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LiB, a predicted layered compound analogous to the MgB»> superconductor, has been recently syn-
thesized via cold compression and quenched to ambient pressure, yet its superconducting properties
have not been measured. According to prior isotropic superconductivity calculations, the critical
temperature (T¢) was expected to be only 10-15 K. Using the anisotropic Migdal-Eliashberg formal-
ism, we show that the Tc may actually exceed 32 K. Our analysis of the contribution from different
electronic states helps explain the detrimental effect of pressure and doping on the compound’s
superconducting properties. In the search for related superconductors, we screened Li-Mg-B binary
and ternary layered materials and found metastable phases with T, close to or even 10-20% above
the record 39 K value in MgB>. Our re-examination of the Li-B binary phase stability reveals a pos-
sible route to synthesize the LiB superconductor at lower pressures readily achievable in multi-anvil

cells.

I. INTRODUCTION

Materials with covalent honeycomb layers are a
promising avenue in the search for thermodynamically
stable high-temperature superconductors. Quintessen-
tial among these compounds is the conventional super-
conductor with the highest critical temperature (7;) at
ambient pressure, MgBs (T, = 39 K)'. Attempts to capi-
talize on the 2001 discovery have led to a large number of
theoretical and experimental studies striving to find sim-
ilar morphologies or appropriate doping/pressure condi-
tions that would boost its record-breaking 7,2 2?. This
work has shown that metal diborides either lack stabil-
ity, as in alkali or noble metal systems, or have relatively
low T. (~ 10 K) with non-MgBs-type superconductiv-
ity, as in transition metal binaries. The most signifi-
cant T, enhancement in this materials class has been re-
cently observed in compressed MoBs;, with 32 K at ~ 100
GPa?'. MgB; doping, in particular, somewhat surpris-
ingly, with Li, has proven to be detrimental to supercon-
ductivity™911,14,15,17,

A simple phase in the binary Li-B system may offer
an alternate path towards modulating MgBs-type su-
perconductivity. A “metal-sandwich” (MS) type struc-
ture, predicted to stabilize under pressure'???, bears a
resemblance to MgBs, save for a second added triangular
layer of metal atoms inserted in between the hexagonal
boron sheets. The LiB phase has been experimentally
synthesized and found to be metastable under ambient
conditions?®*. TIts advantages as a superconductor have
been enumerated in previous ab initio studies, mainly a
higher degree of two-dimensionality (2D), a higher den-
sity of states (DOS) of key B-o states at the Fermi level
(Er), and the possibility of additional electron-phonon
coupling, reminiscent of that in CaCg?°, from the Li-s
nearly-free electron (NFE) states?>20:27. Notwithstand-
ing these promising features, LiB has been predicted to
have a T, of 1015 K with the McMillan formula based

on the standard Migdal-Eliashberg (ME) formalism?¢ 2%,
Surprisingly, no anisotropic treatment has been consid-
ered for this material, despite the known significance of
anisotropic effects in MgB,.

In this study, we evaluate the thermodynamic stabil-
ity of LiB and related Li-Mg-B phases and consider the
superconductivity of the LiB, MgB, and intermediate
ternary LiMgBs compounds using the fully anisotropic
ME formalism. Based on prior findings revealing an un-
usual response of the LiB, and LiB compounds to com-
pression and our present calculations of the Li-B phase
stability at different (T',P) conditions, we conjecture that
the desired layered LiB could be obtained in a metastable
form at lower pressures. We show that alloying LiB with
Mg does not lead to thermodynamically stable layered
compounds but the study of their superconducting prop-
erties provides further insights into MgBs-type supercon-
ductivity. Our calculations predict a T, for LiB under
ambient pressure that is much higher than previously re-
ported. To reduce the errors arising from the empirical
w* parameter, we performed calculations with similar set-
tings for LiB and MgBs, and determined that the former
should have a critical temperature near 80% of the lat-
ter. At elevated pressures, we find that the T, of LiB is
strongly suppressed as a result of the concurring reduc-
tion of the density of states at the Fermi level and the
hardening of the important low frequency phonon modes.
Similarly, with electron or hole doping, no improvements
in critical temperature can be attained, suggesting that
LiB, just as MgB,*?®, already represents an optimally
doped material. For the isostructural metastable MgB
compound, we show that the T, may actually exceed that
of MgBs, while the pseudobinary LiMgBs nearly matches
it. Finally, the decomposition of electron-phonon (e-ph)
coupling by electronic character underlines the impor-
tance of B-o states to coupling in these materials, as
well as the critical lack of B-m states in LiB that is not
compensated by the additional coupling from the NFE



states.

II. METHODS

The density functional theory (DFT) calculations were
performed with the non-local van der Waals (vdW) func-
tional optB86b-vdW?2?3* to account for dispersive in-
teractions important in the considered layered materi-
als**. We used VASP?> with projector augmented wave
potentials®® and a 500 eV plane-wave cutoff for the sta-
bility analysis of Li-Mg-B phases. The thermodynamic
corrections due to vibrational entropy were evaluated
within the finite displacement methods implemented in
Phonopy?7.

The Quantum ESPRESSO package®® with the rela-
tivistic Perdew-Burke-Ernzerhof parametrization® and
norm-conserving pseudopotentials from the Pseudo Dojo
library*? were employed for calculations of ground state
properties related to superconductivity. A plane wave
cutoff value of 100 Ry, a Methfessel-Paxton smearing®!
value of 0.01 Ry, and a I'-centered 18 x 18 x 6 Monkhorst-
Pack*? k-mesh for LiB and MgB, 24 x 24 x 24 for MgB,,
and 18 x 4 x 10 for LiMgBs, were used to describe the
electronic structure. The dynamical matrices and the
linear variation of the self-consistent potential were cal-
culated within density-functional perturbation theory*?
on the irreducible set of a regular 6 x 6 x 4 g-mesh for
LiB, MgB, and MgB,, and 6 x 2 x 4 for LiMgB..

The EPW code** 4% was used to investigate the e-ph
interactions and superconducting properties. The elec-
tronic wavefunctions required for the Wannier-Fourier in-
terpolation?”*® were calculated on a uniform I'-centered
12 x 12 x 4 k-grid for LiB and MgB, 6 x 6 x 4 for MgBs,
and 12 x 2 x 8 for LiMgBs. Twenty orbitals were used
to describe the electronic structure of LiB and MgB with
maximally localized Wannier functions: three sp? and
one p, orbitals for each B atom, and one s orbital for
each Li or Mg atom. For MgBs, we used one p, orbital
for each B atom and three s orbitals placed in the mid-
dle of the B-B bonds, while for LiMgBs, we used three
sp? orbitals for each B atom. Uniform 100 x 100 x 40
k-point and 50 x 50 x 20 g-point grids for LiB and MgB,
100 x 100 x 80 k-point and 50 x 50 x 40 g-point grids for
MgB;, and 80 x 32 x 48 k-point and 40 x 16 x 24 g-point
grids for LiMgBs were employed in the superconductivity
calculations. For all systems, the Matsubara frequency
cutoff was set to 1.0 eV and the Dirac deltas were re-
placed by Gaussians of width 50 meV (electrons) and
0.5 meV (phonons) when solving the Migdal-Eliashberg
equations.
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FIG. 1. Location of the known phases (in black) and some
of the hypothetical phases (in red) on the Li-Mg-B ternary
phase diagram. The hollow crossed symbols correspond to
metastable phases at (0 K, 0 GPa). The gray dashed lines
are the ternary convex hull facet boundaries projected onto
the composition plane. The LiBy~0.9 compound with incom-
mensurate 1D B chains and the LiB compound with randomly
stacked 2D B layers are shown with short-period hP15-LigB~7
and hP8-LiB unit cells, respectively.

III. RESULTS AND DISCUSSIONS
A. Stability of LiB and LiB, compounds

Structural characterization and thermodynamic stabil-
ity analysis of Li-B binary compounds listed in Fig. 1
have been the focus of numerous studies!?:23:28:49°51 " The
ambient-pressure LizBi4 and LiBs phases were experi-
mentally determined to have fractional occupancies of
Li sites®®®* and represented well with ordered tP136
and tI16 unit cells in DFT calculations of the binary
convex hull’*®®, The near-stoichiometric LiBy~o.9 was
found to have boron chains incommensurate with the
lithium sublattice®®. Modeled with Li,,B,, unit cells?
(e.g., hP15-LigB7 displayed in Fig. 1), this unique mate-
rial was shown to be thermodynamically stable in a finite
range of compositions (0.874<y<0.90) at zero tempera-
ture because its formation energies follow a near-perfect
parabolic dependence (see Fig. 2). The layered LiB il-
lustrated in Fig. 1 was predicted to stabilize under pres-
sure'>2? and has been synthesized via cold compression
above 20 GPa in diamond anvil cells (DACs)?*. To de-
scribe our conjecture on how the desired LiB supercon-
ductor could be obtained at lower pressures, we overview
and provide further interpretation of the relevant findings
reported in previous studies! 22457,

It had been predicted that compressed LiB, would not
be fully transformed into LiB but remain in the sample
in a more Li-rich form'?. It had also been suggested that
the change in composition could be monitored by track-
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FIG. 2. Formation enthalpies of LizBi_, compounds near x=0.5 illustrating high-pressure LiB synthesis routes inferred from
a previous experiment (a-c)** and proposed in this study (d-f). The use of a delithiated LiB, starting material (LijsB1s ~
LiBo.g4 instead of LigBs ~ LiBg.s9) is expected to lower the LiB formation pressure and lead to a higher fraction of LiB in
the resulting multiphase sample (0.52 LiB+0.48 LgB7 instead of 0.35 LiB+0.65 LigBs). The dashed curves are parabolic fits
to the DFT formation energies of the LiBy~o0.9 compounds with linear boron chains. The straight lines are tangents to the
parabolas defining the range of LiB, stability. uTﬁiBy lf/lI;icchh and NE:H are chemical potentials of Li in LiBs3, bee-Li, and LiH,

respectively.

ing certain X-ray diffraction (XRD) reflections from the
Li sublattice!?°°. The collected XRD data confirmed the
anticipated evolutlon of LiB, under compression®*. As
shown schematically in Fig. 2(a b), the starting composi-
tion of about®® 9:8 (z20.529 or y~0.89) at 1 bar shifted
up to 6:5 at 20 GPa, while the appearance of the 002
peak signaled the formation of the layered LiB. Further
pressure increase up to 33 GPa pushed the LiB, compo-
sition close to 4:3. Upon decompression down to 1 bar
(Fig. 2(c)), the LiB,, composition went partway back to
about 6:5 and the two materials remained trapped in
their now metastable configurations. A close relation-
ship between the linear-chain and layered Li-B struc-
tures, along with the appearance of dynamical instability
in LiB, phases in the 10-20 GPa range, helped rational-
ize why the transformation took place at room tempera-
ture??.

These observations reveal that LiB does not need to
be thermodynamically stable with respect to LiBs and
LiB, to form®. Because of the high strength of the
boron chains in LiB, that can survive 1,200 K tempera-

tures®” and the direct transformation path between the
two phases with the 1D and 2D boron frameworks, the
LiB enthalpy needs to be just low enough to destabi-
lize the starting LiB, compound. This happens when
the line from LiB touches the LiB, formation enthalpy
parabola above the starting composition (shown in red
in Fig. 2(b,e)). According to the DFT results in Supple-
mental Fig. S1°°, any LiB,, stable at zero temperature
and pressure should become unstable at 6 GPa.

We propose that delithiation of LiB,, prior to compres-
sion could promote the formation of LiB. The possibil-
ity of pushing LiB, outside its natural stability range
to prime the compound for the synthesis of metastable
LiBH and LiBH, derivatives was discussed in Ref. [57].
The presented analysis®” of a previous LiB,, hydrogena-
tion attempt®!' showed that the small amount of absorbed
hydrogen and a minor change in the composition could
be explained by the formation of LiH that drew Li from
LiB, until the chemical potentials in the two materials
equilibrated. As argued in Ref. [57] and demonstrated
in Fig. 2(d), the ply value estimated at -0.83 eV at
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FIG. 3. Structure and stability of layered Li-Mg-B phases obtained by combining the LiB and MgB> blocks. To illustrate the
relation between the morphological and thermodynamic properties, the compounds are displayed along the four composition
lines LiB-MgB-MgBs-LiB and LioMgB4-MgsB4 highlighted in Fig.1, with the intermediate phases marked as fractions of the
end-point phases. Panels (a-d) show the distance to the ternary convex hull (AGhun) at different (7',P) conditions. Panels
(e-h) illustrate the relative Gibbs free energies (AG) of composite structures with respect to the end-point phases (e.g.,
AGLngB2 = GLiMgB, — 0.5GLiB0.5GMgn). All end-point and select intermediate compounds are depicted above the panels,
with the corresponding compositions marked by the dashed gray lines.

zero temperature is sufficient to move the lower stability
boundary down to x~0.510 (y=0.96). A similar effect
could be achieved by heat-treating the material at high
temperatures, which has been successfully used to extract
about half of Li from the LiBC compound®%%3,

In the scenario proposed in this work, a 16:15 sam-
ple would be destabilized at a noticeably lower pressure,
around 3 GPa, and might ultimately yield a larger frac-
tion of the desired LiB phase. The actual pressure needed
to induce the transformation is difficult to evaluate from
first principles because one would need to model the ki-
netics of the rebonding process. Performing the exper-
iment at elevated temperatures would help the system
overcome barriers but, at the same time, would make
LiB less stable due to an unfavorable vibrational entropy
contribution and raise the transformation pressure by
1-2 GPa at 300 K (see Supplemental Fig. S1°°). Con-
sidering that the LiB, compound’s composition already
started to change at 10 GPa but LiB reflections were not
yet detectable at that pressure??, the LiB synthesis start-

ing with the delithiated LiB, might not require much
higher pressures and could be achievable in a multi-anvil
setup. Magnetic susceptibility measurements could help
identify the first appearance of the superconducting LiB
phase.

B. Stability of Li-Mg-B compounds

Mixing different chemical elements is another way of
stabilizing particular morphologies. A systematic screen-
ing of layered motifs in dozens of M-B and Li-M-B chem-
ical systems uncovered only a few possibly synthesizable
compounds, such as LisAlB4, LioVBy, and LisTaB4%.
The stabilization of the composite layered structures
comprised of AlBy and LiB units (see LiaMgB, in Fig. 3)
with electron-rich metals occurs because of the availabil-
ity of unfilled B-o states in LiB. Unfortunately, transi-
tion metals have been shown to completely flood these
electronic states and make the compounds poor super-



conducting candidates®*.

In the present study, we focus on exploring the part
of the Li-Mg-B ternary phase space shaded in red in
Fig. 1 that could host (near) stable layered configura-
tions. The choice of the monovalent Li and divalent Mg
ensures that the resulting structures retain hole-doped
B-o states. Compared to previous investigations'?%?, we
have now sampled configurations with mixed population
of sites within the metal layers and examined the ther-
modynamic stability at elevated temperatures and pres-
sures.

To probe the propensity of the two metals to mix,
we selected the 8-atom LiB and the 14-atom LisMgB,
base structures and sampled possible decorations of the
metal sites in laterally expanded supercells with up to 48
and 28 atoms, respectively. We found segregation of Li
and Mg into homonuclear layers to be unfavorable. The
lowest-energy structures shown in Fig. 3 have relatively
small hexagonal or orthorhombic unit cells with mixed
Li-Mg closed-packed layers. At the LiMgBs composition,
for example, the Ba-(LiMg)g.5-(MgLi)g 5-Ba-(MgLi)g.5-
(LiMg)o.5 sequence (0P16) is 13 meV/atom lower in en-
ergy than the Bo-Li-Li-Bo-Mg-Mg stacking (hP8) and 29
meV /atom lower than By-Li-Mg-Bo-Li-Mg (hPS).

Panels (a-d) in Fig. 3 show the distance to the convex
hull under different (7,P) conditions for the best iden-
tified candidates (the set of planes defining the (0 K, 0
GPa) ternary convex hull in Fig. 1 is constructed using
the thermodynamically stable phases shown with solid
points). The feasibility of obtaining metastable phases
depends not only on how far they are from the convex
hull but also on how they compare against morpholog-
ically related phases. For example, MgsB, appears to
be closest to stability, being only 9 meV /atom at (0 K,
0 GPa). However, constructed as a stacking of the known
MgB,' and the previously considered MgB'? blocks, it is
actually slightly less favorable by 0.8 meV/atom than
the mixture of these two phases. Given the usefulness
of the relative stability analysis that has helped us iden-
tify the favorable LiB and Li-M-B layered motifs in our
previous studies'?%4, we have plotted energy differences
in Fig. 3(e-h) along select composition lines shown in
Fig. 1. The results illustrate that most of the interme-
diate phases, especially LiMgBo, MgsB,4, and LioaMgBy,
have energies close to the linear interpolation of the end-
point energies. The behavior indicates that the build-
ing blocks are fairly independent and cannot be assem-
bled into particularly beneficial sequences. The largest
gains of about 10 meV /atom for LisMgB,, LisMgBs3, and
LiMgyB, are insufficient to bring the formation energies
down below the boundaries of the convex hull at zero
temperature and pressure.

Finally, we included the enthalpic and entropic con-
tributions to examine the stability of the select Li-Mg-B
compounds under elevated pressures and temperatures.
According to the relative enthalpies at 20 GPa and rel-
ative free energies at 600 K shown in Fig. 3, these ex-
ternal conditions do not favor any new binary or ternary

phases. The substantial stabilization of LiB under pres-
sure caused by the collapse of the c-axis discussed in
Refs. [23 and 26] further increases the distance of the
pseudobinary Li;_,Mg,B compounds from the convex
hull. The notable destabilization of LiB under elevated
temperatures, by 16 meV /atom at 600 K, lowers the free
energy of the LiMgBs intermediate compound below the
linear interpolation line. However, the vibrational en-
tropy contribution has an overall destabilizing effect on
the considered layered Li-Mg-B phases, as their relative
free energies shown in red in Fig. 3 become more positive.
The configurational entropy is not expected to stabilize
the Li;_,Mg,B pseudobinary either: even if structures
with different random populations of the metal sites by
Li and Mg had the same energy, which we actually found
to be dispersed by at least 30 meV /atom, the free energy
would be lowered by at most —18 meV /atom at z = 0.5
and 600 K.

We conclude that the proposed layered Li-Mg-B mor-
phologies are not thermodynamically stable to be ob-
tained with standard bulk synthesis methods. It may be
worth investigating the possibility of synthesizing these
metastable phases with thin-film deposition methods.
The following analysis of these hypothetical materials
properties is aimed at establishing beneficial features for
the MgBs-type superconductivity.

C. Superconductivity of LiB

The presence of an additional metal layer in the MS
structure sets it apart from the common AlBs-type pro-
totype!?23. The larger separation between the honey-
comb sheets makes the B-dominated electronic features
even more 2D and reduces the energy difference between
various stackings. In fact, LiB was anticipated'? and
determined®* to form random stacking sequences. Com-
putationally, the phase has been represented with short-
period MS1 (hR12, not shown) and MS2 (hP8, shown
in Fig. 1) structures with the ABC and AB stackings,
respectively, for the analysis of superconducting proper-
ties?627, In agreement with previous calculations®*27, we
find MS2 to be slightly lower in energy by 1.8 meV/atom
and use the 8-atom unit cell representation in our present
superconductivity analysis. The fully optimized param-
eters of the P63/mmec (no. 194) structure are a=3.047 A
and ¢=11.012 A (c/a=3.614).

The electronic and vibrational properties of the MS
phases have been discussed in detail in Refs. [23, 26, and
27], and here we overview the key features. As shown
in Fig. 4(a), the main contribution to the DOS at the
Fermi level (Np) comes from the B-o and Li-s states
(labeled as (), while there is a notable lack of the B-m
states as the vertices of the Dirac cones at the K- and
H-points lie nearly exactly at Er. In contrast, MgBs has
no states of the intercalant atom at the Fermi level, and
both B-o and B-7 bands are hole-doped. Furthermore, in
MgB,, the two Dirac cones are asymmetrically shifted by
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~2 eV above and below Fr at the K- and H-points, and
the o bands have a noticeable dispersion along the I'-A
direction above Er (Supplemental Fig. S2(a)®). Lastly,
we observe that the B-o bands of LiB at the I'-point
are 0.7 eV higher in energy than in MgBs,, doubling the
contribution of these states to the total Ng.

The phonon dispersion and the phonon density of
states of LiB are shown in Fig. 4(b). At ambient pres-
sure, the optical region of the phonon spectrum is clearly
separated by a small gap into two parts. As displayed
by the characters in the phonon DOS, the modes in the
40-55 meV frequency range correspond to vibrations of
Li atoms, whereas the modes above 55 meV are primar-
ily related to B vibrations. As pointed out in Ref. [26],
the Li-derived phonon modes are nearly dispersionless,
behaving similar to Einstein modes. In MgBs, there is
a similar divide between the B and intercalant atom vi-
brations, although there is no frequency gap, and the Mg
vibrations are not nearly as non-dispersive, as illustrated
in Supplemental Fig. S2(b)%".

The superconducting critical temperature of LiB un-
der ambient conditions has been previously estimated
using the McMillian expression for T, which relies on
the isotropic e-ph coupling strength?%27. In this study,
we go a step further and explore the role of anisotropy
on the superconducting properties of LiB. To begin, in

Fig. 4(b), we show the isotropic Eliashberg spectral func-
tion a?F(w) and the cumulative e-ph coupling strength
Aw). There are three significant peaks in the spectral
function, the largest corresponding to the Es, Raman
mode at 58 meV at I associated with the in-plane stretch-
ing of the B-B bonds (see Fig. 4(b)). The other two peaks
at 6 meV and 90 meV are related to the soft out-of-plane
vibrations of B and Li atoms, and the in-plane vibra-
tions of B atoms, respectively. By examining A(w), one
can infer that the coupling of the aforementioned Eg,
mode with the B-o bands comprises about 25% of the
total value (A = 0.66). In MgBs, the Eyy mode has a
slightly higher energy of 72 meV at the zone center and
makes up 45% of A = 0.66. This difference can be un-
derstood by noting the dispersive distribution of the Eg,
branch along the I'-A direction in MgBs in contrast to
the flat character in LiB. In Fig. 4(b) and Supplemen-
tal Fig. S2(b), the strength of the e-ph coupling of this
branch is illustrated by the size of the green dots on the
phonon spectra. Solving the isotropic ME equations, we
obtain T,=8-15 K for 1*=0.20-0.10, in line with previous
estimates with McMillan formula?%-27.

Shifting to the anisotropic properties, we plot in
Fig. 4(c)-(d) the superconducting gap distribution on the
Fermi surface (FS) and the superconducting gap as a
function of temperature. The superconducting spectrum



displays a multi-gap structure with separated, highly
anisotropic domes, which can be associated with different
FS sheets: the higher energy gap (above 4 meV) lies on
the cylindrical FS centered along the I'-A direction orig-
inating from the B-o states, while the lower energy gap
(below 2 meV) belongs to the ellipsoidal FS at I' arising
from the intercalant NFE (-states (see F'S plots in Fig. 4
and Supplemental Fig. S3%Y). The T obtained from the
fully ME anisotropic solutions is in the 34-42 K range for
u*=0.2-0.1 (Fig. 4(d) and Supplemental Fig. S4(a)%).
This value is three times larger than the value estimated
with the isotropic ME formalism, and approximately 80%
that of MgBs.

As discussed in Ref. [65], one can introduce several
different matrices to describe the anisotropy of the e-ph
(or any other, for that matter), pairing interactions. The
most fundamental is the matrix A defined as:

M= Y S gl Poladte) (1)

keik'ej v

where i and j are states on the i*" and j* portions of
the FS, and gki/, is the e-ph matrix element for the scat-
tering between the electronic states k and k’ through a
phonon with wave vector q = k —k/, frequency wq,, and
branch index v. The total DOS is Np = >, N;, with
N; the DOS per spin at the Fermi level from the it" FS
region.
Then, one can define the pairing interaction matrix,

Vij = Aij Nr/N;Nj;, (2)
as well as the asymmetric e-ph coupling matrix,
Aij = VijNj = Aij Np/Ni. (3)

Within the Bardeen-Cooper-Schrieffer (BCS) theory,
the critical temperature is defined by the BCS equa-
tions with the largest eigenvalue of this matrix,
defr = max[eigenvalue{);;}], and the isotropic cou-
pling constant (which is always smaller) Aigotropic
Zij N;Xij/Np = Z” A;j, which also defines the e-
ph specific heat renormalization. The anisotropic mass
renormalization, measured, for instance, in quantum
oscillations experiments, is given by \; = Ej)‘ij =
Ng Zj Aij /NJ

At 0 GPa, we separated the Fermi surface into three
parts: two concentric cylinders along the I'-A direction
of different radii and one along the K-H direction, as
denoted by the labeled FS regions in Fig. 4(c). With this
choice, the three regions include: (i) the B-o states plus
the Li-( states closest to the I" point (Sry), (ii) the Li-¢
states further away from the ' point (Srz2), and (iii) the
B-7 states around the K point (Sg ). This decomposition
leads to the following A;;-matrix for LiB:

o+ ¢ ¢ ™
o+ ¢ [ 0.506 0.059 0.006
¢ 0.059 0.019 0.002
™ 0.006 0.002 0.000

LiB (0 GPa) = )

with Nyj¢ = 0.507, N¢ = 0.173, and N, = 0.020. Our
analysis of this matrix shows that the main contribution
to A comes from the B-o states entangled with the in-
tercalant ¢ states (region Spq), with minor coupling from
the intercalant ¢ states (region Sr2), and nothing from
the B-7 states (region Sk ).

As a point of comparison, we also solved the fully
anisotropic ME equations for MgBs, and found, as ex-
pected, its m and o band two-gap structure, as shown in
Supplemental Fig. S2(d)®. The estimated T, is 40 K and
50 K for p* equal to 0.2 and 0.1, respectively. By defining
a two-band model for the two sets of ¢ and 7 FS sheets
(Sr1 and Sro as shown in Supplemental Fig. S2(c)%?), we
obtained the A;;-matrix for MgBs to be:

o (0.339 0.084
MgBz = ( 0.084 0.149 ) 5)

with N, = 0.146 and N, = 0.194, in very good agree-
ment with the former studies®%:67.

As mentioned above, LiB lacks any contribution to A
from the 7 states, while they give rise to 23% of the
coupling in MgBsy. Furthermore, we find that the off-
diagonal terms representing the interband transitions in
LiB are much smaller than the main diagonal term corre-
sponding to the intraband scattering on the Sy F'S sheet.
On the other hand, in MgBs,, the off-diagonal terms are
about 25% and 50% of the two diagonal terms, respec-
tively.

The following analysis reveals that compression has
a dramatic effect on the compound’s superconducting
properties. As found previously?®, the lattice parame-
ters vary non-linearly under hydrostatic pressure. While
a expands by 3% up to 3 GPa, before monotonically de-
creasing at higher pressures, ¢ decreases rapidly by about
30% up to 3 GPa, before plateauing at higher pressures
(see Supplemental Fig. S559). Because the interaction be-
tween the layers is weak, the out-of-plane axis is readily
compressible at low pressure until the intercalant atoms
are close enough to start experiencing the hard-core re-
pulsion. While the vdW corrections play a relatively
small role in LiB??, it is still important to include them
in order to accurately estimate the pressure point that
separates the two distinctly different regimes of the LiB
structural changes. Without vdW corrections, this pres-
sure point is shifted from 3 to 5 GPa2%.

The band structure of LiB also undergoes notable
changes at low pressures up to 3 GPa (see Supplemental
Fig. S6°°). As has been pointed out previously®®, this
is caused by the charge redistribution from the Li to B
states due to the rapid collapse of the interlayer distance.
As a result, the o bands along the I'-A direction and the
m bands at the K- and H-points significantly lower in
energy, while the Li-¢ bands are pushed up. A summary
of these changes is shown in Fig. 5, exhibiting the afore-
mentioned rapid decrease in projected DOS (PDOS) up
to 3 GPa in all states except for B-m. While this increase
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FIG. 5. (a) Calculated total and projected DOS at the Er,
(b) the total A and partition of the A according to the labeled
frequency range, and (c) the anisotropic and isotropic Tc of
LiB as a function of pressure.

in B-m PDOS may seem promising, this contribution re-
mains below the one observed in MgBs, and cannot make
up for the decrease in PDOS of the other states. There-
fore, the net result is a reduction of the Ny as a function
of pressure. Between 3 and 20 GPa, there are few perti-
nent changes, the noteworthy points being that, even at
the highest pressure in our study, the B-o and B-7 bands
are both partially occupied, and the Li-( states have no
more contribution to the Ng above 3 GPa.

In Supplemental Fig. S7%°, we report the evolution of
the vibrational properties under pressure. As shown in
the figure, the gap in the phonon spectrum has vanished
as the optical phonon branches associated with the Li
vibrations are no longer flat and localized to a specific
frequency range, but have dispersed and mixed with the
B modes within the 50-80 meV region. One thing to note
is that the dispersion of the high frequency modes along
the I'-M and K-I' directions decreases with pressure be-
yond 5 GPa, after briefly increasing between 2-5 GPa.
The overall effect of the increase in pressure is a shift of
the phonon frequencies to higher values. For instance,
between 0-20 GPa, the low frequency optical mode at T’
rises from 7 to 27 meV, while the peak of the highest
frequency mode goes up from 100 to 118 meV.

Upon increasing pressure, the e-ph coupling displays a

monotonic decrease as both the DOS at the Fermi level
and the contribution to A of the low-frequency phonons
are strongly reduced. As shown in Fig. 5(b), the A value
from the modes below 40 meV quickly drops and van-
ishes, while that of the other modes remains nearly con-
stant over the full pressure range. In Supplemental Ta-
ble S1%9, we have also provided the band-resolved A;;—
matrices under pressure. While there is a considerable
increase in the B-m contribution, the diagonal component
associated with the o and ( states remains the dominant
term overall, still accounting for 69% of total A=0.35 at
20 GPa.

The two-gap structure of LiB is retained under pres-
sure although significant changes are observed in the FS
topology. For example, as can be seen in Supplemental
Fig. S8%, the FS sheet due to the NFE states is largely
suppressed at 2 GPa and is completely absent at 5 GPa.
At the same time, the I'-pocket associated with the B-
o states shrinks, while the K-pocket linked to the B-7
states expands with pressure. The outcome is a strong re-
duction in the magnitude of the superconducting gap and
the corresponding critical temperature. For p*=0.10, the
T, obtained from the fully anisotropic solution of the ME
is 25, 23, and 9 K at 2, 5, and 20 GPa, respectively, as
shown in Supplemental Fig. S9°.

Next, we examine if it is possible to favorably mod-
ulate the key electronic and vibrational features of LiB
through electron (e) or hole (h) doping in order to fur-
ther increase the T,. To simulate doping, we employed
the jellium model, in which the extra charge added to
the system is compensated by a uniform background of
opposite charge. In our calculations, we have fixed the
unit cell and allowed only the optimization of atomic po-
sitions. Under a doping level of 1/6 electrons or holes per
unit cell at 0 GPa, the electronic structure of LiB under-
goes only minor changes compared to the undoped case,
as shown in Supplemental Fig. S10°°. In particular, un-
der h-doping, the Li-¢ and B-m bands rise slightly above
the Ew, while the opposite trend occurs for e-doping.
The B-o states are not significantly affected either way.
The result of these changes is a modest rise in the con-
tribution from the B-7 states to the Ny for both types
of doping, with the Li-¢ contribution increasing with e-
doping, and decreasing with h-doping. Overall, the total
DOS varies very little, from 1.32 in the undoped case to
1.34 and 1.35 states/(eV f.u.) for e- and h-doping.

As can be seen in Supplemental Fig. S11°, the most
notable change in the phonon spectra arises from the
hardening of the Raman active mode with Eg, symmetry
at 58 meV at I' by 15 meV with A-doping and 5 meV with
e-doping. As for the undoped system, this mode has the
largest contribution to the e-ph coupling. We find that
the total A decreases by 5% with h-doping (A=0.63) and
increases by 5% with e-doping (A=0.69), respectively. By
dividing the A contributions from modes below and above
40 meV, we can further conclude that the increase in A for
the e-doped case stems from the increase in coupling from
modes below 40 meV that exceeds slightly the decrease



in coupling from the higher frequency modes.

The superconducting gap structures and I'-plane cross-
sectional Fermi surfaces for the two doping cases are
shown in Supplemental Fig. S125°. Compared to the
undoped system, the intensity of the two peaks in the
upper superconducting gap is reversed, shifting from a
maximum intensity at ~ 7 meV to a maximum intensity
at ~ 4 meV. The superconducting gaps vanish at T =
41 K for e-doping, and T, = 36 K for h-doping, both
lower than the value found for undoped LiB for the same
1*=0.1. To understand the drop in T, a summary of the
band-resolved e-ph coupling between states for both dop-
ing cases is available in Supplemental Table S2°°. This
analysis highlights several pertinent points regarding the
nature of the e-ph coupling in LiB. Mainly, that h-doping
the system may increase the coupling from the B-7 states,
but only at the loss of coupling from the B-o and Li-C
states. For e-doping, the only increase in A comes from
the B-o and Li- contribution, but is not sufficient to
raise the critical temperature.

D. Superconductivity of MgB

In this section, we assess the electronic, vibrational,
and superconducting properties of the hypothetical MS2-
MgB phase, shown to be only metastable in previous'?
and present studies, with the intent to further charac-
terize helpful features for MgBs-type superconductivity.
Compared to LiB, both the in-plane and out-of-plane lat-
tice parameters increase, reaching values of a=3.127 A
and ¢=11.943 A (c/a=3.819), respectively.

The electronic band structure and DOS of MgB are
shown in Fig. 6(a). Similarly to LiB and MgBs, there
are two hole-doped ¢ bands derived from the in-plane B
Dz,y Orbitals that cross the Fermi level. While in LiB the
B m-m Dirac cones lie exactly at Er, in MgB these states
cross at approximately 1.5 eV below Ep, leading to an
increase in Ny by a factor of 1.5. The filling of the w
states is a key feature that could enhance the e-ph cou-
pling as in MgBs. It is also worth noting that the Dirac
cones at K and H in MgB are symmetrically aligned with
respect to the Er as in LiB, rather than asymmetrically
shifted as in MgBs. Finally, compared to LiB, the in-
terlayer ¢ bands are significantly lower in energy relative
to the o bands and hybridize more strongly with the B
p, orbitals. This downward energy shift is related to the
increase in the interlayer distance, thus providing more
space for the electrons to occupy the ( states which are
located in the interlayer region where there is a strong
attractive potential from the Mg ions. As a consequence,
the Mg-( states have a notably higher contribution to the
Ny than the Li-( states of LiB.

The phonon dispersion, isotropic Eliashberg spectral
function a?F(w), and cumulative e-ph coupling of MgB
at ambient pressure are presented in Fig. 6(b). Like in
LiB, there is a small gap that divides the phonon spec-
trum in two parts associated primarily with Mg and

B vibrations. However, there is a considerable change
in the width of the two regions, the low- and high-
frequency portions having shrunken and extended by ap-
proximately 15 and 20 meV, respectively. As for the
other phases investigated here, the e-ph coupling in MgB
is mainly due to the Egg4 in-plane B stretching mode in the
60-70 meV frequency range. The value of A\=0.46 is 30%
smaller than that of LiB, a consequence of MgB’s lack
of a low frequency coupling mode. However, as shown
in Fig. 5(b), excluding the contribution of the phonon
modes under 40 meV in LiB also results in A=0.46. We
estimate, by solving the isotropic ME equations, a criti-
cal temperature in the range of 5-8 K for p*=0.15-0.10,
considerably lower than that of LiB in the same isotropic
limit.

The superconducting gap on a cross-section FS plane
through I' and the anisotropic gap Ay as a function of
temperature are illustrated in Fig. 6(c)-(d) (see Supple-
mental Fig. S13°° for a 3D FS plot). For p*=0.10, the T,
obtained from the fully anisotropic solution (7T,=54 K) is
more than ten times larger than the isotropic value. This
is due to a highly anisotropic multi-gap structure, with
minimum and maximum values at 0.2 meV and 10 meV
in the low-temperature limit. In particular, the gap in
the 0-2 meV energy range corresponds to the entangled
B-7 and Mg-( states (region Sro), while the one in the
8-10 meV range is attributed to the B-o states (region
Spl).

Dividing the F'S into two subsets, one for the B-o sheets
and one for the B-m and Mg-( sheets, we calculate the
band-resolved symmetrized matrix A;;:

o T+C

o <0.218 0.050> (©)
~+¢ \ 0.050 0.142 )’
with N, = 0.254 and N, ¢ = 0.676. Like for MgB, and
LiB, the dominant contribution to A comes from the cou-
pling of the B-o states with the in-plane Fy, phonons.
Furthermore, MgB captures desired key features of the
former, having both B-7 and intercalant electrons present
at the Fermi level, that play important roles in indirectly

strengthening the coupling of the o electrons and enhanc-
ing the 7.

MgB =

E. Superconductivity of LiMgB.

In this section, we explore the electronic, vibrational,
and superconducting properties of a predicted near-
stable compound in the Li-Mg-B phase space: LiMgBs,
an orthorhombic structure with Pmmn symmetry, in the
Bs-(LiMg)-Bs-(LiMg) stacking sequence. This phase was
chosen for further study because its composition bridges
the divide between LiB and MgB, while having one of
the smaller unit cells of the phases discussed in this
work, with lattice parameters a=3.073 A, b=12.045 A,
and ¢=5.291 A.
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Figure 7(a) shows the electronic structure and DOS
of LiMgBo, highlighting the four main contributions to
the Ng: Mg-(, Li-¢, B-o, and B-w. Compared to LiB,
the Li-¢ bands have moved down by 2 eV such that a
second band is now filled. In contrast, the Mg-¢ bands
have emptied compared to MgB. With respect to the
B-o bands, LiMgBs is the perfect hybrid phase, as its
o-bands have a degree of hole-doping that is right in the
middle of LiB and MgB. Another key feature of LiMgB4
is that the B-7 Dirac cones do not lie at the Fermi level
as in LiB, instead dropping approximately 1 eV below
FEr. Finally, we remark that the Mg-¢ and Li-( states
have nearly equal contributions to the Ng, while the B-m
contribution exceeds that of the B-o states, as is the case
for MgB and MgBs.

The phonon dispersion of LiMgBs along with the
phonon DOS and the isotropic Eliashberg spectral func-
tion are displayed in Fig. 7(b). As for LiB and MgB, the
phonon spectrum is split into two regions associated with
the metal and B vibrations by a narrow gap at around
50 meV. A closer look shows that in the low frequency
region the Mg modes lie below 40 meV, as in MgB, while
the Li modes are confined in the 40-65 meV range, as in
LiB. This can be linked to the fact that the mass of Mg
is 3.5 times larger than that of Li, leading to frequen-
cies which are on average 1.9 times softer. Examining
the integrated spectral function, we find that these two

sets of modes contribute together ~0.16 (35% of the to-
tal A=0.46). The Raman active B3, mode at 69 meV
corresponding to the in-plane stretching of B-B bonds
is responsible for approximately 15% of the e-ph cou-
pling. For comparison, in the binary phases LiB, MgB
and MgBo, the in-plane B-B stretching mode accounts
for 25%, 35%, and 45% of their respective e-ph coupling.
Lastly, we note that an equal A value of 0.46 was deter-
mined for LiMgBy and MgB, as they both miss the gain
coming from the soft phonon branch present in LiB below
10 meV. For this A value, the isotropic T is estimated to
be 4-7 K for p*=0.15-0.10.

Given the similarity of the key electronic and vibra-
tional features that drive the e-ph coupling in MgB and
LiMgBs, it is not surprising to find that the super-
conducting multi-gap structure illustrated in Fig. 7(d)
closely resembles that of MgB. As further shown by the
gap structure on the cross-sectional plane (Fig. 7(c), a
3D view of the FS is given in Supplemental Fig. S14°7),
we can attribute the two high-energy gaps above 6 meV
in the low-temperature limit to the B-o states on the Sp
pocket, and the lower energy gaps to the complex Sx
sheets of entangled B-7, Li-( and Mg-( states. The es-
timated critical temperature for p* = 0.1 is T = 49 K,
which falls right in-between the values obtained for LiB
and MgB with similar settings. In particular, this value
is 14% higher than LiB, and 9% lower than MgB.
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Lastly, to quantify the contribution of different elec-
tronic states to the e-ph coupling in this compound, we
can make a similar FS division to that of MgB: one
for the B-o sheets and one for the B-m and ( surfaces
(see Fig. 7(c)). The calculated symmetric A;; matrix for
LiMgB, is as follows:

o T+C
. o (0.203 0.063
LiMgBz = . ( 0.063 0.134 ) @

with Ny = 0.714 and Nri¢ = 1.385. Though MgB and
LiMgBy have the same total A, a smaller percentage in
LiMgBs can be attributed to the o states, 44% as op-
posed to 47%. Interestingly, nearly the same contribu-
tion in these two compounds comes from the diagonal
term corresponding to entangled 7 and ( states, ~ 30%,
though LiMgBs has a larger degree of e-ph coupling aris-
ing from interband transitions. Therefore, the drop in
T., compared to MgB, stems mostly from the minute de-
crease in the B-o coupling triggered by the addition of
Li.
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FIG. 8. Comparison of T, estimated for layered borides at
different levels of theory and different p* values.

IV. CONCLUSIONS

In this work, we argue that the delithiation of the
known starting LiB, material prior to compression would
facilitate the synthesis of the LiB superconductor, lead-
ing to its formation at lower pressures readily achievable
in multi-anvil cells. Our examination of the LiB super-
conducting properties using the ME theory indicates that



an anisotropic treatment is as essential in this compound
as in MgBs. We predict a critical temperature for LiB
in the 32-42 K range, a factor of three times higher than
estimates based on an isotropic description of the e-ph
interaction. We further demonstrate that neither pres-
sure nor doping can enhance superconductivity, with the
T, expected to drop below 10 K at 20 GPa. Our analysis
of the Li-Mg-B phase space identifies several metastable
layered materials with excellent superconducting proper-
ties. In particular, we find the critical temperature in
MgB and LiMgBs to exceed or approach that of MgBao,
as summarized in Fig. 8. These metastable materials are
not likely to be synthesizable with standard bulk meth-
ods but might have a greater chance of forming in thin-
film deposition experiments. Synthesizing these layered
compounds may challenge the supremacy of the MgBy

12

superconductor.
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