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Complexity and Fermi surface deformation in compressed lithium
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Recently reported structural complexity and enhanced temperature superconducting transitions in lithium
under pressure have increased the interest in light alkalies, otherwise considered as simple and well-known
systems under normal conditions. Here we present an analysis of the pressure-induced Fermi surface defor-
mation in lithium and its relation to the observed complexity. According to our calculations, the Fermi surface
becomes increasingly anisotropic with pressure and at 8 GPa contacts the Brillouin zone boundary inducing a
Hume-Rothery mechanism explaining the bce-fee transition. Around 30 GPa increasing cooper-like necks and
an extended nesting are observed in the Fermi surface in the fcc phase, enhancing the electronic susceptibility
response function and inducing a strong phonon softening. This softening, besides preluding the transition to
complex structures and providing a better understanding of the observed superconductivity, is expected to
induce other yet unexplored anomalies in compressed lithium.
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Light alkali metals have usually been considered as
simple metals due to their monovalency, high conductivity,
and crystallization in high-symmetric structures. Under nor-
mal conditions the interaction between valence electrons and
ionic cores is weak in these elements and the simple nearly
free electron (NFE) model has been considered a good ap-
proximation to analyze their properties,' which can be easily
checked by their almost spherical Fermi surfaces (FS’s). At
normal conditions of pressure and temperature, lithium
adopts a bec structure, and at around 8 GPa the compact fcc
phase starts to be favored. However, recently both theoretical
and experimental results have radically changed our picture
of the alkali metals as simple systems, as phase transitions to
complex and low-coordinated structures have been reported
to emerge.> A recent x-ray analysis® revealed that lithium
undergoes a fcc to a rombohedral #R1 transition at 39 GPa
and a hRI1 to cI16 (with 16 atoms per unit cell) at 41 GPa.
Complex structural transitions under pressure are not unique
in lithium, but have been predicted and observed in heavier
alkali metals as well.>"!' Surprisingly, recent experiments
have shown that, despite the increasing resistivity with
pressure,'>!3 lithium superconducts at around 20 K when the
applied pressure rises to 30 GPa,'#"'® becoming the highest
superconducting transition temperature between simple
elements.'” It is noteworthy that experiments looking for su-
perconductivity in lithium under ambient pressure have
failed,'® which even has raised interest in characterizing the
physical properties of compressed lithium.

In this article we present the evolution of the Fermi sur-
face topology in lithium under pressure as a key ingredient
determining the modification of its physical properties. We
find that increasing pressure leads to a strong anisotropic
deformation of its Fermi surface.'” Among other features dis-
cussed below, at 8 GPa it touches the Brillouin zone (BZ)
boundary so that a Hume-Rothery mechanism can explain
the observed bce-fec transition. At around 30 GPa an ex-
tended nesting develops along the fcc I'W direction which
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profoundly modifies its electronic properties. As a result of
the high number of electronic states coupled by the nesting
momentum, the static electronic response changes and in-
duces a phonon softening, which increases the electron-
phonon interaction needed to understand?*-?? the observed
high superconducting transition temperature.

In order to analyze the electronic properties of lithium
under pressure we have used a plane-wave implementation
of density functional theory (DFT) within the local density
approximation (LDA), as implemented in the Vienna ab ini-
tio simulation package (VASP).?3?* Although at high pressure
an important core overlap is observed, we have checked that
the projector augmented-wave (PAW) approximation,?
which fully treats all the electrons, and ultrasoft
pseudopotentials?® give similar results. Figures of three-
dimensional Fermi surfaces have been generated by
XCRYSDEN?’ and phonon frequencies have been computed
with density functional perturbation theory (DFPT), as
implemented in the plane-wave self-consistent field
(PWSCF) code.?® Convergence is achieved with a
Monkhorst-Pack mesh of 20X 20X 20 and an energy cutoff
of 430 eV.

An essential feature determining electronic properties of
any metal is the topology of the Fermi surface. Figure 1
shows the Fermi surface of lithium at three selected pres-
sures. As a result of the increasing nonlocal character of the
pseudopotential,?>3 a significant s—p mixing is induced and
its spheroidal free-electron-like shape at normal conditions
deforms significantly under compression. Although at equi-
librium there is no BZ-FS contact, at 8 GPa the FS starts
touching the BZ at the N point. This fact leads to the ob-
served bcee-fee structural transition, which can be understood
via the so-called Hume-Rothery effect. The interaction be-
tween the BZ boundary and the FS develops extended necks
along the fcc I'L direction where a pseudogap opens and,
therefore, reduces the overall electronic energy. Figure 2
shows the phonon frequencies of bcc lithium at equilibrium
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and 8 GPa. While phonon frequencies of longitudinal modes
monotonically increase with pressure, when pressure is in-
creased to 8 GPa the whole 7| branch becomes unstable
along the I'N direction and the tetragonal shear elastic con-
stant becomes negative. Actually, at this pressure the bcc
phase also has a higher enthalpy than the fcc one, which
makes the bcc structure both dynamically and thermody-
namically unstable and explains the experimentally observed
bee-fee structural transition.
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FIG. 2. Phonon frequencies of becc lithium at equilibrium and
P=8 GPa. L and T label longitudinal and transverse modes, respec-
tively. It is remarkable that at P=8 GPa the whole 7'} branch be-
comes unstable along the I'N direction.
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FIG. 1. (Color) Fermi surface
of bec lithium at (a) equilibrium
and (b) P=8 GPa and fcc at (c)
P=30 GPa. The spheroidal Fermi
surface at equilibrium becomes in-
creasingly distorted under pres-
sure and at 8 GPa, corresponding
to the experimentally observed
bee-fee  transition, contacts the
Brillouin zone boundary at the bec
N point. At P=30 GPa the Fermi
surface of fcc lithium shows in-
creasing cooper-like necks along
I'L and, more interestingly, devel-
ops an extended nesting along
several directions, which becomes
the origin of profound modifica-
tions on its physical properties.

At around 30 GPa in the fcc phase an extended nesting on
the Fermi surface along different directions is observed. Fig-
ure 3 displays several Fermi surface cross sections at
30 GPa. Although the cross section along the I'KX plane
shows an almost perfect circle, it becomes highly distorted in
the I'KL and I'WX planes, with necks along I'L and a well-
defined nesting in the 'K and I'W directions. A very similar
distortion has also been predicted in a compressed lithium
monolayer,5 where the free-electron-like circular Fermi line
at equilibrium surprisingly becomes a perfect square under
pressure, as corresponds to a half-filled tight-binding-like
model appropriate to describe localized electronic states.

In order to analyze the influence of this nesting on its
physical properties, we have calculated diagonal contribu-
tions to the ab initio static electronic susceptibility matrix of
the noninteracting electron system:

BZ
1 fn _fn’ + .
@)= 2 e )
k ’

! Enk T En'k+q

X <¢n’k+q|eiq'r|wnk>- (1)

Here k is wave vector in the first BZ, f,, represents the
Fermi-Dirac distribution function, ) is the normalization
volume, and if k+q lies outside the first BZ, it is translated
back in by addition of the appropiate reciprocal-lattice vec-
tor. The first summation in Eq. (1) was performed with the
use of 96X96X96 k mesh, which correspond to 442 368
points in the BZ. The second sum runs over the occupied and
all unoccupied valence bands up to an energy of 50 eV
above Fermi level.
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FIG. 3. Fermi surface cross sections (solid lines) of fcc lithium at 30 GPa along the (a) 'KX (100), (b) 'KL (110), and (c) 'WX (210)
planes. The Brillouin zone boundary is represented by dotted lines. The cross section along the I'KX plane shows an almost perfect circle
whereas in both the I'KL and I'WX planes present a clear nesting in the I'K and I'W directions, respectively.

Although it has been previously reported'®?!:?? that the
nesting along the I'K direction has the strongest influence,
we have not seen any special feature on the static suscepti-
bility along this direction. However, an interesting kink
emerges at (,.=27/a(4/3,2/3,0) (=2kg) corresponding to
the observed nesting along I'W [see Fig. 3(c)]. Although this
nesting in the I'WX plane also emerges at lower pressures,
for elevated pressure the nesting is extended to parallel
planes as well, growing the nested Fermi surface area. There-
fore, as can be seen in the evolution under pressure of the
peak in the electronic susceptibily [Fig. 4(b)], the number of
electronic states coupled by the nesting momentum vector
increases under pressure.

Figure 5 displays the phonon frequencies of fcc lithium
along some high-symmetry directions at two selected pres-
sures, 10 and 30 GPa. While longitudinal phonon frequen-
cies increase with pressure, a remarkable softening is ob-
served in the lowest transverse mode (7), especially along
'K where it becomes unstable at q;,=27/a(-2/3,2/3,0).
Interestingly, this instability is connected to the kink in
the electronic susceptibility at .. In order to compare
both momenta we have to take into account that q,., extends
out from the first BZ, which after folding back with
G=2m/a(-2,0,0) results in being Qins> Yinst=Gnest+ G- How-
ever, experiments show that fcc lithium is stable up to around
40 GPa, indicating that, despite the softening, the observed

instability within the harmonic approximation could be sta-
bilized to even higher pressures by anharmonic effects. This
softening induced by a strong electron-phonon interaction
corresponding to the Kohn anomaly associated with the nest-
ing in the FS, besides preceding the transition to complex
structures, provides a better understanding of the supercon-
ducting transition?*2? observed in this pressure range. It is
also interesting to remark that according to Fig. 4(a) the
screening corresponding to the ab initio calculation becomes
lower than in the free electron approximation. Therefore,
band structure effects are expected to increase the repulsive
character of the Coulomb pseudopotential " needed to
evaluate T,. The principal reason for this difference corre-
sponds to the lowering under pressure of the occupied
bandwidth?3? and the opening of a pseudogap at N (necks in
the FS). Both features are associated with the increasing non-
local effects®® under pressure and will increase the energy
difference between occupied and unoccupied electronic
states in the denominator of Eq. (1) and, therefore, decrease
the screening contribution under pressure.

In conclusion, we have performed ab initio calculations of
the Fermi surface deformation with increasing pressure in
bulk lithium. Although the nearly free electron model cor-
rectly describes the properties of lithium at normal condi-
tions, it loses its validity as the electronic density increases.
As a result of the increasing nonlocal character of the
pseudopotential, the Fermi surface of bcc lithium becomes
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FIG. 4. (a) Static ab initio susceptibility along
I'K (dashed line) and I'W (solid line) directions at
P=30 GPa and (dash-dotted line) the free elec-
tron approximation (Lindhard function) calcu-
lated with the ab initio effective mass m”=2m,.
- For clarity, the locations of W and K points in the
BZ are shown in the figure and, although no spe-
cial feature is seen along I'K, a kink emerges
along I'W at the nesting momentum (q,,.), which
extends out from the first BZ. Band effects are
shown to decrease the electronic screening com-

‘ pared to the free electron approximation. (b) The

A evolution under pressure of the kink observed in
the ab initio susceptibility along the T'W
direction.
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FIG. 5. Phonon frequencies of fcc lithium at P=10 GPa and
P=30 GPa. Besides the general softening of the transverse T}
branch, the well-defined instability of the 7 branch along I'K with
the momentum connected to the kink in the electronic susceptibility
is remarkable, which is associated with the nesting observed in the
Fermi surface.

highly anisotropic under pressure and at 8 GPa starts touch-
ing the BZ at the bce N point, which allows us to explain the
observed bcce-fee transition via a Hume-Rothery mechanism.
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Furthermore, as a result of the increasing electronic localiza-
tion, at 30 GPa the Fermi surface of fcc lithium even shows
an extended nesting along the I'W direction which modifies
its electronic properties and induces a phonon instability as-
sociated with the nesting. This softening and the anisotropic
deformation of the Fermi surface, besides preceding the tran-
sition to complex structures and providing a better under-
standing of the observed superconducting transition, is ex-
pected to induce other yet unexplored anomalies in
compressed lithium. For example, dropping bands below the
Fermi energy will enhance electronic interband excitations
and, therefore, profoundly modify its dynamic and optical
properties.®! It is noteworthy that we also expect interesting
anomalies in the melting curve of lithium, similar to those
seen in sodium,?? as the observed general softening of trans-
verse phonon modes under pressure might induce a dramatic
lowering of the thermal energy required to melt compressed
lithium.?3
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