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Abstract

Though YBs and LaBs share the same crystal structure, atomic valence electron configuration,
and phonon modes, they exhibit drastically different phonon-mediated superconductivity. YBs
superconducts below 8.4 K, giving it the second-highest critical temperature of known borides,
second only to MgB2. LaBs does not superconduct until near-absolute zero temperatures (below
0.45 K), however. Though previous studies have quantified the canonical superconductivity
descriptors of YBs's greater Fermi-level (Er) density of states and higher electron-phonon coupling
(EPC), the root of this difference has not been assessed with full detail of the electronic structure.
Through chemical bonding, we determine low-lying, unoccupied 4f atomic orbitals in lanthanum to
be the key difference between these superconductors. These orbitals, which are not accessible in
YBs, hybridize with 11 B-B bonds and bring this 1r-system lower in energy than the o B-B bonds
otherwise at Er. This inversion of bands is crucial: the optical phonon modes we show responsible
for superconductivity cause the g-orbitals of YBe to change drastically in overlap, but couple
weakly to the mr-orbitals of LaBs. These phonons in YBs even access a crossing of electronic
states, indicating strong EPC. No such crossing in LaBs is observed. Finally, a supercell (the M k-
point) is shown to undergo Peierls-like effects in YBe, introducing additional EPC from both
softened acoustic phonons and the same electron-coupled optical modes as in the unit cell.
Overall, we find that LaBs and YBes have fundamentally different mechanisms of
superconductivity, despite their otherwise near-identity.

Significance Statement

Chemical bonding is a powerful approach to materials rationalization and design due to its beauty
in simplicity. As the field of quantum materials takes the scientific community by storm, an
understanding of these materials (such as superconductors) in the language of chemistry is
essential for complete understanding and predictive capabilities. In this work, we demonstrate
such an understanding by differentiating, using only their molecular orbitals and vibrational
modes, two superconductors which are expected to behave identically but are drastically different
in reality. This study paves the way for a chemist’s view of phonon-mediated superconductivity
and opens the door to prediction of other quantum materials’ behavior using chemical bonding.

Main Text
Introduction

The massively wide range of physical properties exhibited by rare-earth hexaborides makes them
useful for a variety of applications, yet the molecular-level origins of many of these properties are
poorly understood. All sharing an ambient crystal structure (Pm3m space group) of a metal
surrounded by a network of boron octahedra, these ceramic compounds present themselves
vastly differently as semiconductors(1-3), Kondo insulators(4—6), magnetically ordered
materials(7, 8), and more.(2, 9—15) Lanthanum hexaboride, though primarily exploited in hot
cathodes for its high electron emissivity, is also known to be a low-temperature, Bardeen-Cooper-
Schrieffer (BCS, i.e phonon-mediated) superconductor at temperatures below 0.45 K.(16)
Isostructural yttrium hexaboride, possessing a near-identical phonon spectrum, a similar lattice
constant (4.155 A for LaBs, 4.098 A for YBs), and yttrium being one row directly above lanthanum
in the periodic table, is a significantly better BCS superconductor at a critical temperature (T¢) of
up to 8.4 K.(17-19) This notably makes it the only reported superconducting hexaboride with a T
reachable with “He cryogenics.(20, 21) It also possesses the second highest superconducting T



of any metal boride(22), the highest being that of the unusual(23) and thoroughly studied
MgB2(24—28), the highest-T. “conventional” (i.e. phonon-mediated) superconductor.

The canonical descriptions of superconducting phase transitions via Migdal-Eliashberg(29, 30)
and McMillan-Allen-Dynes(31, 32) formalisms show density of states (DOS) at the Fermi level (Er)
and electron-phonon coupling (EPC) to be the two key factors contributing to superconducting
temperature, as both are key descriptors for how drastically electrons in a superconductor “feel”
the lattice and thus form Cooper pairs. As E+-DOS and EPC increase, so too will Tc. Indeed,
samples of YBs of increasing T. have been confirmed by 8°Y nuclear magnetic resonance (NMR)
to also have increasing E~-DOS, and YBs is known through tunneling and DC magnetization(33),
point-contact spectroscopy(34), and electronic Raman scattering(35), as well as DFT(36), to have
moderate to strong EPC, depending on the sample.

While experimental and computational studies have been conducted to characterize the Fermi
level electronic structure(3, 12, 37—41) of YBe and LaBs and their phonon modes(41-48)
contributing to EPC, the linkage of the two - how frontier electronic eigenstates physically couple
to these lattice vibrations - has yet to be established, as has been done with other prominent
phonon-mediated superconductors.(26, 27, 49) Prior studies of our group have quantitatively and
qualitatively explained properties of metal hexaborides through the lens of chemical bonding(6, 9,
50), and in this study, we extend this capability to superconducting hexaborides by analyzing
changes in this bonding under phonon-induced lattice deformations.

Results

Determination of the phonon modes responsible for superconductivity: The BCS theory of
superconductivity attributes the formation of Cooper pairs to lattice vibrations (phonons) pairing
electrons near a material’s Fermi level (Es), ultimately forming a condensate of Cooper pairs and
thus an electron flow experiencing zero resistance. In turn, the phonon modes that will form Cooper
pairs by inducing a large EPC are likely those breaking the degeneracy of partially-occupied
electron bands at the Fermi level.(51) While a number of modes in the phonon dispersion of YBs
(Figure 1a) and LaBs (Figure 1b) can accomplish this (Figure S1 shows the effects of all 21 phonons
on the electronic band structures), the modes of interest in this group are those possessing the
lowest frequency, as they are likely to require the least amount of vibrational energy to break
degeneracy. These flat phonon bands, circled in red at the I' (G) points of Figure 1, represent a
Raman-active T2g mode which is triply degenerate as the same motion in the x, y, and z directions
of the lattice. Of the 21 phonons, they are the 13'"-15" lowest in energy (the order of the three is
arbitrary) at approximately 21 THz. Figure 1c shows a visualization of each of these vibrations
(labeled i, ii, and iii) while Figures 1d and 1e show how each breaks electronic degeneracy in YBe
and LaBes. The other, higher-energy group of phonons which can be responsible for Cooper pairs
are at 35-40 THz for YBs and 32-36 THz for LaBs (phonons 19-21). Although the BCS model of
superconductivity allows virtual phonons (i.e. phonons too high in energy to be “occupied”
vibrational quasiparticle bands) to participate in Cooper pairing, these three modes break band
structure degeneracies in a near-identical manner to the phonons in Figure 1c and are thus omitted
from the remainder of this study.

All six phonons mentioned here, 13-15 and 19-21, can be visualized with an animation-like
representation in Figure S2 or using the interactive files attached as Sl. All six involve motion of the
boron atoms only, with the metal remaining stationary. In contrast to the low-energy vibrations of
the metal in the boron “cage,” these sets of mid and high-energy phonons are confirmed by
experimental Raman scattering of LaBs and YBe to exhibit little to no anharmonicity, as shown by
their Gruneisen parameters. This same study determines EPC contributions of the anharmonic,
acoustic phonons to be low and observes opposite temperature dependence of boron octahedra
vibrations between YBs and LaBs, hypothesizing that these higher-frequency, optical phonons
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promote a higher Tc in YBs. (48) This is consistent with our computational observation of phonons
13-15 and 19-21 being responsible for superconductivity in these two materials.

The magnitude of displacement along the phonon mode in Figures 1d and 1e is arbitrary and meant
only to demonstrate degeneracy breaking, but it should be noted that at such low temperatures as
8.4 or 0.45 K, the only appreciable vibrational energy contributing to these displacements comes
from zero-point energy (ZPE): %2 hwphonon, Which corresponds to 0.04215 eV and 0.0434 eV, for
YBs and LaBs, respectively. Figure S3, by plotting the ZPE line and DFT energies along the phonon
distortion, shows that the classical turning points past which the lattice cannot distort are
approximately 1.5 to 2.2 degrees for YBs and 1 to 3 degrees for LaBs, depending on the phonon.
This angle is shown at the bottom of Figure S3 (labeled ¢) and is given as a range because the
symmetry of some of the frontier electronic bands prevent the EPC from being completely isotropic
in X, y, and z directions, as discussed in the coming section. This ZPE analysis will become
essential information in later discussion of chemical bonding under phonons, as YBes undergoes a
crossing of states along the phonon-induced potential energy surface (PES) at a deformation angle



of approximately 2 degrees, while LaBes experiences no such crossing, even up to unphysical 5
degree distortions (Figure 3b).
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Figure 1. Phonon dispersions of YBe (a) and LaBe (b). ¢) Visualizations of the lowest energy
phonons responsible for superconductivity at the I" point in YBs and LaBs: phonons 13-15. White
atoms represent the metal; green atoms are boron. The topmost structure, with no phonon mode
arrows, represents the equilibrium geometry. d) Effect of the three phonons applied to YBes on
degeneracy splittings at the Fermi level. e) Effect of the three phonons applied to LaBs on
degeneracy splittings at the Fermi level.

Relation of frontier orbitals between YBe and LaBs: Figure 1c and 1d demonstrate that the lattice
vibrations relevant to superconductivity are “rocking” motions of the two boron atoms fusing Bs
octahedra. Our previous studies showed that these B-B bonds constitute the most significant B-B
interactions in rare-earth hexaborides.(6, 9) We aim to reveal how the eigenstates (orbitals)
comprising the valence bands of the studied hexaborides physically couple to these vibrations.
From the PDOS in Figures 1d and 1e, we see that boron 2s and 2p orbitals and yttrium 4d orbitals
comprise the Fermi surface of YBs, while boron 2s and 2p orbitals and lanthanum 5f orbitals
comprise that of LaBs. Specifically, in both materials, all boron valence AOs (i.e. of principal
quantum number 2) contribute, with additions of 4dx?y? and 4d.2 AOs in YBes and 4fxsz2, 4fyz2, 4fxz2,
4f,o, and 42 AOs in LaBs. In atomic lanthanum, no electrons occupy 4f orbitals and thus it is
somewhat surprising to see these states occupying LaBs’s Er rather than 6s or 5d. 4f orbitals,
however, have been shown to enable covalency with very compact valence orbitals of boron.(52)
In addition, 4f AOs are bond-promiscuous in a solid because unlike 5d and 6s, which possess two
and six nodes in their radial wavefunctions, they have no radial nodes and are thus not destabilized
by the “chemical pressure” of a fixed lattice. By contrast, orbitals with radial nodes would begin to
experience destructive interference when pushed together due to a sign change in wavefunction
phase. For this reason, significant 4f contributions have been shown to dominate the E+-DOS even
at extreme pressures for the proposed high-Tc superconductor LaH10.(53) A more canonical
example of this nodality phenomenon is solid beryllium being held together by hybridized 2p orbitals
despite a single Be atom having only 2s valence electrons (2s orbitals have radial nodes but 2p do
not).(54, 55)

In Figure 2, we show the Kohn-Sham orbitals of our DFT calculations for each valence and
conduction band, plotted specifically at the " point such that all unit cells’ orbitals are in-phase. Un-
rotated Bloch orbitals, rather than Wannier functions, are plotted for their ability to describe the
delocalized bonding of the metallic bulk. We henceforth refer to these orbitals in the chemistry
vocabulary of highest occupied molecular orbitals (HOMO) for the valence bands and lowest
unoccupied molecular orbitals (LUMO) for the conduction bands, HOMO and LUMO referred to
collectively as frontier orbitals. It is valid in our study to analyze these bands at the I point due to
the electron-phonon coupling being localized near the I' point when plotted along the phonon
dispersion. Figure S4 shows there is one other source of significant EPC coming from these same
phonon bands at momentum M, which we discuss via Fermi surface analysis in the section



“Additional EPC in a supercell.” The bonding picture at M is similar to that at I', but phase relations
between unit cells must be considered.
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Figure 2. Frontier orbitals of YBs (a) and LaBs (b). For each material, HOMO are shown in the
lower row and LUMO in the upper row. Grey atoms are yttrium, blue atoms are lanthanum, and

green atoms are boron. Isovalues were chosen to show the bonds reflected in the PDOS and are
approximately 0.03 for o-bonds and 0.15 for 1m-bonds. Due to the difference in localized o-bonds



versus delocalized 11-bonds, the same isovalue could not be used for both. Lattice vectors are
shown to the left of each orbital and the degeneracy is shown by 2x or 3x on the HOMO/LUMO
label.

YBs has two degenerate valence bands and three degenerate conduction bands at and around the
I" point, while LaBs has the opposite degeneracies. Quite notably, the HOMO of YBs looks identical
to the LUMO of LaBs. Both sets of orbitals are a system of Y-Y and B-B o-bonds extending along
the x, y, and z lattice vectors of the unit cell. They are doubly, rather than triply degenerate,
however, due to the d;? and ds*,> AOs forming the metal-metal bond possessing Eq symmetry.
Additionally, the LUMO of YBs looks identical to the triply-degenerate HOMO of LaBs, absent
bonding involvement of the metal in YBs. This is a system of m-bonds on octahedra-fusing boron
dimers which link unit cells, and in the case of LaBs HOMO, 4f electron density hybridizes with this
1 system as well. Greater in-phase overlap of molecular orbitals lowers their energy, and thus it
can be readily deduced that this inversion of valence and conduction bands between LaBs and YBs
is due to the participation of the 4f orbitals, which are unoccupied but low-lying in lanthanum’s
[Xe]5d'6s? electron configuration, yet completely inaccessible in ground-state yttrium ([Kr]4d'5s?).

Density of states comparison at the Fermi level: From the electronic band diagrams in Figures 1d
and 1e, it can be clearly determined that YBs has a significantly larger DOS at the Fermi level than
LaBs, making this DOS contribution to the McMillen-Allen-Dynes (MAD) description straightforward.
While only two bands comprise the Fermi surface of YBs, they cross Es six times. Three bands
comprise LaBs’s Fermi surface, but all come together in degeneracy at the I point with two crossing
Er at only one other point and the third not at all, for a total of only three crossings of the Fermi
level. All these bands have significant curvature at and near E; (i.e. they are not at all flat), so their
contributions to the E~-DOS occur only due to point-intersections with the Fermi level. In YBs, it has
been established(15) that the finite states at Er indicate metallic bonding. By contrast, LaBs exhibits
essential metal-boron covalency at Er in the 1-system, contributing to a smaller E+~DOS than that
of the isolated Y-Y and B-B o bonds we observe at the Er of YBs.

Discussion

Coupling of T2q phonons to HOMO of each material: Now that the frontier orbitals of YBs and LaBs
have been identified, we can begin to discuss how their bonding character leads to a large
electron-phonon coupling, i.e. involving splitting of their degeneracies at Es. In both materials,
phonons 13-15 rock inter-octahedron B2 units back and forth like a “see-saw” (Figure 1c, Figure
S2, and interactive Sl files for reference). As mentioned, in YBs, these B2 units are held together
by a o-bond formed by p--AOs, and do not engage with the metal or other B atoms at E:. The
“rocking” phonon is applied, the pz orbitals go out of g-alignment, and the o-overlap worsens. This
is shown on the left of Figure 3a.

By contrast, Erin LaBs is comprised of -bonds on B2 units which overlap with La’s 4f orbitals at
the phonon’s axis of rotation, making these bonding orbitals “see-saw” shaped themselves. When
the B2 unit is rocked by the phonon, the electron density between La and the center of Bz is
merely a “fulcrum” for this rocking, and the B: itself remains 1-bonded off the bond axis with no
phonon-induced misalignment of the B pxy-AOs. Thus, overlap is largely unaffected by the
phonon and EPC is expected to be quite low. This can be visualized on the right side of Figure
3a. Recalling that the HOMO and the phonon are triply-degenerate for LaBs, we note that the
other two phonons which do not align with the LaB2 “see-saw” unit can still couple to it. Having
only ~2/3 of the electron-phonon interactions per phonon, however, LaBs will have significantly
less EPC than YBs, in which each component of the triply-degenerate HOMO couples to all three
components of the phonon. This qualitatively explains YBs being the superior BCS
superconductor with a much higher critical temperature.
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Figure 3. a) One of two YBs (left) and LaBs (right) HOMO, showing how their shapes lead to
more (YBs) or less (LaBes) EPC. b) Qualitative picture of orbital degeneracy breaking with the
frozen phonon in YBs (left) and LaBs (right), noting the ZPE-accessible crossing in YBe.

In order to assess this hypothesis rigorously, we began to examine frontier orbitals after the
frozen phonons were applied and uncovered something quite striking. The mildly distorted
structures resulting from frozen phonons retain largely the shapes of their HOMO and LUMO, and
unsurprisingly, degeneracies of these orbitals break according to which phonon direction couples
to their overlap. At a phonon distortion of approximately 2 degrees (accessible by ZPE, as shown
in Figure S3), however, one of the T-bands of YBs drops in energy, switches with one of the o-
bands, and becomes occupied at I' (Figure 3b). The process that occurs is, naturally, identical in
all three Cartesian directions. Application of the phonon changes point group symmetry from On
(Pm3m) to Ci, within which the 1-system is of au symmetry, and the o-system is ag. Thus, the
state crossing is not a conical intersection by the no-crossing theorem. Its presence, however, is
nonetheless proof of major phonon-induced changes in electronic structure and indicative of
strong EPC. No such crossing occurs in LaBs at any deformation angle computed, ZPE
accessible or otherwise (bottom of Figure 3b).

Additional EPC in a supercell: Figure S4 shows that in addition to the I' point, significant EPC
stems from the M point of the Brillouin zone (BZ) where all unit cells are fully out of phase with
their neighbors in all three Cartesian directions. Indeed, Figure 1d and e show electronic band
degeneracy splitting at M at the Fermi level. It is essential to understand how the mechanism of
EPC present at I' extends to the M point and does not extend to other points of high symmetry.
We perform DFT calculations of 2x2x2 supercells with the frozen phonon applied with the unit cell
phase relations of M, X, and R and analyze the effect on the Fermi surface (FS). For the M point
of interest, Figure S5 shows slices of the FS cut along the (001) plane at various values of k.
Comparing YBs and LaBs, the differences are minimal, with exception of phonon 15 around k; =
0.4. The changes on this slice are much larger for YBe.

Figures 4a and b show the unperturbed Fermi surface of YBs (no supercell) for two values of k.
The red curves show the band folding of these slices into a 2x2x1 supercell (for the sake of
simplicity, the folding along k- is ignored). The folded BZ is the dashed box. The folding induces



new degeneracies, or Fermi nesting, on the folded BZ. These points and their position in the
original BZ are marked by green points, which an arrow going from I" to M connects in the original
BZ. This arrow’s direction coincides with the phonon with the largest EPC, causing a sizable
Fermi nesting. Figure 4c shows the actual FS of a 2x2x2 supercell of YBs, with k'z=0.4 (in the
folded BZ). Again, the bands of interest are in red. The other bands come from the folding along
kz and are of no interest here. Figure 4d shows the previous FS of Figure 4c, but under the effect
of frozen phonon 15 with modest amplitude. We readily see that these new degeneracies
introduced by the supercell band folding are broken by the phonon. By symmetry, the same
phenomenon occurs for phonons 13 and 14, along the (100) and (010) planes, respectively.

Figure 4. a) Equilibrium YBs F
show the (001) plane of the unit cell BZ, dotted black lines show the (001) plane of a 2x2x1
supercell BZ. Green points denote sites where Fermi nesting occurs with the band folding. An
arrow denotes the direction of the path between I' and M. Bands of interest due to nesting in the
(001) plane are in red. b) Equilibrium YBs FS at k. = 0.3, using the same symbols and coloring as
(a). c) FS at kz = 0.4 of a 2x2x2 supercell at equilibrium. d) FS at k'z = 0.4 of a 2x2x2 supercell
with frozen phonon 15 applied, showing that the red bands of interest now have broken
degeneracies. The extra bands in gray are due to the folding in k-.

To address why this nesting implies a large EPC specifically at (and near) the M point, and why it
is more drastic in YBe than in LaBs, we consider the phonon’s effect on the boron octahedral
“cage” around the metals in each supercell. At X and R, the application of the frozen phonon
breaks lattice On symmetry, but each metal atom has the same surrounding boron geometry
(Figure 5a, noting that the unit cells are related by inversion symmetry at X but still give the same
surroundings of the metal). At the M point, however, two different sizes of the boron cage are
introduced with the phonon, emphasized with black squares, giving the lattice twice the periodicity
as at equilibrium before. This effect, known as a dimerization, is well studied in other, quasi-1-
dimensional (1-D) materials in the context of Peierls distortions(56, 57), which cause periodic
fluctuations in electron density known as charge density waves (CDW)(58). The Peierls
mechanism involves the splitting of a degeneracy in a metallic system, lowering its energy at the
same time the distortion increases the energy. In 1-D systems, this mechanism is energetically
favorable for a finite distortion. But, in general, it is not the case for 3D crystals such as YBs and
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LaBs. Nevertheless, a Peierls-like distortion or dimerization is very effective for lifting a
degeneracy in a quasi-1D band, and a large EPC is expected from it.

(aCMJ o 3 Od

O

Figure 5. a) Frozen phonon applied to the supercell at the M (left), X (middle), and R (right)
points. White atoms can be either Y or La. Green atoms are boron. Black squares emphasize the
difference in surroundings of the metal at the M point. b) 1-D “chains” formable by the valence
bands of YBs (left) and LaBs (right). “Chains” are noted with black rectangles. Y atoms are grey,
La atoms are blue, and B atoms are green. c) Dimerization of the YBs lattice under a softened,
acoustic phonon, with dimers boxed in black. Comparison to (b) shows this occurs in the same
direction of one of the Y-Y o-bonds, creating EPC in the form of a Peierls-like effect. Y atoms are
grey and B atoms are green.

Note S1 gives a full explanation of a tight binding (TB) model in the context of YBes and LaBs, but
what is most important when comparing the two materials is the “1D-ness” of their valence bands.
It is straightforward to identify a quasi-1-D chain in YBs as the Y-Y o bonds run parallel to the
prominent B-B o-bonds (Figure 5b). When the phonon acts at M, Y atoms obtain twice the period
in this chain direction and a splitting of degeneracies should appear, explaining the large changes
obtained by the frozen phonon 15 in Figure S5. On the other hand, the most 1-D-like periodicity of
LaBs's HOMO is a 45° lattice rotation from that of YBs's and the boron octahedra become part of
the “chain.” This makes the band “less 1-D”, and a dimerization in LaBs should not be as effective
as in YBe to split degeneracies. In the context of the TB model, the La atoms and the octahedra
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will have very different on-site terms, leaving just one TB band close to the Fermi level. This band
in LaB6 experiences a weaker Peierls-like effect since the other dimensions are unaffected by the
dimerization (indeed, there is still non-zero EPC at M), but YBe is decidedly the “more 1-D” of the
two materials, explaining the higher EPC and T..

While some experimental studies predict EPC of acoustic phonons to be low in both these
materials(48), others attribute a great deal of YBe's higher T. to these phonons(22). Phonons with
very low frequency are likely to be highly anharmonic, so the approximations used in EPC
calculations (Figure S4) are unlikely to provide useful information. Thus, we rely only on frozen
phonon calculations here. It can be readily seen from Figures 1a and 1b that the three lowest of
these phonons soften for YBs, but not LaBs. Thus, for YBs, a small perturbation (changes in
temperature, pressure, etc.) can turn the frequency of the acoustic phonons imaginary, triggering
a change of equilibrium geometry. This difference in phonon spectrum has been attributed to the
slightly larger atomic radius of lanthanum leaving less space in the boron “cage” for the metal
atom to “rattle” along the acoustic phonon modes.(45)

Indeed, we observe large changes in the Fermi surface for YBs due to two of the frozen acoustic
phonons at M (phonons 2 and 3), but little to no observable change for LaBs (Figure S5). Once
again, this is readily explained by bonding at Ef. In the case of YBs, a totally symmetric mode at
the I' point will not affect the d-d bonding of Y atoms, but within other supercells, o overlap will be
strongly affected by movement of Y out of phase between unit cells, much like the “rocking”
modes 13-15 affecting o-overlap between boron atoms. LaB6, however, has no such metal-metal
bonding, so no such EPC arises from the acoustic phonons. The vast majority of the LaBs
electron density at Ef is on the unaffected boron octahedra for LaBs, and thus EPC is low.

From another viewpoint, phonon softening is a main signature of a Peierls distortion (56), and we
thus consider these two acoustic phonons in the context of dimerization. Figure 5¢c shows the
resulting geometry when one of the two frozen phonons is applied, and along only one axis (the
same axis a Y-Y o bond runs along), a clear dimerization occurs between the Y atoms. The other
frozen phonon gives the same result, but along a different axis with the other o bond. The third
acoustic phonon, which further dips at M and along the I'-R path, acts along the final axis, which
has no ¢ bonding. Indeed, Lortz et al. find a large EPC peak for YBs at 8 meV but a much smaller
one at 4.5 eV (22), in good agreement with the computed frequencies at M: 7 meV for phonons 2
and 3 and 3.6 meV for phonon 1.

Given that the Y atoms are g-bonded along a single direction per Bloch state at Es, the effect of
the acoustic phonons is much closer to the “textbook” example of a 1-D chain of hydrogen atoms
than the previous Peierls argument of phonons 13-15. Though competition of other relevant
phonons in a 3-D lattice prevent an actual CDW, this dynamical Peierls effect is more “traditional”
than that of phonons 13-15 in that the tight-binding hopping strength is modified, rather than the
on-site energy. This is again discussed in detail in Note S1. In summary, we observe two ways to
induce a Peierls-like distortion in YBe, from low-energy and high-energy phonons.

Effects of isotropic pressure and stretching: The effects of strain and pressure are essential in
studying bonding-governed properties of materials(59-61): hexaborides(7, 62—-66) or otherwise.
Specifically in the case of hexaboride superconductors, the effects of isotropic pressure have
been thoroughly studied experimentally and computationally(36, 42, 43, 48) , including in the
context of phase transitions out of the Pm3m space group.(39, 41) Experimentally, pressure has
been shown to lower the superconducting transition of YBe(43), and this has been attributed to
hardening of the lowest-energy, acoustic phonon modes, a “rattling” of Y in the boron “cage”
which Xu et al. computationally deem responsible for superconductivity.(45) Our calculations of k-
point and band-resolved phonon linewidths and frozen phonons’ effects on electronic band
structure, however, show these phonons to contribute only partially to EPC, along with phonons
13-15 and 19-21 involving the bridging boron atoms between octahedra.
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As shown in Figure 6, we find that computed band structures with applied pressure slightly
expand the gap between valence and conduction bands, though both materials remain metals.
We compute pressures up to 112 kbar in order to match experiment.(43) Though phonon
dispersion and EPC calculations at a variety of pressures are computationally prohibitive, the
same argument of phonon hardening/constriction with compression can be made qualitatively.

The widening of the energy difference between valence and conduction bands has to do with the

change in AO-overlap upon compression: antibonding states will always rise in energy, and the

bonding states may rise or drop, depending on the bond length imposed by the lattice, compared

to the optimum for the given pair of atoms!®. The shifts are more pronounced for the g-bonds,
i.e. HOMO of YBs and LUMO of LaBs, than for Tr-bonds that have weaker AO-overlaps. These

shifts in band energies will affect the extent to which phonons 13-15 and 19-21 can interact with
them.(60) This is a question for future study.
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Particularly for the case of LaBs, where localized f-orbitals are the cause of its deviation from YBs,
the question is begged whether stretching these materials isotropically could have the opposite
effect of applied pressure: increasing Te. If the boron 1 system becomes so far removed from La
that the 4f interaction can no longer stabilize it, the valence and conduction bands could
theoretically swap in energy order and a band structure similar to YBs could be observed. As
demonstrated in Figure 6, the equilibrium valence and conduction bands can be made
degenerate in LaBs but never to flip. As before, this effect is less pronounced in the 1 bands than
the o bands. Furthermore, this degeneracy occurs at extreme bond stretching lengths (1.4 times
the equilibrium lattice vector of 4.155 A for LaBs and 4.098 A for YBs) at which, in reality, the
material would almost certainly experience mechanical failure. For context, based on their
thermal expansion coefficients, a bond stretch of 1.6% length corresponds to a heating of
approximately 2000°C. (67) Furthermore, static correlation dramatically increases at stretched
bond lengths near and past the Coulson-Fischer point, which can make DFT predictions
incorrect. The question of whether anisotropic expansion of the lattice, by chemical doping or
mechanical stress, can produce this desired effect in LaBs may be addressed in a future study.

Conclusions: Lanthanum and yttrium hexaboride have been shown in this study to superconduct
by different electron-phonon coupling mechanisms as governed by their chemical bonding and
the phonons we show responsible for superconductivity. LaBs, a relatively unextraordinary
superconductor at Tc = 0.45 K, has a Fermi level (Er) comprised of B-B 1 bonds overlapping with
4f orbitals of La. This “see-saw” shaped bonding of the HOMO aligns with the B2 rocking motion
of the main, triply-degenerate phonon responsible for superconductivity, leading to less electron-
phonon coupling. YBs, the second highest Tc superconductor of the metal borides at 8.4 K, is
remarkably different from its La counterpart. Due to the unavailability of f orbitals for bonding
stabilization, the B-B 1 system is unoccupied in YBs and E is instead made up of g bonds. The
directionality of this bonding makes it couple to the lattice much more strongly than the 1 system
and an accessible crossing of states is even accessible by the phonons, an indicator of strong
EPC which is not present at all in LaBs. Softened, acoustic phonons also play a role in the YBs
EPC due to coupling to Y-Y o bonds, which have no such effect in LaBs. Finally, we show the
effects of isotropic pressure and stretching on the electronic structure of these materials as it
corresponds to their superconducting nature. This bonding and molecular orbital-based
assessment of superconductivity paves a path for future characterization, design, and prediction
of potential superconductors which is logical and accessible to any chemist.

Materials and Methods

Computational methods: Density functional theory (DFT) calculations were performed using the
Vienna Ab-initio Software Package (VASP).(68, 69) Due to its excellent agreement with positron
annihilation spectroscopy experiment in terms of the Fermi surface(40), the versatile PW91
exchange-correlation functional(70, 71), of the generalized gradient approximation (GGA) family
of functionals, was used without any Hubbard U correction on d or f orbitals. Additionally, the
calculated band structure of LaBs is in excellent agreement with the electronic band measured by
angle-resolved photoelectron spectroscopy (ARPES).(37) Furthermore, study of YBs via
photoelectron spectroscopy shows agreement with our computed DOS and the bonding picture
we describe at the Fermi level.(72)

Use of a van-der-Waals correction via the PBE-D3 formalism (D3 damping parameters for PW91
are not yet available) was found to have no effect on band structures or energy differences,
additionally showing expected matching between the PW91 and PBE GGA functionals. Despite
the fact that LaBs and YBe are metals and expected to be highly delocalized, the possible
localization of 4f electrons in LaBes was assessed through use of a 5 eV Hubbard U correction(73)
on these orbitals applied in the rotationally invariant scheme of Dudarev et. al.(74) This correction
was found to change band shape (Figure S6 in the supporting information) but not the atomic
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orbital character of the frontier orbitals of LaBs or its phonon dispersion. Unit cells, in good
agreement with experimental lattice constants, were obtained from the Materials Project
database(75) and their atoms’ geometries were optimized in VASP to minimize forces (details
below).

All DFT calculations were initially performed with the inclusion of self-consistent spin-orbit
coupling (SOC) within the PAW sphere, but this was found to have no effect on the properties of
interest in this study: Kohn-Sham orbital shape (assessed via real space projection of large and
small spinor components), unit cell geometry and dimension, density of states (DOS), and band
topology (including with the frozen phonon and its induced crossing of states in YBs). Specifically
for DOS and band topology, no bands were inverted due to the addition of SOC, nor were
relevant band degeneracies broken (Figure S7). Scalar relativistic effects remain included within
the projector-augmented wave (PAW) (76) pseudopotentials of VASP. All DFT calculations were
spin-unrestricted, but with the exception of extreme bond stretching at which static correlation
increases and DFT begins to break down, spin-up and spin-down components were always
identical. A plane-wave kinetic energy cutoff of 600 eV was used, and PAW charge densities
were mixed up to angular momentum quantum number 6. Electronic energy self-consistency was
enforced up to 10 eV, and all-force-norm self consistency in geometry optimization was
enforced up to 10 eV/A.

Unfortunately, any changes in band structure due to post-DFT electron correlation (band
renormalization) proved too computationally expensive to compute within the GoWo
approximation, which does not require choice of Hubbard parameters as in DFT+U. Electron
correlation has been shown to be crucial to properties of localized, non-conducting metal
hexaborides deeper in the 4f block(6, 9), but can be considered negligible for the itinerant
electronic structure of YBes and LaBs. This is also consistent with our benchmarking showing no
need for a van-der-Waals correction and the minimal effects of localizing 4f orbitals with a
Hubbard correction.

With the exception of density functional perturbation theory (DFPT) calculations requiring a 3x3x3
supercell for phonon spectra, VASP calculations were all performed using a mesh of 21x21x21 k-
points using the Monkhorst-Pack scheme. This number of k-points was required for geometry
optimization to ensure no presence of imaginary phonons. For DFPT calculations, the supercell
size permitted 1/3 the k-points in each direction, i.e. 7x7x7. Fermi smearing of small width, 0.05
eV, was used in all calculations, with energies taken in the limit of zero smearing. Band structure
calculations were performed with additional grid support (ADDGRID = T), and densities of states
(DOS) were evaluated on 4,000 grid points. Pressure was applied to unit cells via the PSTRESS
tag in VASP (minding units), and unit cells were stretched with scaled atomic distances using the
Atomic Simulation Environment.(77, 78)

Band and k-point resolved electron-phonon coupling magnitudes, directly proportional to phonon
linewidths (taken at the fourth smearing number), were computed using Quantum Espresso(79,
80) via the same DFT parameters as in VASP and overlaid onto phonon dispersion plots. A
tutorial for this procedure can be found here: https://qitlab.com/QEF/q-e/-
[tree/develop/PHonon/examples/example03. Phonon modes were determined using the Phonopy
software(81, 82) and visualized using phononwebsite
(henriquemiranda.github.io/phononwebsite/phonon.html). Kohn-Sham molecular orbitals and
spinors (in the case of SOC benchmarking) were plotted using the WAVECARplot(83, 84) and
WaveTransPlot(85) scripts and visualized using VESTA.(86—88) Phonon modes were added to
VESTA-visualized unit cell files using the VaspVib2XSF script
(https://github.com/QijingZheng/VaspVib2XSF). Electronic and phonon bands, including projected
densities of states (PDOS), were plotted using the SUMO code.(89)
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Figure 1. Phonon dispersions of YBe (a) and LaBe (b). ¢) Visualizations of the lowest energy
phonons responsible for superconductivity at the " point in YBe and LaBs: phonons 13-15. White

22



atoms represent the metal; green atoms are boron. The topmost structure, with no phonon mode
arrows, represents the equilibrium geometry. d) Effect of the three phonons applied to YBes on
degeneracy splittings at the Fermi level. e) Effect of the three phonons applied to LaBs on
degeneracy splittings at the Fermi level.
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Figure 2. Frontier orbitals of YBs (a) and LaBs (b). For each material, HOMO are shown in the
lower row and LUMO in the upper row. Grey atoms are yttrium, blue atoms are lanthanum, and
green atoms are boron. Isovalues were chosen to show the bonds reflected in the PDOS and are
approximately 0.03 for o-bonds and 0.15 for -bonds. Due to the difference in localized o-bonds
versus delocalized 11-bonds, the same isovalue could not be used for both. Lattice vectors are
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shown to the left of each orbital and the degeneracy is shown by 2x or 3x on the HOMO/LUMO
label.
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Phonon-induced crossing

Figure 3. a) One of two YBs (left) and LaBs (right) HOMO, showing how their shapes lead to
more (YBs) or less (LaBes) EPC. b) Qualitative picture of orbital degeneracy breaking with the
frozen phonon in YBs (left) and LaBs (right), noting the ZPE-accessible crossing in YBe.
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Figure 4. a) Equilibrium YBs FS at k- = 0.2. Blue lines show the unit cell FS slice, solid black lines
show the (001) plane of the unit cell BZ, dotted black lines show the (001) plane of a 2x2x1
supercell BZ. Green points denote sites where Fermi nesting occurs with the band folding. An
arrow denotes the direction of the path between I' and M. Bands of interest due to nesting in the
(001) plane are in red. b) Equilibrium YBs FS at k: = 0.3, using the same symbols and coloring as
(a). c) FS at kz = 0.4 of a 2x2x2 supercell at equilibrium. d) FS at k’z = 0.4 of a 2x2x2 supercell
with frozen phonon 15 applied, showing that the red bands of interest now have broken
degeneracies. The extra bands in gray are due to the folding in k-.

27



/N

A \NGpv2 \ N
YV
| O
ANV \ N
<Y

L\
Y
\
A\

N 7

NS4 A=y, L vy R W W SW
LN Z NI/ a0k AV e 0
LI ’ | /

(c)

-
2\ NG \\

Figure 5. a) Frozen phonon applied to the supercell at the M (left), X (middle), and R (right)
points. White atoms can be either Y or La. Green atoms are boron. Black squares emphasize the
difference in surroundings of the metal at the M point. b) 1-D “chains” formable by the valence
bands of YBs (left) and LaBs (right). “Chains” are noted with black rectangles. Y atoms are grey,
La atoms are blue, and B atoms are green. c) Dimerization of the YBs lattice under the softened,
lowest energy phonon, with dimers boxed in black. Comparison to (b) shows this occurs in the
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same direction of one of the Y-Y o-bonds, creating EPC in the form of a Peierls-like effect. Y
atoms are grey and B atoms are green.
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Figure 6. Effects of pressure and isotropic stretching on the electronic band structures of YBs
(left) and LaBe (right). The percent stretching indicates that each of the three lattice vectors was
stretched by the given percentage.
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