces (FSs)
can be increased while coupling strength is maintained.

Soon after that discovery, Rosner et al. [13,14] pro-
posed that hole-doped Li;_,BC (x > 0), which is effectively
isostructural and nearly isovalent with MgB,, could display
T. up to the 75K range. This material had been reported by
Worle et al. [15] but not measured to the necessary tem-
perature to detect superconductivity. Attempts to reproduce
such samples while retaining the crystal structure [16,17] have
not been successful. Heating the stoichiometric crystals in an
attempt to reduce the Li concentration leads to sudden loss
of Li, with catastrophic consequences for the samples. Li,BC
thus adds to the list of promising superconductors for which
experimental reproducibility has been a limitation; in effect, a
phase boundary has been encountered.

More recently hole-doping of borocarbides has been
approached through design of stoichiometric but metallic
compounds of Li with B—C honeycomb layers. Bazhirov
etal. studied Li, B;C and LisB5Cj3, both displaying o -bonding
bands crossing the Fermi level in MgB2 fashion [18]. They
found strong coupling A = 1.18 with predicted 7. = 37 K for
the former, but moderate coupling A = 0.62 and 7T, = 17K
for the latter (for Coulomb pseudopotential u* = 0.10). This
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direction of design was extended by Gao et al. [19] with
Li3B4C,, in which the honeycomb layers contain B:C in 2:1
ratio. The predicted 7, was in the 40-55 K range, somewhat
higher than in MgB,. The same group designed a freestanding
LiB,C, trilayer [20]. Using the common isotropic procedure,
the predicted 7. was around 40 K, but it was said that ac-
counting for anisotropy in coupling, 7. was driven to the
100 K range (a much larger effect of anisotropy than has
been obtained elsewhere). Strain of the trilayer was found to
increase T,. We are not aware of experimental progress on
these predictions.

Milashius et al. [21] reported recently that induction
melting of stoichiometric constituents produces honeycomb
structure Li,,BCs, and that the concentration x of Li can be
varied from 0.5 (LiBCs3) up to nearly one, filling nearly all of
the Li sites in this structure (see below), which is a close vari-
ant of the LiBC, MgB,, and graphene structures. Alternating
C-C and B—C honeycomb layers are separated by Li sites, half
of which are filled at the x = 0.5 LiBCj stoichiometry, see
Fig. 1. In this paper, we provide evidence that a wide range
of doping levels will be metallic with strong 2D features, and
that superconductivity of LiBC; up to the 40 K regime occurs
for carriers within the B—C layers.

Our structural model, from experiment, and computational
methods are provided in Sec. II. Section III is devoted to a
description of the electronic structure including the 2D FSs.
The strength and character of electron-phonon coupling is
described in Sec. IV. Section V provides information about
the effect of Li concentration on 7, and Sec. VI provides a
summary of our findings.

II. METHODS AND CRYSTAL STRUCTURE

The structure consists of two graphene-structure layers
C1-C3 and B-C2, separated by an interstitial Li layer
[21]. The hexagonal lattice constants are a = 2.541 A, ¢ =
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FIG. 1. Crystal structure of LiBC;, illustrating the alternating
C1-C3 and B-C2 honeycomb layers. The inset shows a top view,
with the unit cell highlighted. Dark and light spheres in the layers
represent B and C, respectively. Only half of the Li sites (yellow
spheres, between the layers) shown are occupied at this stoichiom-
etry, but the Li content, and resulting chemical potential and Fermi
surfaces, can be varied up to nearly a Li occupation of two [21].

7.599 A. Li lies between the centers of the honeycomb mid-
points and has variable occupancy as in alkali-intercalated
graphite. Most data was presented for § = 0.5 in the desig-
nation LiysBCj; (i.e., LiBC3) but occupancy up to near x = 1
was possible [21]. The space group is hexagonal P6m2 (No.
187), with the B—C alternation in the B—C2 layer lowering the
symmetry from that of MgB,.

In the following, we present results obtained from ab
initio calculations using the pseudopotential code QUANTUM
ESPRESSO (QE) [22,23] with an energy cutoff of 60 Ry. For
maximum uniformity, the cutoff and meshes have been kept
uniform. The semi-local generalized gradient approximation
of Perdew et al. [24] was the choice of exchange-correlation
functional. The k mesh used in self-consistent calculations
is 24 x 24 x 12. Force constants in ¢ space are obtained
from linear response calculations on a 6 x 6 x 6 I'-centered
g mesh. Dynamical matrices are then constructed from real
space force constants and diagonalized to obtain phonon fre-
quencies and vibrational eigenmodes. For electron-phonon
coupling calculations, the g-mesh consists of 12 x 12 x 6
points in the Brillouin zone shifted away from I' point.
Brillouin zone integration in electron-phonon coupling calcu-
lations is carried out using the optimized tetrahedron method
[25] on a 24 x 24 x 12 k mesh, sufficient since none of the
FSs is tiny. The electron-phonon coupling with Wannier func-
tions (EPW) codes were used for final zone samplings [26].

The partial occupation of the Li sites requires attention.
We have applied the virtual crystal approximation (VCA)
within the pseudopotential method. VCA and our uniform
treatment of convergence parameters provides a realistic of
variations with Li fraction x. For a given concentration
x, each Li site is assigned a virtual atom pseudopoten-
tial, which is a composition-average of the Li and He
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FIG. 2. Band structure of LiBC; near and below the Fermi level.
The blue highlighted bands (left panel) indicate the o -bonding bands
in the metallic B-C2 layer that cross Er near I". The thin black
bands have C1-C3 character; those with o-bonding character (red)
lie about 4.5 eV below the corresponding B—C2 bands. The right
panel emphasizes 7-bonding bands (as noted).

pseudopotentials: V7 = )cV;iY +(1— )c)VII;IXe . Given that He
simply binds strongly two electrons, this virtual atom will
provide 2x electrons/f.u. to the B and C s — p bands, and will
enforce a realistic average spacing of the two adjacent layers.
It should also retain the correct Madelung potential. This
VCA treatment is a standard one for treating alloys in which
neighbors in the periodic table share a single site, including
carbon-based materials [27,28]. For each concentration, the
lattice was relaxed so the correct phonon spectrum would be
obtained.

III. ELECTRONIC STRUCTURE

The crystal structure of LiBCj consists of alternating layers
of carbon-carbon and carbon-boron honeycomb layers, with
partially occupied Li sites between. Interlayer coupling is
weak as can be seen from flat dispersion of the bands along
the k, axis. The loosely stacked B—C and C—C layers results
in bands that overlap in energy but with negligible interband
mixing except from the Madelung potential, which simplifies
our discussion.

The band structure plot of Fig. 2 highlights the strongly
coupled B—C2 layer o bonding bands crossing the Fermi
level, of the type that is responsible for the superconductivity
of MgB,; even the amount of overlap of the Fermi level at
I' is similar. The Madelung potentials (and B—C chemistry)
put the analogous, and parallel, bands in the C1-C3 layer at
4.5 eV lower energy, a large difference and one that, as men-
tioned above, removes them from participation in conduction
or electron-phonon coupling except to provide strong bond-
ing and contribute to the equilibrium volume and to phonon
frequencies.

The FSs are displayed in Fig. 3. There are two roughly
circular cylinders centered at I' and having negligible k, dis-
persion, even less than occurs in MgB, due to the larger
separation of B—C2 layers. The radii can be obtained from
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FIG. 3. Fermi surfaces of LiBCs, with velocities displayed ac-
cording to color. The two central cylinders are similar to those in
MgB,. The large cylinder arises from p, orbitals.

Fig. 2. Two other surfaces appear. One is a very large cylin-
der. Its character consists of C1-C3 w-nonbonding orbitals,
also with negligible k, dispersion due to the lack of states
in intervening B—C2 layer with which to mix. Finally, there
are small K-point centered cylinders from states of similar
character, also having 2D character. Studies of phase-space
effects in 2D reveal [9] that the EPC coupling strength and
thereby T, are insensitive to the radii of such FS cylinders (i.e.,
the corresponding “carrier density”), but additional cylinders
of any radius continue to add coupling strength.

The projected density of states (PDOS) onto C2 and B
atomic spheres (also C1 and C3 atomic spheres) is presented
in Fig. 4. Any contribution in the region of the Fermi level
from Li is negligible. The in-plane dispersive o bands extend
over 11 eV. For x = 0.5 (Li sites half filled), the Fermi level
lies, accidentally, in a high and narrow peak in the DOS
associated with van Hove singularities in the C—C p, band
structure (as does H3S at high pressure [29,30]), with calcu-
lated N(Er) = 0.56 states/eV-spin. The Fermi level lies only
100 meV above the peak, so nonadiabatic effects will arise as
in the case of H3S [31].

With such a strong and narrow peak lying at the Fermi
level, thermodynamic properties, including 7;, will be sensi-
tive to the level of Li concentration, and that x = 0.5 provides
the near-optimal Li concentration. The DOS decreases for
higher Li concentrations and exhibits step discontinuities in
energy reflecting the 2D character of the bands.

IV. ELECTRON-PHONON COUPLING
A. DEFORMATION POTENTIAL AND E,, frequency

It is tempting to expect, due to their structural and elec-
tronic similarity, that LiBC3 is enough like MgB, (and Li,BC)
that A can be obtained reasonably from the E,, (bond stretch)
mode frequency and deformation potential as was done for
those two compounds [2,13]. The EPC strength (see below) is
of the two-band form A + A”. If the latter is small compared
to the former, this comparison of the strong o -bonding aspects
of the three compounds should provide insight on how to op-
timize 7,. The ability to estimate this (dominant) contribution
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FIG. 4. Partial and total density of states of LiBCj in the energy
range from —10eV to 4 eV. The individual projections are easy to
interpret (viz., the van Hove singularities and two-dimensional step
edges (but are hidden in the total.

relies on the finding that, for cylindrical FSs of 2D bands,
the integrated coupling strength of A° is independent of the
radius kr [9]. The integral can be obtained in terms of an
average squared matrix element over the FS, and for small
cylinders this will be given by the deformation potential of
the o-bonding p, — p, bands at the zone center.

First, the deformation potential D° of the B-C2 o bands
at ' for the bond stretch vibration in the B—C2 plane was
calculated in parallel with that of MgB,, and also the density
of states of the cylindrical FSs N, (0), and the value of M. w? for
the bond-stretch E;, mode. For LiBC and Li;BCj3, the mass
in this formula will be the average of those of the common
isotopes of B and C, hence M = 11.5 amu. The data are
reported in Table I, using the published values for MgB, [2]
and LiBC [13].

The o-bonding mode deformation potential for the B—C2
layer in LiBC3; (x = 0.5) at " is 20 eV/A. This calculation
was carried out as before for MgB, and Li,BC, with the band
splitting displayed in Fig. 5. For MgB,, the corresponding
value was 13 eV/A; for Li;_,BC, 18.5 eV/A. Specifically,
for this bond-stretch mode, the splitting of degenerate bands
at I is §ex,—9 = 0.8 eV for bond-stretching displacements of
the B and C2 atoms by 0.02 A. The effect of this phonon
on the splitting of the C1-C3 m-derived bands at Er is well
over an order of magnitude smaller. This great difference is
the signature of a two-gap superconducting state, large on the
FS B-C2 o bands near I" and small on the B-C2 and C1-C3 &
bands near the zone edge. The 7 states will have contributions
from other phonon modes that may reduce the difference in

gaps.
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TABLEI. In-plane lattice constants a, and calculated parameters for the three layered compounds, solely from the o -bonding Fermi surface
cylinders, the corresponding bond stretch mode E,,, and the corresponding deformation potential (hence not for comparison with experiment).
Although the deformation potential D, is much larger for LiBC; than for MgB,, thus providing strong coupling at high frequency, the high
E», mode frequency makes the denominator Mwég in A” much larger, hence 1’ is correspondingly reduced, along with T;.

a a)Ezg DEZg Naﬁ Ma)Ezzg T;,G
Compound A) (meV) (eV/A) eV~ spinh) (103 amu meV?) A° (K)
MgB, 3.08 58 13 0.110 37 1.00 42
LipsBC 275 68 18.5 0.143 53 1.80 107
LiBC; 2.54 110 20 0.140 139 0.83 50

The calculated zone center B-C2 E,, bond stretch har-
monic phonon energy is @ = 110 meV (see the next section),
much higher than the 58-68 meV for the other two
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FIG. 5. Illustrations of deformation potentials, which are the
band splittings at I near the Fermi level (taken as the zero of energy).
Top panel: Deformation potential of MgB, B-B stretching mode;
middle panel: LiBC; B—C bond stretching mode; bottom panel:
LiBC; C-C bond stretching mode. The bond stretch is identical in
each panel.

compounds. Since Mw? appears in the denominator of the o
coupling strength
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the value of A7 is reduced accordingly. The high frequency
does, however, contribute separately to raising 7, by setting
the scale of T.. For the value of T;? (the hypothetical value
from the o bands alone), wg,, appears in the prefactor and
compensates the decrease in A°. The increase in the E,, fre-
quency can be ascribed to the compressive strain on the B—-C2
bond length arising from the pure C (C1-C3) separation in
LiBC;, which is 16% less than in MgB, (30% smaller unit cell
area). This is an extreme example of a case in which one layer
of a material applies compressive strain (pressure) on another
layer, and in this case the active B—C2 layer is compressed
and the frequency and the deformation potential are increased
dramatically.

To observe in a consistent manner the effect on 7,7, the
Allen-Dynes equation [32] for strong coupling is used, using
the stretching mode data only. The o-bonding data, using the
data from An and Pickett [2] and Rosner et al. [13] for MgB,
and Lig sBC, respectively, are presented in Table I, using u* =
0.13 in all cases for uniformity. The results are for an Einstein
mode at WL, the deformation potential from Fig. 5, and the
mean atomic mass in the B—C layer (whose small differences
are included but not of consequence). The high frequency of
LiBC; is the positive prefactor in the Allen-Dynes equation,
but appearing in the denominator it reduces A° to become
more comparable to that of MgB,. The resulting 7,7 is 50K,
only 25% larger than MgB,. Lip sBC is calculated to have T
somewhat in excess of 100 K in this rough approximation,
with the lower phonon frequency increasing A to 1.8, which
more than compensates the smaller prefactor in 7;.. Below we
will see that this E,, estimate of 7, is misleading.

B. LATTICE DYNAMICS OF LiBC;

The relevant results incorporating all effects requires the
evaluation of the phonon spectrum and electron-phonon cou-
pling to obtain the Eliashberg function a?F (w). The phonon
spectrum for LiBC3 (x = 0.5) calculated from QE is displayed
along symmetry lines in Fig. 6, with atom-projected densities
of states provided in the right-hand panels. The spectrum
has minor ¢, dispersion (I' — A line) except for the acoustic
modes, where it is required for structural stability. The in-
plane acoustic modes cross low-frequency Li optic modes
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FIG. 6. Phonon dispersion curves of LiBCs, weighted by atomic
contribution (as labeled) pictured in red. The Kohn anomalies in
the upper branches around I' are signaled by abrupt dips in the
dispersion curves, and comparable in strength to those in MgB,.
Lithium modes (top panel) have low frequencies and provide minor
coupling (see Fig. 7), while the C1 + C3 modes in the lower panel
make an important contribution to coupling, otherwise dominated by
B-C2 modes.

and extend to high frequency. Li modes are, in spite of the
small mass of Li, low in frequency and reflect weak force
constants on the Li ions. There is small weight (hard to resolve
numerically) in the low-frequency region due to the large
sound velocities, providing little phase space and no impact
on the physics.

The nearly dispersionless modes in the 25-50 meV range
are Li vibrations, with the flatness reflecting essentially lo-
calized vibrations of Li ions (small force constants). There
is weak coupling in this frequency range, see Fig. 7. The
in-plane longitudinal acoustic mode cuts through various optic
modes, extending up to the 120 meV range. The hardest C1—
C3 and B—C2 bond stretch modes extend to 155 meV; recall
that the Raman active bond stretch mode in diamond is around
160 meV, indicating the very large force constants in LiBC3
in spite of some metallic screening.

C. ELECTRON-PHONON COUPLING IN LiBC;

The FS-averaged Eliashberg spectral function aF () is
displayed in the top panel of Fig. 7. Much of the contribu-
tion to 7, lies in a hump from 110-150 meV, with lesser
contributions to 7, from 20-30 meV, around 60 meV, and 85—
100 meV. The lower frequencies contribute disproportionately
tor=[ %oﬂF (w)dw, but the lower frequency gives them

(w) (states/meV)

—_

a?(w) (meV/states) E

0 20 40 60 80 100 120 140 160 180
w (meV)

FIG. 7. The Eliashberg spectral function o>F (w), top panel; the
phonon density of states F(w), and o’(w), for LiBCs, from top
to bottom. Sharp narrow peaks do not have specific significance.
Much of the contribution to 7, arises from the 110-150 meV region
of high-frequency vibrations, with additional contribution from the
85-100 meV region. The low frequency 15-30 meV modes will
contribute to A but will contribute little to 7, (see text). o*(w) below
10 meV is subject to large numerical uncertainty.

less impact in contributing to 7;.. The conventional Eliashberg
integral leads to A = 0.88, other materials characteristics are
provided in Table II.

Also provided in Fig. 7 is the phonon DOS F(w) and the
coupling strength ratio o?(w) = «?F (w)/F (o). a*(w) reveals
several features: seemingly very strong coupling to acoustic
modes (look at 15 meV and below) but numerically uncertain
due to the limited number of acoustic modes in the sampling;
some coupling to an anomalously low-frequency B—C mode in
a narrow range centered at 20 meV; smaller coupling to some
C1-C3 modes which have only w-bonding character at the
Fermi level. These latter weakly coupled modes include half
of the hardest vibrations, in the 150-160 meV range, because
the C1-C3 layer o states lie well below the Fermi level. The
bulk of the contribution to 7, arises from the B—C2 modes in
the 90-150 meV range.

The frequency moments, calculated with respect to the
normalized shape function g(w) = 2a*F (w)/Aw, provided in
Table II, are much lower than the bond-stretch modes around
120 meV, illustrating how the ™! factor emphasizes the lower
frequencies when there is some coupling at low w. With

TABLE II. Variation with x of the properties relevant to 7., for
the Li,,BC; alloy system.

Diog i o) T.
X A (meV) (meV) (meV) (K)
0.50 0.88 63 83 95 34
0.60 0.64 72 87 96 17
0.75 0.53 81 96 105 9
0.80 0.17 99 107 112 0
0.90 0.23 92 101 109 0
1.00 0.23 71 82 92 0
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FIG. 8. Distribution of electron-phonon coupling strengths A,
with k near the Fermi surface. The distribution is characteristic of a
weak bimodal form, see text.

* = 0.13, the predicted 7, is no more than 35 K. This value
is much smaller than what might have been expected from the
D? factor discussed in the previous subsection.

D. COUPLING STRENGTH ACROSS THE
FERMI SURFACES

Electron-phonon coupling strength at a given k point is
defined as, suppressing band indices,

M= NG )quv|g“’(k KGN ©)

= Z)Lk’k/(S(skf)/ZS(sk/ . (3)
% I3

The second expression defines (implicitly) the FS decompo-
sition of scattering processes from K to k (M and thus the
anisotropy of coupling around the FSs. The distribution of A,
displayed in Fig. 8, is characteristic of a bimodal distribution:
moderate coupling values in the 0.5-0.8 range, with a strong
narrow peak centered at 0.7, and strong coupling values in
the 1.1 < & < 1.8 range. These two regimes serve to produce
the final value to A=0.88. This bimodal distribution shows
similarity to that of MgB,.

Survey of the contributions reveals, as expected, that values
on the two B—C o FSs cluster around 1.5, whereas those on the
B — (C2 and C1 — C3 m-bonding surfaces do not vary much
from an average of 0.7. In this case, a two-band distribution
of coupling leads to an instructive two-gap model [7,33] when
studying thermodynamic and spectroscopic properties.

V. VARIATION WITH LITHIUM CONCENTRATION

The experimental report indicates that the Li concentration
x can be varied from 0.5 to nearly one [21]. We have ap-
plied the virtual crystal approximation to the system Li,, BCj3.
The pseudopotential of Lip, was chosen as x times that
of Li (valence one) and 1 — x times that of He (valence
zero); increasing x increases the electron concentration. A
few points on the resulting A versus x diagram are shown in
Fig. 9. For hole doping with respect to LiBC3 (x = 0.5), cou-
pling increases but the lattice quickly becomes unstable, an

Li>xBCs

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Li occupancy (x)

FIG. 9. Schematic A — x phase diagram of Li,,BCs. The orange
line gives the Fermi level density of states N(Er, x), for each value
of x, obtained from a rigid band N(E) for x=0.5. The large red
pentagons give A at calculated values of x. In this figure,x = 0.5 rep-
resents LiBC;. Decreasing x leads to lattice instability (dashed line),
where coupling becomes even stronger. Adding Li beyond x = 0.5
leads to weaker coupling and disappearance of superconductivity,
largely due to the decrease in the density of states.

unfortunate but common occurrence for systems with strong
coupling near an optimum value.

The calculated materials characteristics versus x are pre-
sented in Table II, with the density of states N(E) also
presented in the phase diagram of Fig. 9. Note that as x is
lowered to 0.45 at a peak in N(E), the structure becomes
unstable. Such instabilities associated with high N(Ef) are
familiar features. However, this lattice instability continues
past the peak in the density of states, indicating that other
processes are in play—other aspects of lattice instability arise
even in moderately coupled metals.

Conventionally, one would expect A(x) to follow N(EFr;x)
for moderate values of changes in x, however, the sharp struc-
ture and peak in N(E) is due to a van Hove singularity in
the moderately coupled C1-C3 bands, whereas the strong
coupling is more strongly affected by the B-C2 coupling and
density of states. Our calculations indicate that the “stoichio-
metric” concentration LiBCs is near the maximum value of
coupling with a stable lattice, and hence of the superconduct-
ing critical temperature.

VI. SUMMARY

LiBC; differs from Li;_,BC and MgB, by having a larger
deformation potential arising from B—C bond stretch modes
coupling to corresponding B-C o bonding states at the FS.
These aspects are similar to those of MgB,, but the defor-
mation potential is 50% larger, traceable to the B—C bond
compression enforced by the strongly bonded C—C layer. The
(renormalized) bond stretch frequency also is larger. These
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two characteristics, reflecting stronger coupling at higher fre-
quency, should (naively) lead to an impressive increase in 7.
However, simple electron-phonon coupling is more compli-
cated than that. The coupling strength X is decreased by the
higher frequency, a well-known consequence that is not very
widely understood. If A decreases while (w?) increases, the
effect on 7, can peak and begin to decrease [10]. However,
this is not really the whole answer.

LiBC; comes with a complication: only half (structurally)
of the volume of LiBCsj is contributing to EPC with the strong
bond stretching coupling. There is a large density of states of
the other half of the volume (C1-C3 layer) that is contributing
with smaller coupling but a larger Fermi level density of
states. This “additional” coupling, which according to simple

pictures should be a positive factor, does not enhance T, but
instead regulates it. The resulting value of T is similar to that
of MgB,. This result suggests that the volume contribution to
superconductivity is an important consideration. This feature
may become relevant to the observation of moderate to high 7.
values being reported for thin, even monatomic layer, systems.
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