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Ab initio study of superconducting hexagonal Be,Li under pressure
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Following the recent interest on lithium alloys under pressure, we present first-principles calculations of the
electronic band structure and lattice dynamics for the MgB,-like layered Be,Li at 80 GPa. Under pressure, the
increasing electronic localization reduces the effective dimensionality of Be,Li, showing both two-dimensional
and one-dimensional conducting electronic channels. The numerical results reveal the presence of an ultrasoft
strongly anharmonic B,, phonon mode associated to the atomic buckling in the layers, which shows a high
electron-phonon interaction near the zone center and (besides the moderately coupled E,, in-plane and A;,
interlayer Be modes) is responsible for a predicted superconducting transition around 2.5 K.
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It is well known that physical properties of materials can
be strongly modified by pressure so that it can be effectively
used to tune both structural and electronic properties. Under
compression, not only do complex structures arise but super-
conductivity can also be enhanced.'”> Even simple metals
break conventional wisdom and facilitate the stability of
open structures,> which are driven by the induced aniso-
tropy of the chemical bonding associated to the increasing
electronic hybridization. Furthermore, this correlation be-
tween structural transitions and the increasing electronic
localization'? usually implies a deep modification of the pho-
non spectrum which might enhance the electron-phonon cou-
pling responsible for the superconducting transition,''~!3 thus
posing a challenge to the conventional Matthias’ rule.'

The discovery of MgB, (Ref. 17) probed the success of
light element alloys in order to enhance the superconducting
T.. Actually, its hexagonal layered structure is shared by a
large class of alloys with relatively high superconducting
transition temperatures, such as CaSi,,'® ternary silicides,'*?"
and alkaline-earth intercalated graphites.?'>*> Additionally, as
has been recently observed in CaLi,,?>?* pressure seems to
favor highly anisotropic superconducting structures when
light elements are alloyed. Furthermore, Feng et al.® re-
cently predicted that, although at normal conditions Li and
Be are immiscible, under pressure Be,Li adopts a MgB,-like
structure with P6/mmm symmetry.”> As shown in Fig. 1,
similarly to MgB,, its lattice is formed by alternate graphene
layers of Be and Li atoms®®?’ that are intercalated with Be
atoms sitting at the center of each underlying hexagon. Con-
sidering that the high 7, in MgB, (Ref. 17) is related to the
giant anharmonicity of the E,, in-plane phonons, which are
associated to the coexistence of large electron-phonon cou-
pling and small Fermi energies,?® it is sensible to wonder
whether such features also arise for the hexagonal Be,Li.
Additionally, as Be,Li combines the two lightest metallic
atoms, it is expected to have a high Debye temperature,
which also might contribute to enhance 7. Although hexago-
nal Be,Li is predicted to be thermodynamically favored
above 15 GPa,? our calculations indicate that just above 70
GPa it becomes dynamically stable. With these consider-
ations in mind, this Brief Report presents an ab initio analy-
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sis of the microscopic properties of the hexagonal Be,Li at
80 GPa in order to identify anomalous features in both vi-
brational and electronic spectra inducing the superconduct-
ing transition.

The electronic properties have been calculated within the
density-functional theory (DFT) (Refs. 29 and 30) frame-
work, while lattice dynamics and the electron-phonon cou-
pling have been computed using density-functional perturba-
tion theory (DFPT) (Ref. 31) as implemented in the
QUANTUM-ESPRESSO (PWSCF) (Ref. 32) package. In order to
approximate the exchange-correlation functional, the local-
density approximation (LDA) within Perdew-Zunger®® pa-
rametrization has been used. Both 1s electrons of Li and Be

FIG. 1. (Color online) From the structural point of view, at high
pressure Be,Li has been predicted (Ref. 25) to be very similar to
MgB,, with alternate graphene layers of Be and Li atoms interca-
lated with Be atoms sitting at the center of each underlying hexagon
with P6/mmm symmetry. The cell parameters of the relaxed struc-
ture at 80 GPa are a=b=3.133 57 and ¢=3.893 50 A. Although
predicted to be thermodynamically favored above 15 GPa, it be-
comes dynamically stable above 70 GPa.
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FIG. 2. (Color online) Band structure and decomposed DOS of
hexagonal Be,Li at 80 GPa. Fermi level is depicted with a dashed
line. In spite of the applied high pressure, the band structure shows
highly anisotropic features mainly induced by its layered atomic
geometry, which are almost unaffected by pressure. Both 1D- and
2D-like bands are distinguished, which is also confirmed in the
DOS, where a 1D-like smoothened singularity and 2D steplike con-
tributions can be observed.

are treated as core electrons by the norm-conserving pseudo-
potentials that include nonlinear core corrections. The de-
sired convergence for the used plane-wave basis has been
achieved with a 34 Ry cutoff. The phonon-dispersion curves
have been calculated from the interatomic force-constant
(IFC) matrix, which has been Fourier interpolated from a 4
X4 X4 grid after its convergence has been checked by per-
forming a denser interpolation on a 6 X 6 X 6 grid. In order to
integrate over the Brillouin zone (BZ), a I'-centered 20
X 20X 20 mesh®* has been enough to reach convergence for
most calculations. On the contrary, converging the double
delta needed for the electron-phonon interaction coefficients
has required a finer 60X 60X 60 grid. Calculations have
been performed after a full cell relaxation.

Similar to MgB,, the layered structure of Be,Li favors the
electronic localization in the atomic planes. As appreciated in
Fig. 2, its electronic bands also reflect the anisotropy of the
structure and, interestingly, address contributions to conduc-
tivity coming from the interplay of two-dimensional (2D)
and even one-dimensional (1D) electronic features. Some
bands are quasi-2D, being free-electron-like in the layers and
almost flat along its perpendicular direction (I"-A), which is
also confirmed by the electronic density of states (DOS)
which shows the characteristic steplike feature associated to
2D systems. Additionally, at around 2 eV below the Fermi
level the presence of a 1D-like band is also remarkable,
which is highly dispersive and parabolic along I'-A but be-
comes almost flat in the I'-M-K plane. This band explains the
large peak in the DOS at 2 eV below the Fermi level, corre-
sponding to a smoothened 1D-like singularity. As confirmed
by the observed peaks in the decomposed DOS (Fig. 2) of
p-like states associated to Li and interlayer Be, this 1D con-
duction channel is mainly related to the electrons localized at
the center of the hexagons in the Li layers that conduct along
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FIG. 3. (Color online) The Fermi surface of Be,Li at 80 GPa is
made of four distinctive sheets and evidences the interplay of 2D
and even 1D electronic features. Note the effects of anticrossing.
Meanwhile, the intersection between the two cylinders is depicted
with color change.

its perpendicular direction through interlayer Be atoms. Al-
though electrons moving in Be planes are free-electron-like,
with a maximum electronic localization® value of 0.7, the
electron localization function (ELF) reaches 0.9 at the center
of Li hexagons, confirming the strong electronic localization
in the Li planes. This difference can be associated to their
different atomic radius. Since the Li atomic radius is larger
than the Be one, as pressure is raised, Li cores start to over-
lap expelling the electrons in the plane into the center of the
hexagons. In order to characterize the effect of these inter-
layer Be atoms, the band structure has been recalculated,
removing them but keeping the same structure. Analyzing
differences in the charge density, we conclude that a large
amount of the electronic charge associated to interlayer Be
goes to the center of both surrounding planes, but the most
striking feature is that by removing interlayer Be atoms the
flat 1D band is no longer occupied and the above-mentioned
electronic localization completely disappears, confirming the
main role of interlayer Be atoms favoring the occupation of
this 1D conduction channel. This feature is in stark contrast
to MgB,, where the interplanar Mg atom is completely
ionized, just acting as a reservoir of charge for the B planes
without playing any important role, so that this 1D band
becomes completely unoccupied, decreasing the Fermi en-
ergy of the holes in o bands.

As shown in Fig. 3, the above-mentioned main features
also characterize its Fermi surface, which is made of four
distinctive bands. A flattened region perpendicular to I'-A
evidences 1D electronic behavior and, similar to the Fermi
surface of MgB,,3” two cylinders that are aligned along I'-A
and associated to the 2D o-like bands are observed. A thor-
ough symmetry analysis reveals that the first cylinder and
flattened band share the same symmetry so that anticrossing
occurs between them. Considering that the second cylinder
has different symmetry, it intersects the other sheet. This
analysis reinforces the idea of 1D behavior, which is absent
in MgB,. Finally, another quasicylindrical sheet (on blue)
along K-H, linked with electronic states that are mainly lo-
calized in the atomic planes, is also appreciated.

Considering the structural similarities of Be,Li with
MgB,, it is sensible to wonder if they also have similar lat-
tice dynamics and electron-phonon coupling (see Fig. 4). In

172501-2



BRIEF REPORTS

M)
e
<01 02 03 oy

N

v
f

i

—.. 0 Flo)/o
_. PDOS

T A H o’F(w)/o, PDOS

FIG. 4. (Color online) (Left panel) The calculated phonon dis-
persion of Be,Li at 80 GPa. The area of each circle is proportional
to the partial electron-phonon coupling, Ay,. The usual electron-
phonon parameter, \, is 4,Aq,. (Right panel) The phonon spectral
function @’F(w)/w and the electron-phonon integral, A\(w)
=2[¢a*F(0')/ 0'dw’, are compared to the PDOS.

MgB, the E,, mode softens at I', which is very strongly
coupled to the planar B o bands. Its high anharmonicity is
directly related to the large electron-phonon coupling.?® The
unit cell of Be,Li includes one hexagonal layer for each atom
type; therefore, it shows two Ey, modes: one associated to
atomic stretching in Be planes with =970 cm™' at I and
another one corresponding to Li layers with 822 c¢cm™'. This
frequency difference indicates that the atomic repulsion is
higher in Be planes. Contrary to MgB,, both modes are
highly harmonic with an almost flat dispersion. Fitting the
energy, as a function of the displacement of the atoms ac-
cording to these modes, to E(u)=au’+bu*, the obtained an-
harmonic ratio b/a” for the Be E,, mode is 0.04 eV~!, while
for Li E,, reaches 0.01, which is both negligible compared to
MgB,, with an anharmonic ratio of about 8. In order to char-
acterize this difference we have analyzed the modification in
the electronic bands when the lattice is distorted according to
these E,, modes. As shown in Fig. 5(a), these distortions
split the o-like bands but, contrary to MgB,, this is not
enough to fully drop any of them below the Fermi energy.
Therefore, typical atomic displacements (according to the
E,, modes) do not increase the DOS at the Fermi level as
much as in MgB,, and their associated electron-phonon cou-
pling is not so high. Although among the E,, modes the one
associated to Be planes has the largest partial electron-
phonon interaction, the almost degenerate A,, mode with @
=968 cm™! at I presents an even larger Agp- This mode in-
volves a motion of the interlayer Be atoms along z. Consid-
ering lattice distortions according to the A;, mode, main
modifications in the band structure are observed when inter-
layer Be atoms approach Be planes [Fig. 5(b)]: the o-like
band drops below the Fermi energy just at I', although not
along the whole T'-A line. Its anharmonic ratio is 0.14 eV~
In contrast to Be,Li, in MgB, the 1D-like conduction chan-
nel is completely unoccupied and the electronic interaction
with Mg atoms is small, so that this mode becomes ineffi-
cient.
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FIG. 5. Band structure of Be,Li at 80 GPa when the lattice is
distorted according to (a) Be E,, mode along A-I'-M, (b) A;, mode
with the atoms displaced toward the Be plane along A-I'-M, and (c)
B, mode along I'-M-K. Tl}e considered atomic displacements
range between 0.16 and 0.2 A.

Even more interestingly, in Fig. 4, it is clearly appreciated
that the largest partial electron-phonon coupling is associated
to the ultrasoft optical mode of B,, symmetry with 34 cm™!
at I", which consists of a zig-zag out-of-plane motion of the
atoms in both Li and Be planes. Fitting the energy as a func-
tion of atomic displacement for this mode shows a giant
anharmonic ratio of 44 eV~!, and below 70 GPa it becomes
unstable around I, favoring the corrugation in both atomic
layers. Actually, the observed softening and anharmonic be-
havior of this mode is directly related to the coupling be-
tween simultaneous atomic displacements in both Li and Be
planes as it becomes harmonic when distortions of different
planes are independently considered. As shown in Fig. 5(c),
typical distortions according to the B,, mode increase the
dispersion in the 1D channel, so that the band gap is consid-
erably decreased at M, increasing the DOS that induces the
observed anharmonicity and softening. Interestingly, a very
similar strongly coupled soft mode has been proposed in
other structurally related compounds, such as CaAlSi (Refs.
38 and 39) and compressed CaSi,,*” as being responsible for
their relatively high superconducting transition temperatures
at 7.8 and 14 K, respectively. Actually, recent experiments on
CaAlSi (Ref. 41) have confirmed this picture.

In the right panel of Fig. 4 the calculated Eliashberg func-
tion &’F(w) divided by w is compared to the phonon density
of states (PDOS). Deltalike peaks around 970 cm™' in both
the spectral function and the PDOS are a direct consequence
of the relevant phonon linewidth, 7y,, of the Einstein-type
Ay, and Be E,, modes: 5.3 and 2.8 meV at I', respectively.
However, at low frequencies the spectral function becomes
uncorrelated with the PDOS, and the main contribution is
associated to the soft phonon. Although its phonon linewidth
is not high [0.2 meV at I' and similar to the measured line-
width of the soft mode in superconducting CaAlSi (Ref. 41)],
the low frequency of this soft mode enhances its coupling to
the electronic system, A,,, and favors the superconducting
transition. The total \ of Be,Li at 80 GPa obtained from the

172501-3



BRIEF REPORTS

computed isotropic Eliashberg function is 0.41. Using the
McMillan*? expression for 7. with the calculated logarithmic
average frequency of 512 K and assuming u*=0.1, we ob-
tain 7,=2.5 K.

In conclusion, contrary to MgB,, where superconductivity
is driven by the strongly coupled high-energy phonon mode,
but similar to CaAlSi (Refs. 38 and 39) and compressed
CaSi,,* the predicted superconducting transition in Be,Li is
mainly originated by pressure-induced structural instability,
leading to the presence of a soft mode related to the atomic
planar buckling. Furthermore, considering the electronic and
dynamic features of Be,Li at 80 GPa analyzed above, both
anharmonic corrections?®*3 associated to the soft mode and
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the anisotropic* framework associated to Eliashberg theory
are expected to enhance the predicted T..
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