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Topological semimetals generally contain heavy elements. Using density-functional theoretic cal-
culations, we predict that three dense lithium polymorphs in the pressure range 200–360 GPa display
nontrivial semimetallic electronic structure. Specifically, these high-pressure phases exhibit Fermi
pockets which are degenerate over a loop in k-space, around which an encircling k-space path is
threaded by ±π Berry phase. Accordingly, these dense lithium phases are topological nodal loop
semimetals involving a single light element.

PACS numbers: 61.50.Ks,62.50.+p

I. INTRODUCTION

Pressure can induce dramatic changes to a material’s
geometric and electronic structures, resulting in highly
complex chemical and physical behavior. At ambient
pressure, the light alkali metals, such as lithium and
sodium, are viewed as simple metals; the nearly-free elec-
tron picture adequately describes their valence electrons.
However, the phase diagrams of Li and Na are riddled
with novel features, which are clearly non-simple1–12.
Lithium, in particular, patently departs from the realm of
simple metals under the application of external pressure

At ambient pressure and temperature, lithium is a
good metal forming a simple and highly symmetric body
centered cubic (bcc) crystal structure. As the pressure
is increased, starting near 40 GPa, it undergoes several
transformations to complex low-symmetry phases. The
structural changes are coupled to counterintuitive mod-
ifications of its electronic properties, which cannot be
explained by a theory based on the nearly-free-electron
approximation. A number of exotic high pressure phe-
nomena ensue, including a metal to semiconductor tran-
sition, reappearance of metallization, superconductiv-
ity, anomalous melting curve, and electride properties
2,6,7,10,13–19.

Clearly, these changes must be accompanied by non-
trivial electronic band structure modifications. Most of
the previous studies on the electronic properties of dense
solid lithium have focused on the metal-to-semiconductor
transition found around 80 GPa pressure20 and on its
superconducting properties from 35 to 48 GPa21–26 and
beyond27. At higher pressures and low temperature, the
research to date has mainly focused on determining the
preferred Li crystal structures14,28. It has been shown
that the high-pressure phases are characterized with the
appearance in the electron band structure of a pseudo-
gap, s-to-p charge transfer, and electride-like localiza-

tion of the conduction electrons in intestitial ionic re-
gions14,19,28–30. However, the possibility for re-appearing
semiconducting behavior or the emergence of states with
non-trivial topology has not been examined in detail.

Topologically non-trivial metals and semimetals have
been the focus of much interest in modern condensed
matter physics research. Their electronic structures ex-
hibit nontrivial band crossings near the Fermi energy,
around which the low-energy excitations behave differ-
ently from the conventional Schrödinger-type fermions.
For example, Weyl and Dirac semimetals host isolated
twofold and fourfold degenerate points, respectively,
with linear energy dispersions. Their electronic excita-
tions are analogous to the relativistic Weyl and Dirac
fermions31–35, making it possible to simulate interest-
ing high-energy physics phenomena in condensed matter
systems36. Most materials studied either consist of bi-
nary compounds of heavy elements, such as Cd3As2

33,
Na3Bi32,34, or are still more complex compounds37. Al-
though some Dirac-like features have been observed in
the band structures of lithium subhydrides under pres-
sure38 and predicted for dense hydrogen surface states39

, topological semimetals involving only a single light ele-
ment are hitherto unknown40.

In this work, we report a first-principles study on the
lightest metallic element, lithium, under high pressure
ranging from 200 to 360 GPa. We focus on the three sta-
ble phases in this pressure range, namely those with space
groups Cmca-24, Cmca-56, and P42/mbc. We find that
in all these phases, high pressure tends to drive the va-
lence electrons to localize in the interstitials of the rather
complex Li networks. We also show that their electronic
structures share some common features. Importantly, all
of these three phases turn out to be topological nodal-
loop semimetals. If the predictions for dense lithium
made here are confirmed by experiments, lithium would
be the simplest and lightest 3D topological nodal-loop
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semimetal material discovered.

II. COMPUTATIONAL METHODS

Full structural optimization, enthalpy, electronic band
structure, and density of states calculations were per-
formed within Density-functional theory (DFT) using
the ABINIT code41 with three-electron Hartwigsen-
Goedeker-Hutter pseudopotential42, and the generalized
gradient approximation parametrized by Perdew, Burke,
and Ernzerhof (GGA-PBE)43. A plane-wave expansion
with a 2700 eV cut off and a k-point grids for self con-
sistent calculations, as large as 10 × 10 × 10, 6 × 6 × 6,
and 16 × 16 × 16 were used for Cmca-24, Cmca-56, and
P42/mbc, respectively. These dense k-point grids are suf-
ficient to ensure convergence for enthalpies to better than
1 meV/atom.

For the rest of the analysis, DFT calculations were
performed using the Vienna ab initio simulation pack-
age (VASP), within GGA-PBE 43,44. The Kohn-Sham
states were expanded in the plane-wave basis set with
a kinetic energy truncation at 900 eV. In self-consistent
calculations, to obtain a converged Brillouin zone sum-
mation, 9× 9× 9, 7× 7× 15, and 9× 9× 9 k grids cen-
tered at the Γ point were applied for Cmca-24, Cmca-
56, and P42/mbc, respectively. To calculate the Fermi
surface at a sufficiently dense k grid but at a relatively
low computation cost, we employ the Wannier interpola-
tion method as implemented in Ref.45. We verified that
the band structures and density of states obtained with
VASP agree with those from Abinit.

III. RESULTS

A. Crystal structure

The relative enthalpies of the Cmca-24, Pbca, Cmca-
56, and P42/mbc structures in the pressure range from 50
to 500 GPa are shown in Fig. 1. These results are consis-
tent with previous calculations11,14,28 and experimental
data10,11. Space group Pbca is a maximal subgroup of
Cmca. As pressure is increased, the parameters of the
optimized Pbca structure (space group no. 61; 24 atom
primitive cell) evolve and by 95 GPa it converges to
Cmca-24 (space group no. 64; 12 atom primitive cell);
see Fig. S15 for X-ray diffraction (XRD) comparison of
the two phases below and above 95 GPa. The Cmca-24
structure (and its equivalent Pbca) remains preferred un-
til 226 GPa in agreement with previous calculations14,28.
Above 226 GPa, Cmca-56 (28 atom primitive cell) has the
lowest enthalpy and remains such until about 320 GPa.
At higher pressure, Cmca-56 becomes unfavourable with
respect to P42/mbc. While there have been some dis-
agreements for the exact transition pressures between
these phases11,14,28,46 they are of little consequence for
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FIG. 1. Enthalpies of the most competitive lithium structure
computed relative to the P42/mbc structure.

the conclusions of the present work. The findings re-
ported in what follows for each structure persist over rel-
atively large pressure ranges. We have therefore selected
a single pressure for each structure, well within their sta-
bility regions, to analyze their electronic properties.

Electronic band structure

The electronic band structures and densities of states
of the three lithium structures were computed at se-
lected pressures within their regions of stability. The
results are shown in Fig. 2. The band structures in all
three phases show similar Dirac-like characteristics and
semimetal behaviour. Specifically, the valence and con-
duction bands touch each other near the Γ, Y , and Z
symmetry points for Cmca-24, Cmca-56, and P42/mbc
phases, respectively. The electronic densities of states of
all three structures are greatly diminished at the Fermi
level, however, remain finite. Since the GGA is known to
underestimate the electronic band gap, we have carried
out hybrid exchange band structures calculations within
the Heyd-Scuseria-Ernzerhof approximation (HSE06) 47

as implemented in VASP 44,48, with otherwise exactly the
same simulation parameters as in the GGA-PBE calcula-
tions. The HSE06 results confirm that the dense lithium
phases retain their semimetal behaviour (see Fig. S6(b)
for the HSE06 band structure of P42/mbc at 360 GPa).

The semimetal behavior can be further illustrated by
Fermi surface plots, as shown in Fig. 3. Here we see
very small Fermi surface patches, which indicates that
the band crossing points are rather near the Fermi level.

In order to better ascertain the nature of the degen-
eracies in these high-pressure lithium phases, we have
constructed Wannier functions for band interpolation49

for these phases. In Fig. 3, we show the Wannier func-
tions of all three phases at selected pressures within their
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FIG. 2. Calculated electronic band structures and density of
states of Li (a) Cmca-24 structure at 200 GPa (b) Cmca-56
at 260 GPa, and (c) P42/mbc at 360 GPa.

stability ranges; these reveal very peculiar localization of
the valence electrons. The Li atoms are depicted as pink
spheres. The isosurfaces of Wannier functions are drawn
as blue-coloured surfaces. For clarity, only one of the
Wannier functions for each structure is drawn in Fig. 3.
It can be clearly seen that the Wannier wave functions are
localized in the interstitials of the rather complex Li net-
works. The strong interstitial localization is again a man-
ifestation the exclusionary effect of ionic cores in com-
pressed phases50.The localization of electrons can also

FIG. 3. 3D illustrations of the Li crystal structure unit cells
and Fermi surfaces. The blue balls are isosurface plots of one
of the Wannier functions which show electron localisation in
the interstitials. (a) Cmca-24 phase at 200 GPa. (b) Cmca-56
at 260 GPa, and (c) P42/mbc at 360 GPa.

be seen through electron localization functions(see Fig.
S10 for details51). As the electrons are localized in the
interstitials, these phases can be thought of as elemental
electrides, Li+e−52

Nodal loops

From the calculated band structures and density of
states shown in Fig. 2, all the three phase are semimetals,
with valence and conduction bands touching at some mo-
menta in the respective Brillouin zones. The degenera-
cies uncovered above may point to topological semimet-
als, such as Dirac or Weyl semimetals. However, it is
noted that the inclusion of spin-orbit coupling in the cal-
culations incur little changes to the band structure, as
expected from the lightness of lithium element. Thus, if
these degeneracies assumed Dirac-type linear dispersion,
these electronic structure would be Weyl semimetals. On
the other hand, the presence time-reversal and inversion
symmetry in all three phases precludes such possibility,
as at least one of the two symmetries must be broken in
a Weyl semimetal. These analyses then leave us with the
interesting possibility of nodal line semimetals.

Therefore, it is essential to scrutinize the band cross-
ings in detail, which is made possible by expedient band
interpolation via Wannier functions. We plot the disper-
sions of valence and conduction bands in 2-dimensional
k-planes and along lines in the k space. The results are
shown in Fig. 4. It can be clearly seen that for the Cmca-
24 phase there are two Dirac-like points along the b3
axis, located at k = (0, 0,±0.13) (see Fig. 5(a)) about
50 meV above the Fermi level. Meanwhile, the energy
dispersions in the ky = 0 plane (Fig. 4(b)) exhibit four
Dirac-like cones, indicating extra degeneracies. Actually,
there are two nodal loops in the kz = 0 and kx = −ky
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FIG. 4. Calculated valence and conduction energy bands
along (a) kx = ky = 0 for the Cmca-24 phase at 200 GPa, (c)
kx = ky = 0.5 for Cmca-56 at 260 GPa, and (e) ky = 0, kz =
0.5 for P42/mbc at 360 GPa. (b), (d), and (f) are energy
dispersion surfaces in the ky = 0 plane for the Cmca-24, ky =
0.5 for Cmca-56, and kz = 0.5 for P42/mbc, respectively.

planes where valence and conduction bands cross each
other (See Fig. 5(a) and Fig. S851). The situation for the
Cmca-56 phase is similar to that in Cmca-24. There are
two Dirac-like points located at the boundary of the Bril-
louin zone with k = (0.5, 0.5,±0.12) (Fig. 5(b)), almost
on the Fermi level, as shown in Fig. 4(c). The degener-
ate nodal loops are located in the kz = 0 and kx = −ky
planes (see Fig. 5(b) and Fig. S951). The center of the
nodal loops shift to the boundary of the Brillouin zone
(Y). The P42/mbc phase, however, is slightly different.
There are two degenerate nodal loops in the kx = 0 and
ky = 0 planes (see Fig. 5(c) and Fig. S10 for details51).
The center of the nodal loops is located at the boundary
of the Brillouin zone (Z). The crossing points between
the nodal loops and the kz = 0.5 plane are (±0.13, 0, 0.5)
and (0,±0.13, 0.5), as shown in Fig. 4(e). The locations
of the degenerate nodal loops within the Brillouin zone
of each structure are shown in Fig. 5.

The nodal loops in all these phases are protected by
either the PT symmetry or the glide mirror symmetries.
Without spin-orbit coupling, the existence of nodal loop
C under PT symmetry requires that the Berry phase for
any closed path ` encircling the loop C is ±π53. We pick
four k-points encircling the candidate nodal lines and
compute the Berry phase by summing the Berry connec-
tions, as depicted in Fig. 5(d). The Berry phase is given

FIG. 5. Brillouin zones, degenerate nodal loops (magenta
curves) for the Cmca-24 (a), Cmca-56 (b), and P42/mbc (c)
phases. High symmetry points are denoted by green points.
(d) An example of the closed path ` (blue rectangle) that
encircles the nodal loop C (magenta loop).

by

γ` =
∑

n∈occ.

∮
`

〈un(k)|i∇kun(k)〉dk,

=− tr Im logψ†1ψ2ψ
†
2ψ3ψ

†
3ψ4ψ

†
4ψ1 (1)

where |un(k)〉 is the periodic part of the Bloch eigen-
states and the summation is over all occupied states.
The second equality is used in numerical evalua-
tion of the spinless Berry phase, in which ψi =
(|u1(ki)〉, |u2(ki)〉, ..., |uM (ki)〉), M is the number of oc-
cupied states. A nontrivial Berry phase will protect the
nodal loop against weak perturbations from gap open-
ing. According to our numerical calculations based on
tight binding Hamiltonians, all these three phases yield
nontrivial Berry phases (±π) for closed paths encircling
the nodal loops. The presence of glide mirror symmetries
will further pin the nodal loops to corresponding planes
in the momentum space, as specified in Fig. 5.

To further examine and characterize the nature of the
degeneracies in these high-pressure lithium phases, we
construct and analyze an effective k·p Hamiltonian. Here
we take the tetragonal phase (P42/mbc) as an example.
We construct a two band model for the valence and con-
duction bands. To capture the degenerate nodal loops
we expand the Hamiltonian at the Z = (0, 0, 1/2) point
of the Brillouin zone. Considering the C2(z) symmetry,



5

TABLE I.

Fitted parameters for the k · p Hamiltonian for P42/mbc
phase in Eq. (2) in units of eV.

a0 b0 c0 d0 e0 f

0.053 0.002 -5.106 -4.921 -11.210 -89.398

a3 b3 c3 d3 e3

-0.317 -0.210 18.082 18.531 81.830

we let k̃z ≡ kz − 0.5, and the Hamiltonian is written as:

H(k) =

3∑
i=0

hiσ
i, (2)

where σi are Pauli matrices, and hi are quadratic func-
tions of k determined by the symmetry of Z, i = 0, 1, 2, 3.

Specifically, h2 = 0, hi = ai +bik̃z +cik
2
x +dik

2
y +eik̃2z for

i = 0 and 3, and h1(kx, ky, k̃z) = fkxky. The eigenvalues
of Eq. (2) are given by:

ε±(k) = h0 ±
√
h21 + h23. (3)

It can be clearly seen that the valence and conduction
bands will touch each other provided that h1 = h3 = 0.
In the kz = 0.5 plane, this corresponds to four crossing
points along the b1 and b2 directions, i.e., (q1, 0, 0.5) and
(0, q2, 0.5), where q21 = −a3/c3 and q22 = −a3/d3. In
the kx = 0 and ky = 0 planes, this corresponds to two
degenerate nodal loops. The nodal loops are described by

elliptic equations. These are d3k
2
y + e3k̃2z + b3k̃z + a3 = 0

in the kx = 0 plane and c3k
2
x + e3k̃2z + b3k̃z + a3 = 0 in

ky = 0 plane.
The model parameters are fitted from first-principles

results and listed in Table I. The locations of cross-
ing points determined by our effective Hamiltonian are
(±0.13, 0, 0.5) and (0,±0.13, 0.5), which are consistent
with our previous observation.

The existence of nodal loops can be further confirmed
by symmetry analysis again. Take the kx = 0 plane as
an example, the nodal loop can be viewed from both the
3D energy dispersion (Fig. 6(a)) and the 2D Brillouin
plane (Fig. 6(b)). The calculated eigenvalues of the c-
glide plane are shown in Fig. 6(b). As the areas divided
by the nodal loop (magenta) possess opposite eigenvalues
with respect to c-glide plane with the area outside the
nodal loop (blue), there must be band crossings on the
boundary. This necessarily leads to degeneracy along
nodal lines, which in this case are closed loops.

It should be remarked that recently developed topo-
logical quantum chemistry links the crystal symmetries
of a given material with its topological properties54. Our
further calculations based on this theory show that the
electronic bands of these phases do not satisfy the com-
patibility relations, thus they are indeed to be classified

FIG. 6. (a) Energy dispersion of P42/mbc phase at kx = 0
plane. The nodal loop is depicted by magenta line and dashed
line. (b) Eigenvalues of the symmetry operation c-glide plane
at kx = 0 plane.

as topological semimetals55,56. Interestingly, although
the spin-orbit coupling is rather small for light elements
such as lithium, the spin-orbit effects will open small
gaps (∼ meV) for the Cmca-24 and Cmca-56 phases and
turn them into 3-dimensional strong topological insu-
lators, while the P42/mbc phase remains a topological
semimetal.

CONCLUSIONS

In computations on elemental Li at intermediate pres-
sures of 200-360 GPa we find an electronic structure char-
acteristic of a semimetal, with a low but non-vanishing
density of states at the Fermi level. Detailed examination
of the three competitive structural types in this region
shows nodal loops in the band structure of each, cen-
tered at the Brillouin zones or at the boundaries of the
Brillouin zones. The energies of these nodal loops are
near the Fermi level. All these features can be charac-
terized by k ·p effective Hamiltonians constructed by us,
based on symmetry analysis of the systems. In this pres-
sure range elemental Li is computed to be a topological
nodal-loop semimetal.

Nodal-loop semimetals have been predicted to host in-
teresting properties, such as anisotropic electron trans-
port and density fluctuations57,58, unusual optical re-
sponse and circular dichroism59,60, correlation effects and
quantum oscillations61. Here, the nodal loops we predict
in lithium under high pressure are rather simple and close
to the Fermi level. These can serve as potential probes for
identifying the predicted topological semimetallic nature
of dense lithium experimentally.

In the course of our studies we learned that Mack et
al. 62 have also found topological features in lithium in
the same phases and at roughly the same pressure range
as in the present work. We thank Prof. Neaton for com-
municating their work to us.
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