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Using evolutionary methodology for crystal structure prediction, we explore high-pressure phases of

CaLi2, a compound made of two elements that show anomalies upon compression. In addition to the

known low-pressure Laves phases, we find two novel structures with space groups C2=c and P21=c, stable

at pressure ranges of 35–54 GPa and 54–105 GPa, respectively. It is found that decomposition into pure

elements is energetically favorable at pressures of 20–35 GPa and above 105 GPa. Such decomposition-

recombination-decomposition oscillating behavior with pressure is predicted for the first time in a binary

compound. The C2=c and P21=c phases are predicted to be superconductors, and the calculated Tc of

�15 K at 45 GPa is in good agreement with experiment.
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High-pressure behavior of metals is of great importance
to planetary physics and materials science. Recent studies
show that simple s, p metals, such as Li, Na, and Ca,
exhibit anomalous properties under compression, e.g., en-
hanced superconductivity [1–3], strong increase of the
electrical resistivity [3–5], valence bandwidth narrowing
[6–8], and metal-to-semiconductor transition [5,9]. These
behaviors are in contrast to the expected tendency towards
free-electron-like behavior under pressure. It is suggested
[6,7,9] that such anomalies can arise from the increased
localization of valence electrons as they are excluded from
the ionic core regions and trapped into interstitial regions.
These arguments are quite general and the underlying
effects can exist in other elements and compounds under
sufficient compression [7]. CaLi2, the only binary com-
pound formed by Li and Ca, is one of the simplest com-
pounds for testing these ideas.

Feng et al. [10] carried out electronic structure calcu-
lations for hexagonal (MgZn2 type) and cubic (MgCu2
type) Laves phases of CaLi2 and suggested that the hex-
agonal symmetry of CaLi2 is stable up to over 200 GPa but
undergoes a significant lattice bifurcation around 47 GPa.
It was also predicted that CaLi2 could be a potential
superconductor under pressure due to the high density of
states at Fermi level, the high dynamical scale of Li, and
the favorable interlayer phonons. Superconductivity was
subsequently observed in CaLi2 at pressures above 11 GPa
[11] with a maximum Tc of 13 K near 40 GPa. Debessai
et al. [12] measured the x-ray diffraction patterns of CaLi2
up to 54 GPa and found that hexagonal Laves-type CaLi2
undergoes a phase transition above 23 GPa and completely
transforms into an orthorhombic phase at 46 GPa.
However, Tse et al. [13] proposed that CaLi2 becomes
unstable against decomposition into Ca and Li at high
pressure, and thus the superconductivity measurements
are contaminated by elemental Ca and Li.

The peculiarity of CaLi2, together with the significant
discrepancy between previous works, motivates the present
study. Here, we performed an extensive search for stable
high-pressure crystal structures of CaLi2 using an evolu-
tionary structure prediction algorithm. Simulations uncov-
ered two novel structures, with space groups C2=c and
P21=c, to be stable at pressure ranges of 35–54 GPa and
54–105 GPa, respectively. Intriguingly, the computed ther-
modynamics suggest that CaLi2 is stable in the hexagonal
Laves phase below 20 GPa, decomposes in the pressure
range of 20–35 GPa, and then restabilizes before the final
decomposition into elemental Ca and Li above 105 GPa.
Furthermore, the calculated Tc is in good agreement with
experimental measurements. Our results suggest that the
measured superconductivity [11] is from the CaLi2 com-
pound, and is not contaminated by decomposition into the
elements.
Structure searches for CaLi2 were performed with the

ab initio evolutionary algorithm USPEX [14–16]. This ap-
proach has been successfully used in a number of other
applications (e.g., Refs. [9,17–19]). The underlying
ab initio structural relaxations and electronic properties
calculations were carried out using density functional the-
ory [20,21] within the PBE exchange-correlation [22] as
implemented in the VASP code [23]. The all-electron
projector-augmented wave method [24] was adopted with
1s22s1 and 3s23p64s2 treated as valence electrons for Li
and Ca, respectively. Lattice dynamics and electron-
phonon coupling were performed with the QUANTUM-

ESPRESSO package [25,26].

We have performed structure prediction simulations in
the pressure range of 10–250 GPa within 20 or 30 GPa
interval with 1, 2, 3, 4, 6, and 8 f.u. in the simulation cells.
In the low-pressure range of 10–20 GPa, we found the
hexagonal Laves phase as the most stable structure, in
agreement with experiment. At higher pressure, besides
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the previously predicted I41=amd and I212121 structures
[10], we uncovered a group of new structures. Among
them, the monoclinic structures C2=c and P21=c were
found to be stable at certain pressure ranges. The two
predicted structures are interesting, as they show Li-Li
paring [6], the well-known ThSi2 [27], and graphene mo-
tifs. At 36 GPa, the C2=c structure [Fig. 1(a)] is �5%
denser than the hexagonal Laves phase, and has Ca atoms
forming topologically the same (save for a symmetry-
breaking distortion) arrangement as the Si-sublattice in
�-ThSi2 [27], a known superconductor. The two inequiva-
lent Li atoms form Li2 pairs, stuffing the Ca framework.
Contrary to the three-dimensional C2=c structure, the
P21=c structure [Figs. 1(a)–1(d)] has a flavor of 2D ge-
ometry. The structure can be viewed as a slight distortion of
a trigonal P-3m1 structure [26] or a strong distortion of a
hexagonal P6=mmm structure [26]. The Ca and Li2 atoms
form alternating graphene layers stacked on top of each
other; Li1 atoms adopt linear chains running through cen-
ters of hexagonal channels [Fig. 1(b)]. In a recent experi-
mental study [12], indexing of the powder diffraction
pattern gave an orthorhombic unit cell (but the atomic
positions were not determined), and that cell is close to
our calculation for the P21=c structure—except that our
cell is monoclinic (with the �-angle of 90.028�, very close
to the ‘‘orthorhombic’’ 90�) [26]. Note that there is a
moderate volume overexpansion in theory, typical of
GGA calculations. An additional structure search at the
fixed experimental unit cell produced the same P21=c
structure.

The enthalpy difference curves (relative to decomposi-
tion into pure elements) [19,28] as a function of pressure
for various structures are presented in Fig. 2(a). The struc-
tures we find here are clearly superior to the previously
predicted structures. The pressure evolution of CaLi2 is
quite surprising. Below 20 GPa, the hexagonal Laves-type

structure is stable, at pressures 20–35 GPa decomposition
into the elements becomes favorable, then C2=c (35–
54 GPa) and P21=c (54–105 GPa) structures take over,
and finally CaLi2 decomposes again above 105 GPa. Such
oscillatory decomposition-recombination-decomposition
behavior is known, for instance, for MgAl2O4 [29], but
to our knowledge, this is the first report of such phenome-
non for a binary compound. The solid-state reactions, such
as decomposition and recombination, usually have high
activation energies, and thus a high temperature experi-
ment might be necessary to conquer the kinetic barrier of
the decomposition/recombination of CaLi2 as suggested
also in Ref. [13].
The evolution of the density of states (DOS) at Fermi

level (NF) and the valence bandwidth as a function of
pressure is presented in Fig. 2(b). It is clear that after an
initial increase, the valence bandwidth decreases with
pressure, a behavior similar to what has been found in
the ‘‘exotic’’ high-pressure metals Li [6], Na [7], and Ca
[8]. NF rises as pressure increases to 10 GPa, then drops
dramatically as a deep pseudogap. Moreover, NF has a
dramatic increase at the transition into the P21=c phase.
This is probably related to the peculiar 2D geometry of the
P21=c structure. By examining the band structure, we
found that there are two extra bands crossing the Fermi
level in the P21=c structure compared to C2=c [26]. Thus,
a small peak emerges at the Fermi level, and the DOS at the
Fermi level increases. Contrary to what was predicted in
Ref. [10], we found that NF decreases in a wide pressure
range [Fig. 2(b)]. This behavior arises from localization of
the valence electrons in the interstices of the structure, as
they are pushed away from the ionic cores [7,9], a phe-
nomenon related to the core-valence repulsion at high
pressure. The shortest Li-Li, Li-Ca, and Ca-Ca distances
in the P21=c structure at 100 GPa are 1.60, 1.90, and
2.26 Å, respectively, which implies strong core-valence
interaction between neighboring atoms (the ionic radii of
Ca and Li, measuring spatial extent of their cores, are 1.0
and 0.76 Å, while the 2s-orbital radius for Li is 1.62 Å and
the 4s-orbital radius for Ca is 1.69 Å). Figures 2(c)–2(e)
show the unusual distribution of the valence electron lo-
calization function (ELF) of P21=c structure at 100 GPa; it
has maxima not only at the nuclei, but also in the inter-
stices. These results are consistent with the experimental
observation [12] of a sharp increase of the electrical resis-
tivity upon compression.
Phonon calculations did not show any imaginary fre-

quencies, indicating dynamical stability of both C2=c and
P21=c structures (Fig. 3). From the phonon band structure
and the site-projected phonon DOS (Fig. 3), it is found that
at 36 GPa, the low-energy phonon modes (0–225 cm�1)
are mainly associated with Ca atoms due to their much
higher atomic mass. The intermediate frequencies
(225–320 cm�1) correspond to the coupled Ca-Li vibra-
tions, while above 320 cm�1, the Li-Li vibrations domi-
nate. We found several interesting phonon features under
pressure [26]. For theC2=c phase, all phonons harden up to

FIG. 1 (color online). The most stable structures found in
evolutionary simulations at (a) 36 GPa (C2=c structure) showing
the connectivity of the Ca-sublattice and Li1 and Li2 paring, and
(b)–(d) the P21=c structure at 55 GPa. (b) Stacking of distorted
Ca and Li2 graphene sheets and Li1 linear chains, (c) Ca and
(d) Li2 sublattice. Detailed structural information is given in the
supplementary information [26].
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36 GPa, then the transverse acoustic (TA) modes along the
A-M-Y and V-L-� directions and two optical modes Bu

(242 cm�1) and Bg (279 cm�1) along the V-L-� direction

soften, while rise again above 45 GPa. It is also found that
the Ag mode near the � point and TA modes along the

Z-C-Y direction are very low in the P21=c structure at
60 GPa. At higher pressure, these modes harden, but the
frequencies of TA modes along the E-D-� direction begin

to drop. At 100 GPa, the optical Au mode becomes ultrasoft
near the � point with a very small frequency of 18 cm�1.
The electron-phonon coupling (EPC) calculations have

been performed to explore the superconductivity. The
Eliashberg phonon spectral function �2Fð!Þ=!, logarith-
mic average phonon frequency !log, and the EPC strength

� as a function of pressure are shown in Fig. 4. The
superconducting Tc has been estimated from the Allen-

FIG. 2 (color online). (a) Enthalpy curves (with respect to the mixture of the elements) of various CaLi2 structures. Enthalpies are
given per formula unit. Inset: Enthalpies of the hexagonal Laves type, C2=c, and P21=c structures shown on a different scale for
clarity. (b) Evolution of the valence bandwidth and NF as a function of pressure. (c)–(e) Valence ELF of P21=c structure at 100 GPa.
(c) and (d) The (100) sections through the middle of Ca and Li2 graphene layer, respectively. (e) The (010) section through Li1 linear
chains. The ELF peaks are located at nuclei (core orbitals) and in the interstices (valence electrons that are excluded from the core
regions).

FIG. 3 (color online). (a) and (b) Phonon dispersion,
Eliashberg phonon spectral function, and site-projected phonon
DOS of C2=c and P21=c structures at 36 and 60 GPa, respec-
tively.

FIG. 4 (color online). (a) Pressure dependence of Tc and �.
The inset shows the evolution of the logarithmic average phonon
frequency with pressure. (b) and (c) The spectral function
�2Fð!Þ=! at selected pressures for C2=c and P21=c phases,
respectively. The electron-phonon coupling integral �ð!Þ is
plotted in the inset.
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Dynes modified McMilan equation [30], and a typical
value of Coulomb pseudopotential �� ¼ 0:13 is used.
The predicted Tc is in a very good agreement with experi-
mental results [Fig. 4(a)]. According to the McMilan equa-
tion, Tc is dominated by !log, �, and NF. NF is less

important, being small and decreasing upon compression.
The � and !log are more critical for Tc, and one observes

that � and !log have an almost opposite evolution with

pressure [Fig. 4(a)]. Both of them can be derived from
�2Fð!Þ=! [30]. Moreover, the evolution of the spectral
function is a reflection of the phonon behaviors. Obviously,
the low-frequency Ca vibrations in C2=c phase at 36 GPa
are the main contributors to the spectral function with a
pronounced peak at 70–225 cm�1. Nearly 70% of � origi-
nates from this frequency range. As pressure increases, the
peak shifts to lower frequency and becomes much stronger
at 45 GPa, where phonon softening is most severe. This
comes with a 24% reduced !log from 259 to 196 K. It is

noteworthy that the partial coupling strengths �q� of the

softening modes are enhanced in inverse proportion to!q�,

resulting in a notable increase of � from 0.68 to 1.14 (66%)
(Fig. 4, [26]), leading to a high Tc � 15 K. Above 45 GPa,
phonon frequencies harden, and a reverse behavior is seen
[Fig. 4(b)], resulting in a decreased � in spite of the
increased !log, and a lowering of Tc is also observed.

Similar behavior is also found in the P21=c phase. The
correlation between superconducting Tc and phonon soft-
ening/hardening is remarkably clear here. We therefore
conclude that the high-pressure superconductivity is
mainly related to the low-energy Ca modes rather than
the high-frequency Li vibrations predicted in [10].

In summary, we found two novel high-pressure struc-
tures of CaLi2, C2=c, and P21=c, which are stable in
pressure ranges of 35–54 GPa and 54–105 GPa, respec-
tively. These phases possess intriguing crystal structures
and peculiar superconductivity under pressure. A
decomposition-recombination-decomposition phenome-
non is predicted for the first time in a binary compound.
The observed sharp increase of electrical resistivity in
CaLi2 under high pressure can be attributed to the local-
ization of valence electrons in the interstices of the lattice,
at the roots of which is the core—valence overlap between
neighboring atoms. Our electron-phonon coupling calcu-
lations confirm that the high-pressure superconductivity of
CaLi2 arises from the compound itself, but not the ele-
ments Ca and Li. The calculated Tc matches well with the
experimental results; the main contributions to supercon-
ductivity arise from the low-frequency Ca vibrations and
Tc is dominated by the phonon softening/hardening. Our
predictions can be verified in future experiments by per-
forming simultaneous measurements of superconductivity
and x-ray diffraction under pressure.
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