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SPECIAL TOPIC — John Tse: Pioneer in high-pressure materials science

Superconducting and dynamically stable polymorphs of elemental
calcium predicted under high pressure
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Compressed calcium undergoes successive structural transitions under high pressure. In this study, high-pressure
polymorphs of elemental calcium were investigated using a machine-learned interatomic potential combined with a sensible
random structure search. Two new energetically favourable and dynamically stable phases were predicted, crystallizing
in the P-42 ¢ and P-31c space groups at high pressure. Both structures are predicted to be metallic and likely exhibit
phonon-mediated superconductivity. Using the Allen-Dynes modified McMillan equation, the superconducting critical
temperatures (7.) were estimated to be 26 K for the P-42;c phase at 200 GPa and 31 K for the P-31c¢ phase at 250 GPa,
which are comparable to the highest experimentally observed T; for calcium (29 K at 216 GPa). These relatively high
T: values are attributed to strong electron—phonon coupling between partially occupied d states and moderate-frequency
phonon modes. These findings provide further insight into the complex polymorphism and superconductivity of elemental

calcium under extreme conditions.
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1. Introduction

The crystal structures of elemental metals tend to undergo
a specific sequence of changes under increasing pressure. It
was once expected that compressing metals would always fa-
vor a close-packed structure, where atoms occupy ~ 74% of
the space. However, this assumption, based on rigid spher-
ical atom models, does not always hold. High pressure can
give access to otherwise unoccupied electronic states, lead-
ing to orbital hybridization and new bonding that destabilize
close-packed structures.!! Elemental calcium (Ca) provides a
striking example of such behavior: instead of becoming more
densely packed, Ca evolves from face-centered cubic (fcc) to
body-centered cubic (bcc), and then to simple cubic (sc) under
pressure, exhibiting a decreasing coordination number. First-
principles calculations show that under pressure, solid calcium
exhibits an increasing occupation of the d-band due to s—d
electron transfer, in which electrons migrate from the s or-
bital to the initially empty d orbital.!”] This electronic transi-
tion, driven by pressure-induced reordering of orbital energies,
significantly alters the electron-lattice interaction of Ca under
high pressure.

Calcium is a reactive metal that appears dull and silvery
when pure. As the third most abundant metal in the Earth’s
crust, it plays a crucial role in both geological and biological
systems. Beyond these interests, calcium has also attracted

intense attention for its rich sequence of structural transitions
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and superconducting behavior under pressure. Notably, more
than 50 elements have been shown to exhibit superconductiv-
ity at ambient or high pressures,! but few exhibit the combi-
nation of structural diversity and high superconducting critical
temperature (7¢) found in Ca.

At atmospheric pressure, calcium takes the form of a fcc
structure (Ca I), which transforms into a bec structure (Ca II) at
20 GPa.*! Intriguingly, Ca-II was observed to transform into
the sc structure (Ca III) at 32 GPa and room temperature.[4’5]
Due to its low coordination and poor packing efficiency, the
sc structure is extremely rare among elemental metals, with
polonium being the only other known example. The stabil-
ity of this sc phase in Ca remained a puzzle for a while,
as quasiharmonic phonon calculations indicated that its lat-
tice dynamics have imaginary phonon frequencies, which sug-
gests dynamic instability. (-8 Subsequent theoretical study!®!
reconciles this discrepancy by predicting a low-temperature
structure isostructural to 3-Sn, crystallizing in the 14, /amd
space group, which becomes energetically favorable over sc
near 34 GPa. This prediction was later confirmed experimen-
tally at temperatures below 7 K.['% Further compression in-
duces structural transitions to Ca-IV and Ca-V, which were
found to be a tetragonal P4,2,2 structure with fourfold he-
lical atomic arrangements and an orthorhombic Cmca struc-
ture with zigzag atomic arrangements, respectively.!!!] These
phases were observed experimentally, and the measured struc-
tures closely matched prior theoretical predictions.!!'>!3! Fur-
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thermore, calcium undergoes a structural phase transition to
the Pnma (Ca VI) structure at pressures ranging between
117-135 GPa,!'¥ then transforms into a chain-ordered host-
guest structure, 14 /mcm (Ca VII) above 135 GPa.[!>! The ob-
served Ca VI and Ca VII are consistent with prior theoreti-
cal predictions.[!>19-18] Ca-VII was observed experimentally
around 210 GPa and exhibits a T of 29 K at 216 GPa,!!)
which, as of 2011, was the highest confirmed 7; among all
elemental superconductors. This record was later surpassed
in 2023, when a T; of 33 K was measured in scandium at
260 GPa.[??] These pressure-induced transformations to crys-
tallographically lower symmetry structures are strongly influ-
enced by s—d electron transfer, which dictates the electronic
Cal-

cium’s unusual richness of high-pressure phases and its super-

structure and bonding patterns of Ca under pressure.

conducting behavior have always sparked intense experimen-

tal and theoretical research.

In the present work, we present two novel high-pressure
phases of calcium that are identified using advanced structure
search techniques. A comprehensive search was conducted at
multiple pressures across a polymorphic space of over 500000
randomly generated candidate structures, sampling all possi-
ble space groups. The calculation was accelerated using a

21,22

data-derived interatomic potential!>’->?! within a sensible ran-

23241 Similar methodologies

dom structure search approach. !
have been successfully applied in a variety of materials prob-
lems, including the microscopic theory of color in lutetium
hydride,[>! the search for ambient superconductivity in the
Lu-H-N system,!?®! the prediction of a metastable ambient-
pressure hydride superconductor, Mg,IrHg, with a predicted
T. of 160 K,*’1 uncovering a previously unseen thermody-

namically stable structure of SiH; with 12 formula units, [?!]

the prediction of direct bandgap allotropes of germanium, >8]
and the resolution of the crystal structure of the tI50 phase of
sodium.?”! Our approach combines (sensible) random struc-
ture generation, screening, and optimization using data-driven
interatomic potentials, and fine evaluation with density func-
tional theory (DFT)B%3!1 calculations. With this search, we
report two new energetically competitive phases of Ca at high
pressure: a primitive tetragonal structure (P-42;c¢) with 10
atoms per unit cell, and a primitive trigonal (aP20) structure
(P-31c¢) with 20 atoms per unit cell. Both phases are pre-
dicted to be phonon-mediated superconductors. In particu-
lar, the P-31c phase has a stronger electron—phonon coupling
strength driven by enhanced interactions between d electrons
and moderate-frequency phonons, which is responsible for its
high predicted 7.

2. Methods and computational details
2.1. Structure search

Structural searches were performed using the ab ini-

[23,24]

tio random structure search (AIRSS) method and

[32]

code, combined with a machine-learned interatomic po-

tential (MLIP), which utilizes a set of shallow neural

[2122] for structural optimization. Construction of

networks
the MLIP is done using the ephemeral data-derived potentials
(EDDP) package!?! through iterative exploration of the con-
figuration space without any prior knowledge of known struc-
tures. The potential training was performed in six iterative cy-
cles. The initial potential model was trained using a dataset of
2000 randomly generated structures. In each subsequent itera-
tion, around 1150 newly generated structures optimized using
the current potential were added to the training set. After re-
jecting unphysical structures, this iterative process produced a
final dataset of 7911 structures on which the final potential was
trained. Out of 520 individual neural network fits, 13 were se-
lected by non-negative least squares (NNLS) to construct the
potential. For the EDDP training, unit cells with 8 Ca atoms
were employed, while the AIRSS search for Ca structures used
various unit cell sizes containing up to 20 atoms. The parame-
ters for random structure generation included a volume range
of 10.0-26.0 A3/atom, a cut-off radius of 6.0 A, function expo-
nents ranging from 2 to 10, and features accounting for up to
three-body interactions. The minimum interatomic separation
was constrained between 1.5 A and 3.5 A to avoid unphysical
geometries. Both the potential generation and structure search
were conducted at two pressures, 200 GPa and 250 GPa. Can-
didate structures were generated with up to 48 symmetry op-
erations corresponding to a search across randomly selected
space groups. From the search results, several distinct low-
enthalpy structures were selected for further analysis.

2.2. Computational details

A multi-step optimization strategy was used to relax
the 248 most stable structures predicted at 200 GPa and
the 174 most stable structures at 250 GPa using the Vi-
enna ab initio simulation package (VASP).[**l The Perdew—
Burke-Ernzerhof (PBE) exchange—correlation functional!®>!
was used in conjunction with a plane wave basis set with an en-
ergy cutoff of 266 eV. Brillouin zone sampling was performed
using Monkhorst—Pack k-point meshes!*®! with a spacing of
27 x 0.032 A~! that proved to give excellent convergence of
the stress tensor and energy. The self-consistent calculations
were considered converged when the energy change fell be-
low 1078 eV/atom, and all structures were optimized until
the Hellmann—Feynman forces on atoms were reduced to be-
low 1 meV/A. Enthalpy, electronic band structure, and den-
sity of states calculations were performed using VASP with
a 10-electron (3s23p®4s?) PAW potentiall®’! with the PBE
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functional. Phonon dispersion relations were calculated us-
ing density functional perturbation theory (DFPT)[*®! as im-
plemented in VASP and post-processed using the Phonopy

e.3% The electron localization function and topologi-

packag
cal critical points were analyzed using the quantum theory of
atoms in molecules (AIM)[*% as implemented in the CRITIC2
program.!*!l" Electron—phonon coupling (EPC) calculations
were performed using the Quantum ESPRESSO package, [+°]
with a 10-electron ultrasoft pseudopotential *3! with nonlinear
core corrections. The EPC matrices were evaluated in the first
Brillouin zone on a 4 x 4 x 4 g-grid with individual EPC matri-
ces obtained with a 16 x 16 x 16 k-grid and a Gaussian smear-
ing width of 0.05 Ry. The superconducting critical tempera-
ture 7 was estimated using the Allen-Dynes-modified McMil-

(44,45

lan equation 1 with a renormalized Coulomb pseudopoten-

tial u* = 0.10. Crystal structures were visualized using the vi-

sualization for electronic structural analysis (VESTA) tool.[46]

3. Results and discussion

Structural searches successfully recovered all previously
observed structures of elemental calcium (fcc, bcc, sc,
14y /amd, P4,2,2, Cmca, Pnma, and I4/mcm) and revealed
two new energetically competitive phases: a primitive tetrag-
onal structure with 10 atoms per unit cell in the P-42;¢ space
group, and a primitive trigonal structure with 20 atoms per
unit cell in the P-31c¢ space group. The optimized structural
parameters of the P-42;c and P-31c phases are listed in Ta-
ble 1, and their crystal structures are illustrated in Figs. 1(a)
and 1(b), respectively. The enthalpies of the most energet-
ically competitive structures are compared over the pressure
range up to 250 GPa, as displayed in Fig. 1(c). At 200 GPa,
the structural parameters for the P-42;c structure converge to
a=4.6425 A, c = 4.3003 A, with Ca atoms located at 8¢
and 2b Wyckoff sites. Likewise, at 250 GPa, the P-31c struc-
ture converges to a = 7.3954 A, c=3.6782 A, and Y= 120°,
with Ca atoms at 12i, 6h, and 2d sites. To investigate their

thermodynamic stability, the enthalpies of the two new phases
were calculated and compared to those of known ground-state
structures up to 250 GPa, with fcc used as the reference. As
shown in Fig. 1(c), the P-42c phase is among the most stable
structures in the 100-150 GPa range, reaching its minimum
enthalpy (relative to fcc) around 125 GPa. At 110 GPa, its
most stable point, its enthalpy is only 14 meV/atom above
the ground state, suggesting it could be thermodynamically
stabilized under suitable conditions. The P-31c¢ phase, while
not the thermodynamic ground state at any pressure, exhibits
enthalpies nearly identical to those of the sc structure up to
~ 60 GPa, and becomes energetically more favorable at higher
pressures. Notably, the sc phase is also not the ground state,
but it has been observed experimentally at room temperature
between 32 GPa and 109 GPa.[*>! The fact that the P-31c
phase matches or even slightly surpasses the sc phase in en-
thalpy strongly suggests that it too could be experimentally
accessible. These findings point to both P-42;c and P-31c as
viable metastable structures with a realistic chance of realiza-
tion under high-pressure conditions.

—fec ——sc ——P1,2,2 = Pnma  —— PA2,c
0. o ——bee ——1I4,/amd ——Cmea —— I4/mem —— P-31c
; o 0.1 T
b -
() OO
(&} 02 o
a
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>
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(+] ° o =
[+ ] O 0 = —0.2
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° o 50 100 150 200 250
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Fig. 1. Optimized crystal structures of the predicted Ca phases, (a) P-
421 ¢ structure and (b) P-31c structure viewed along the c-axis. The cal-
cium atoms are colored blue. The red dashed lines represent the inter-
atomic bond lengths. (c) Enthalpies of predicted and previously known
Ca structures up to 250 GPa. The enthalpy of the fcc phase is used as the
reference.

Table 1. Optimized structural parameters for the predicted structures of the P-42;c and P-31c phases.

Space group (SG)  Pressure (GPa) Lattice parameters (A) Atomic fractional coordinates
P-42,c 200 a=4.6425, c =4.3003 8¢ 0.4138 0.7886 0.3881
2b  0.0000 0.0000 0.5000
P-31c 250 a=17.3954,c=3.6782, y=120° 12i 0.5669 0.8991 0.4161
6h 0.8988 0.1012 0.2500
2d  0.6667 0.3333  0.2500

The electron localization function (ELF)[*71 was em-
ployed to examine the electronic structures of the predicted
The ELF takes values between O and 1,
where 1.0 corresponds to perfect localization, while 0.5 corre-

calcium phases.

sponds to the localization level of a uniform electron gas, rep-

resenting moderate electron localization. Figures 2(a) and 2(b)

show the ELF distributions for the P-42c¢ and P-31c struc-
tures at 200 GPa and 250 GPa, respectively. In the P-42;c
structure, the ELF decreases monotonically from 1 near the
calcium nuclei to nearly O in the interstitial regions, indicat-
ing closed-shell behavior with no signs of interatomic elec-

tron localization, which is consistent with metallic bonding.
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In the P-31c structure, while a slight increase in ELF is ob-
served between calcium atoms, the values remain too low to
suggest the presence of covalent bonds or electride-like elec-
tron accumulations.[*84%1 This subtle feature instead suggests
a weak tendency for electron accumulation in interstitial re-
gions, again consistent with moderately delocalized metallic
bonding.

Fig. 2. ELF contour map showing the (a) (0 0 1) plane of the P-42;c
phase at 200 GPa and (b) (0 0 1) plane of the P-31c¢ phase at 250 GPa.

To further understand the bonding in the predicted phases,
we performed a topological analysis of the electron density us-
ing the quantum theory of atoms in molecules (QTAIM).!30->11
This analysis complements the ELF results by providing a
qualitative description of interatomic interactions via the iden-
tification of critical points (CPs), where the gradient of the
electron density vanishes. There are primarily four types of
CPs classified by two indices: one denotes the number of non-
zero principal curvatures, where —1 denotes a local maximum
and +1 a local minimum, and the other is their sum. Specifi-
cally, nuclear CPs (3, —3) are maxima at atomic nuclei; bond
CPs (3, —1) occur along bond paths between atoms, where the
electron density is a maximum in the bonding plane but a min-
imum perpendicular to it; ring CPs (3, +1) are found in ring
structures; and cage CPs (3, +3) appear in enclosed voids as
local minima.

At 200 GPa, the P-42,c structure exhibits four distinct
CPs between calcium atoms (Fig. S1 of the supporting in-
formation). The electron density p at these CPs has val-
ues ranging from 0.4264 e¢~-A=3 to 0.6120 ¢—-A3, with
corresponding Laplacian V2p between 7.7485 ¢~-A™> and
11.4977 e~-A=>. The positive V?p is characteristic of closed-
shell interactions in metallic systems, and the values are typi-
cal for metallic bonding, i.e., slightly stronger than hydrogen
bonding.!3?! Additional properties at these CPs, including the
kinetic (G), potential (V), and total (E = G+ V) energy den-
sities, are listed in Table S1. Since G is always positive and
V is always negative, their small negative sum (E) indicates
weak but stabilizing interactions due to partial electron shar-
ing from overlapping states with a preference along the Ca—
Ca paths. A similar bonding picture is revealed in the P-31c
structure at 250 GPa, where p at the CPs slightly increases to

0.4975-0.6822 ¢~-A~3, and V?p remains positive in the range
8.0012-11.4412 ¢=-A=3. These values again point to weak,
delocalized metallic bonding. Full topological parameters for
this structure are provided in Table S2.

.
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Fig. 3. Band structure and projected density of states of (a) the P-42,c
structure at 200 GPa and (b) the P-31c¢ phase at 250 GPa. The Fermi level
is shifted to O eV, as indicated by the red line.

Figure 3 (left) shows the calculated band structure and
projected densities of states (DOS) for s, p, and d orbitals of
the P-42;c structure at 200 GPa. The band structure shows
several bands crossing the Fermi level, confirming its metallic
behavior. Interestingly, there are occasions where almost par-
allel bands cross the Fermi level, for instance along the I’ — Z,
T —X,X — U, and S — R paths. Parallel bands crossing the
Fermi level are signs of possible nesting of two portions of
the Fermi surface (FS), a feature known to create “hot zones”
in the Brillouin zone that are favorable for the formation of
Cooper pairs.[33#1 Additionally, some bands near the Fermi
level appear relatively flat in certain regions, which further en-
hances this effect by increasing the DOS where phonons can
couple most effectively.!3-°! The DOS at the Fermi level is
dominated by d-orbital contributions, with minimal s and p
contributions, revealing a pronounced pressure-induced s to d
electronic transition. Under high pressure, the s-band shifts
upward in energy due to increased Coulomb repulsion, while
the d-band shifts downward, facilitating electron transfer from
s to d orbitals.!'%] This behavior is common in alkali and al-
kaline earth metals and governs many of calcium’s structural
transitions, including the bee to sc phase change.!”l Below
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—3 eV, the DOS is almost entirely attributed to d-orbitals, in-
dicating strong d-electron participation in the valence region.
Figure 3 (right) shows the electronic structure of the P-31c
phase at 250 GPa. Like the P-42c structure, it exhibits metal-
lic character with a complex band structure and a high DOS of
d-electron states near the Fermi level, again indicating a strong
s to d transition under extreme pressure. The overall DOS at
the Fermi level is slightly higher than that of the P-42c struc-
ture. The presence of multiple flat bands in its band structure
suggests reduced electron mobility compared to more disper-
sive phases, which may enhance electronic correlations and
instabilities such as superconductivity. !

Subsequently, to explore the possibility of phonon-
mediated superconductivity, the phonon linewidths and the
EPC parameter A, defined as the first reciprocal moment of the
Eliashberg phonon spectral function a>F (®), were calculated
using the perturbative linear response method within density
functional perturbation theory. The superconducting critical
temperature 7, was then estimated via the Allen—-Dynes mod-
ified McMillan equation#+43]

Oiog 1.04(14+ 1)

T2 P a0 M

The phonon dispersion, phonon density of states (PhDOS),
and Eliashberg spectral function a?F (@) of the P-42;c phase
at 200 GPa are shown in Fig. 4. The absence of imagi-
nary phonon frequencies across the Brillouin zone indicates
that the structure is dynamically stable and potentially syn-
thesizable under high-pressure conditions. Unlike multiele-
ment compounds, where phonon modes often separate into
distinct blocks due to differences in atomic masses, the phonon
branches in elemental calcium are uniformly distributed across
the spectrum without clear frequency groupings. This con-
tinuous phonon distribution reflects the homogeneous nature
of the lattice dynamics. As such, a’>F(®) shows a relatively
even distribution over the frequencies where the phonon DOS
is appreciable. However, due to the inverse-frequency (w~")
weighting in the electron—phonon coupling integral, the low-
to mid-frequency modes contribute more significantly to the
EPC strength A. This yields a strong electron—phonon cou-
pling constant of A = 1.03, which is considered very high
for an elemental system. Using a Coulomb pseudopotential
u* = 0.1 in the Allen—Dynes formula, the superconducting
critical temperature is estimated to be 7; = 26.04 K.

The superconducting 7; of calcium has been predicted to
increase with increasing occupancy of d electrons!'®! and may
continue to increase across successive high-pressure structural
phases.’8) For the P-31¢ phase at 250 GPa, the phonon dis-
persion, PhDOS, and o> F () confirm both dynamical stabil-
ity and strong electron—phonon coupling (Fig. 5). The PhDOS
and a’>F () show that the strong electron—phonon coupling

mainly originates from moderate-frequency phonons, which
contribute more than 90% of the total EPC strength. The re-
sulting EPC constant is A = 1.39. With a Coulomb pseudopo-
tential value of pu* = 0.1, the estimated 7. is 31.0 K. This
elevated T; is attributable to strong coupling between elec-
trons in the partially occupied Ca d orbitals and mid-frequency
phonons. To date, the highest experimentally observed 7 for
elemental calcium under pressure is 29 K at 216 GPa.!'!l Our
predicted value of 31 K at 250 GPa for the P-31c¢ phase is
comparable and suggests that calcium may host additional su-
perconducting phases in different crystal structures.

20 0 0;2 0;4 052 0;4 0;6
= 15 7
g
>
2 10 - 1
0
3
o
8
M 5F

0 H H H : : : ! ! |2 1 !

G Z Y T X U S R PHDOS a?F(w)
(states/THz/cell)

Fig. 4. Phonon dispersion curves, PhDOS, and Eliashberg phonon spec-
tral function a?F(®) of calcium in the P-42; ¢ phase at 200 GPa.
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Fig. 5. Phonon dispersion curves, PhDOS, and Eliashberg phonon spec-
tral function o> F () of calcium in the P-31¢ phase at 250 GPa.

4. Summary

In summary, a machine-learned interatomic potential was
employed to accelerate the crystal structure search, which led
to the prediction of two energetically favorable high-pressure
phases of elemental calcium. These include a primitive tetrag-
onal phase P-42;c with 10 atoms per unit cell and a primi-
tive trigonal phase P-31c¢ with 20 atoms per unit cell. Elec-
tronic structure calculations establish the metallic nature of
both phases, which was further supported by topological anal-
ysis of the electron density. Phonon and electron—phonon cou-
pling calculations indicate that both structures are dynamically
stable and potentially exhibit phonon-mediated superconduc-
tivity. The superconducting critical temperatures (7;) were es-
timated to be 26 K for the P-42c phase at 200 GPa and 31 K
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for the P-31c¢ phase at 250 GPa. These values are comparable
to the highest experimentally reported 7; for elemental cal-
cium (29 K at 216 GPa) and among the highest predicted T
values for elemental materials under high pressure.
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