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Structures of elemental potassium at terapascal pressures

Jack Whaley-Baldwin
TCM Group, Cavendish Laboratory, University of Cambridge, J. J. Thomson Avenue,
Cambridge CB3 OHE, United Kingdom

® (Received 14 May 2022; revised 21 September 2022; accepted 6 January 2023; published 20 January 2023)

We investigate the pressure-temperature phase diagram of elemental potassium (K) up to multiterapascal (TPa)
pressures using ab initio random structure searching (AIRSS), discovering eight structural phase transitions
beyond the already known double hexagonal close-packed (dhcp) structure. Starting at 1.15 TPa, K transitions
from the dhcp structure and passes through a variety of close-packed hexagonal and trigonal phases (dhcp —
P63/mmc — P3ml — P6m2), which differ only in their stacking sequence along the ¢ axis. At 2.55 TPa, K
adopts the hexagonal close-packed (hcp) structure, and at 7.21 TPa transitions into a complex orthorhombic
phase of Fddd symmetry with 64 atoms in its (conventional) unit cell, before assuming an /bam structure
at 8.60 TPa, and, eventually, the face centered cubic (fcc) structure at 23.6 TPa, which persists well into the
petapascal (PPa) regime. Further, we calculate the full pressure-temperature dependence of the melting line of
K through extensive molecular dynamics simulations. We study the evolution of the bonding topology of K with
pressure, finding that K passes through two quasi-molecular phases featuring diatomic pairs (the F'ddd and Ibam
structures), before ultimately becoming a high pressure electride (HPE) in the fcc phase. The electron-phonon
and superconducting properties of K at these extreme pressures are also investigated, where we find the critical
temperature 7. rises to a maximum of between 7.65 K and 15.70 K in the hep phase, before eventually decreasing
to essentially zero in the fcc phase. Our results fully elucidate the structural and electronic behavior of K under
the most extreme conditions, and provide new case studies for multi-TPa dynamic compression experiments.
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I. INTRODUCTION

Under ambient conditions, the group-I alkali metals form
simple crystalline phases with electronic structures that are
well described by the nearly-free electron (NFE) approxima-
tion. This simplistic picture changes in every possible way
upon application of pressure; they form structurally complex
incommensurate host-guest (HG) phases [1,2], become wide-
gap insulators [3,4], and their optical properties change to
such an extent that they become transparent in the visible
spectrum [3-5].

Potassium (K) is a particularly striking example of the
structural and electronic complexity encountered in the al-
kali metals under compression. K assumes a body-centered
cubic (bcc) structure at ambient pressure, transitioning to
face-centered cubic (fcc) at 11.6 GPa [6]. With further in-
creases in pressure, K transforms into an incommensurate
HG structure [2], the orthorhombic (Pnma) oP8 structure [7],
tetragonal (/4;/amd) tI4 structure [7], orthorhombic (Cmca)
oC16 structure [7] and, finally, the double hexagonal close-
packed (dhcp) structure above 250 GPa [8]. Throughout this
remarkable transition sequence, K goes from being a good
conductor in the ambient bce phase to an insulating electride
in the oP8 structure, before reverting back to metallic behavior
in the dhcp phase.
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Over the past decade, advances in dynamic compression
techniques have succeeded in achieving experimental pres-
sures of up to 5 TPa [9-21], with developments in powder
diffraction methods allowing the crystal structures of such
dense matter to be glimpsed [22-24]. Of particular interest
in these experiments is the behavior of the elements under
pressure, since they provide a relatively clean (that is; free
of complications due to changes in stoichiometry) testing
ground for cutting-edge compression techniques [9—16], and
are useful as ultrahigh-pressure reference materials [11,12].
As such, ab initio determination of the equations of state for
the elements under such conditions is of profound importance.
Such extreme environments also provide for a robust compar-
ison between theory (DFT) and experiment.

Since the behavior of K is so rich under even moderate
compression, it is of interest to see whether this structural and
electronic complexity continues into the terapascal regime.
Whilst the lighter group-I element sodium (Na) has been
studied using ab initio methods up to pressures of 20 TPa [25],
no such investigation has been carried out on K. The study of
matter at such extreme pressures has given rise to an enormous
array of noteworthy phenomena, such as the metallization of
helium [26], the decomposition of water ice [27], and the total
suppression of superconductivity in sulfur [28].

In this paper, we perform a detailed computational struc-
ture search to completely reveal the solid-state phase diagram
of elemental K under extreme pressure-temperature condi-
tions, and extend our results to the liquid state by calculating
the melting line as a function of (p,7T). We uncover a
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FIG. 1. Phase diagrams up to 25 TPa. Each coloured region denotes the structure with the lowest Gibbs free energy, with G(T, p) =
Usiee + Uphonon — T'Seiee — T Sphonon + PV - In the solid state, vibrational effects are included at the level of the harmonic approximation (HA),
and solid circles on the phase boundaries denote explicitly calculated (7', p) points according to the HA. The melting line, as calculated using
molecular dynamics simulations (see text), is shown as a thick-orange line. The dashed lines between the solid-state phase boundaries and the
melting line indicate regions where the solid is anharmonic. The solid-grey vertical line at ~9.50 TPa on the right plot marks a second-order

phase boundary between the F'ddd and Fdd?2 structures.

remarkable phase transition sequence, and observe an un-
usual charge density distribution, which seems to suggest that
K forms molecular-like bonds under sufficient compression,
whilst still managing to remain metallic.

II. COMPUTATIONAL DETAILS

The ab initio random structure searching (AIRSS) package
[29,30] was used to perform our structure search, with the
first-principles density functional theory (DFT) code CASTEP
[31] performing the underlying electronic structure calcu-
lations. We performed structure searches at 1, 2.5, 5, 7.5,
10, 25, 50, and 100 TPa, using randomly constructed unit
cells containing between 1 and 30 atoms, and possessing
between 1 and 48 symmetry operations. Each search pro-
duced approximately 2000 relaxed structures, giving around
16 000 structures in total. As will be discussed in detail later,
an extra dataset of 3556 structures at 1.90 TPa comprising
only differently-stacked hexagonal and trigonal structures was
constructed, in order to more densely sample this particular
region of the potential energy surface (PES). For both the
structure searches and our final results presented here, we
constructed a special ultrasoft pseudopotential that explicitly
included core (n = 2) and valence (n = 3, n = 4) electrons
(requiring a plane-wave cutoff of 2 keV), and for our pa-
per above 75 TPa, we constructed an all-electron ultrasoft
pseudopotential (requiring a plane-wave cutoff of 28 keV).
Due to small enthalpy differences between certain competing
phases, we used a dense k-point sampling of 27 x 0.015
A~!. We found that these parameters were sufficient for ab-
solute convergence of total energies to better than 0.5 meV,
with relative convergence being even better than this. Full
details of our calculations can be found in the Supplemental
Material [32].

III. RESULTS AND DISCUSSION

Figure 1 presents the structures discovered in our search,
and shows the high-pressure phase diagram of K extended
to finite temperatures just beyond the melting point of
K, as calculated using the Perdew-Burke-Ernzerhof (PBE)

exchange-correlation functional [33]. Free energies were cal-
culated using the harmonic approximation (HA) in the solid
state, and the melting line was evaluated using a Behler-
Parrinello neural-network machine-learned potential (MLP)
[34] trained on ab inito data using the n2p2 package [35] (see
Supplemental Material [32] for details of finite-temperature
calculations and MLP training). We note that there is a small
region between the solid harmonic regime and the melt state
where the solid is necessarily anharmonic (see Fig. 1); we
have made no attempt to perform any anharmonic calcula-
tions here, instead simply opting to connect these regions.
Figure 2 shows the static-lattice enthalpies of the structures
as a function of pressure, and static-lattice transition pressures
according to the LDA, PBE and PBEsol exchange-correlation
functionals can be found in Table I. At zero temperature, we
find that the dhcp phase of K is the lowest enthalpy structure
until around 1.15 TPa, at which point a large number of
hexagonal and trigonal structures start to become lower in en-
thalpy. These “hexagonally stacked” structures are all similar,
and comprise hexagonal layers of atoms stacked in either an
A, B, or C arrangement along the hexagonal c-axis, such as
ABCAB or ABACBC (for reference, the familiar fcc structure
can be represented as ABC, the dhcp structure as ABAC,
and the hcp structure as AB). Examples of such structures

TABLEI. Static-lattice transition pressures (in TPa) for the struc-
tural phase transitions discussed in this paper, using the PBE, LDA,
and PBEsol exchange-correlation functionals. We note that inclusion
of vibrational effects (as in Fig. 1) shifts the transition pressures
slightly.

Transition PBE LDA PBEsol
dhcp — P63/mmc 1.15 1.37 1.26

P63 /mmc — P3ml 1.85 1.71 1.93

P3ml — P6m2 2.05 2.01 2.11

P6m2 — hcp 2.55 2.50 2.64

hep — Fddd 7.35 7.29 7.47

Fddd — Ibam 7.94 7.70 7.85

Ibam — fcc 22.8 22.5 23.1
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FIG. 2. Static lattice enthalpies of the structures. Grey-vertical
lines mark the phase transitions. (a) Static lattice enthalpies,
0.75 — 3.00 TPa. The cyan box details the region 1.70 — 2.40
TPa, and the unmarked faded lines are other, competitive hexagonal
stacking sequences (see Fig. 3). (b) Static lattice enthalpies, 3 — 75
TPa. The cyan box details the region 7.2 — 8.1 TPa.

included an 11-atom P3m1 structure, 14-atom P3m1, 8-atom
P63/mmc, 16-atom P6m2, 11-atom R3m, and a 9-atom R3m
structure. Given the frequent appearance of these hexagonally
stacked structures in our searches, we sought to determine
the ideal stacking sequence by sampling this region of struc-
ture space particularly densely. We constructed “by hand” all
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FIG. 3. Three-component UMAP [36] projection of the low-
enthalpy hexagonal/trigonal manifold in structure space at 1.90 TPa,
from a dataset of 3556 hexagonally stacked structures (see text). The
first two UMAP components are plotted horizontally and vertically,
and the projection onto the third component is represented by the size
of each circle. Particularly low-energy or otherwise interesting struc-
tures have been labeled, with the number of atoms in the primitive
cell indicated in square brackets.

unique stacking sequences up to 20 layers long (as measured
along the ¢ axis) and relaxed them; full details can be found
in the Supplemental Material [32]. These different stacking
sequences form a nearly-degenerate manifold in structure
space, with structures separated by meV energies or less. The
situation is illustrated in Fig. 3, which shows the resulting
dataset of 3556 structures projected onto a lower-dimensional
representation of structure space at 1.90 TPa using the UMAP
algorithm [36]. It can be seen that, within this “hexagonally
stacked manifold”, there exists a subregion slightly lower in
energy (the blue circles in Fig. 3), where most of the ideal
stacking sequences lie. Of all the structures investigated (both
from our original search and those constructed by hand), we
found that a sequence 6 layers long, of P63/mmc symmetry

024106-3



JACK WHALEY-BALDWIN

PHYSICAL REVIEW B 107, 024106 (2023)

and containing six atoms in the primitive cell was the most
stable structure in the range 1.15 — 1.84 TPa. Additionally, a
sequence 12 layers long, of P3m1 symmetry and containing
12 atoms in the primitive cell was the most stable in the
range 1.82 — 2.10 TPa, and a sequence 10 layers long, of
P6m?2 symmetry and containing 10 atoms in the primitive cell
was the most stable in the range 2.10 — 2.55 TPa (whereafter
the simple hcp structure becomes the ground state). In some
parts of the phase diagram between 1.8 TPa and 2.2 TPa, we
find that some other hexagonal/trigonal stacking motifs come
within just a few tenths of an meV per atom of being the low-
est enthalpy structure. These many competing structures are
shown as faint lines on the bottom plot of Fig. 2(a). Even with
our extremely strict calculation tolerances therefore, it is not
possible to rule out some of these structures from potentially
becoming the ground state in some small pressure interval.
Owing to this near degeneracy, it is possible that K may in
fact adopt a mixture of these differently-stacked structures,
or that K would “choose” one particular sequence from this
essentially degenerate selection, depending on the history of
the sample. It is also possible that the structures in this region
represent intermediate, local minima on a pathway in struc-
ture space between the dhcp, P63/mmec, P3ml, P6m2, and
hcp phases, as there is no trivial transformation that connects
these structures—transitioning from one to the other requires
the simultaneous shifting of multiple layers. Such a coexis-
tence situation has been proposed in high-pressure beryllium
[37], where a multitude of differently-stacked structures—all
of which are metastable—connect a hcp structure to a R3m
phase.

The P63/mmc, P6m2, and P3ml structures are shown in
Figs. 4(c), 4(d), and 4(e), respectively, alongside the simpler
hep [Fig. 4(a)] and dhep [Fig. 4(b)] motifs. Whilst it is pos-
sible to describe all of the hexagonally stacked structures in
terms of their stacking sequences, a more visually intuitive
view is presented in Fig. 4. Every sequence of three layers de-
fines the vertices of a polyhedron (a triangular orthobicupola),
and the overall structure can be represented as a particular
stacking of these polyhedra, each of which share an edge with
another.

At 2.55 TPa, K adopts the simple hcp structure, eventually
becoming face-centered cubic (fcc) above 23.6 TPa. Remark-
ably however, between the simplistic hcp and fcc structures,
we predict two further transitions to two complex, non-close-
packed phases of Fddd and Ibam symmetry at 7.21 TPa and
8.76 TPa, respectively.

The Fddd structure [shown in Fig. 5(b)] features 64
(16) atoms in its conventional (primitive) unit cell, with K
atoms occupying two distinct 32h sites of the conventional
orthorhombic cell. Remarkably, this same structure is also
realised as a high-pressure phase of elemental sulfur (S) [38].
Above ~9.5 TPa, an imaginary I"-point phonon appears in the
vibrational spectrum of the F'ddd structure, which distorts it
into a structure of Fdd2 symmetry (with the same number
of atoms per cell); by this pressure however, a transition to
the Ibam structure has already occurred at zero temperature.
Nonetheless, this F'dd2 phase can be realized at finite tem-
peratures (21750 K) owing to its favourable vibrational free
energy over the Ibam structure (see Fig. 1). This Fdd?2 struc-
ture meets the phase boundaries of the /bam and fcc structures

-
.. L.
(b) dhep

;7\

NN

(e) P3m1

FIG. 4. The hexagonally-stacked hcp, dhcp, 6-atom P63/mmc,
10-atom P6m2, and 12-atom P3m1 structures, arranged in order of
increasing stacking sequence length. Atoms with a, b coordinates
of (0,0), (0.333,0.666), and (0.666,0.333) have been coloured red,
green, and blue respectively. Bounding polyhedra are shown in yel-
low and purple.

at ~7000K and ~21.2 TPa, resulting in a solid-state triple-
point. We also note here a minor peculiarity of the Fddd
structure; the melting line of K exhibits a small, but notice-
able “dip” in the Fddd phase, compared to the neighboring
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FIG. 5. Structural models of the orthorhombic /bam and Fddd
structures. The models have been colored in such a way as to high-
light the resemblance to the Ba-IV type host-guest structure. (a) Ibam
structure (shown as a 2 x 2 x 2 supercell), with 8j atoms in green
and 4a atoms in red. (b) Fddd structure, with the two different 32A
site atoms in green and red.

hcp and Fdd?2 structures (see Fig. 1). The Ibam structure
[shown in Fig. 5(a)], which K adopts after the Fddd — Ibam
transition at 8.76 TPa, features 12 (6) atoms in its conven-
tional (primitive) unit cell, with K atoms occupying the 8§j
and 4a sites of the conventional orthorhombic cell. The same
structure is realized in the (ambient pressure) phases of SiS;
and SiSe; [39], and a computational study has suggested it as
a possible metastable phase for high-pressure silicon [40]. As
far as we are aware however, K represents the first elemental
system for which this /bam structure is the ground state.
Both the Fddd and Ibam phases bear a striking resem-
blance to the Ba-IV type “host-guest” (HG) structures found
in several elements across the periodic table [2,38,41-45], in
that they clearly comprise a “host” framework within which
chains of “guest” atoms lie. In fact, a previous publication has
shown that the Fddd structure is simply a distortion of the
Ba-IV HG structure [38]. Interestingly, we find that over the
range the Fddd and Ibam structures are stable, a Ba-IV type
host-guest approximant is only ~50 meV higher in enthalpy
[see Fig. 2(b)], although it never quite becomes the lowest
enthalpy structure. It should be noted that, at much lower
pressures (~20 GPa), K does indeed possess a (different) HG
structure—the K-IIIa and K-IIIb phases [2]. We tried relaxing
the K-IITa and K-IIIb structures at 7.5 TPa, but both collapsed
to a simple cubic (SC) structure, indicating that they are
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FIG. 6. Phonon dispersion relations for the structures discussed
in this paper, at selected pressures. All phonon calculations were
performed on an 8 x 8 x 8 g-point grid. (a) dhcp at 1.00 TPa. (b)
P63 /mmc at 1.65 TPa. (c) P3m1 at 1.95 TPa. (d) P6m2 at 2.30 TPa.
(e) hep at 5.00 TPa. (f) Fddd at 7.50 TPa. (g) Ibam at 9.00 TPa. (h)
fce at 25.0 TPa.

dynamically unstable. We note that whilst most realizations of
HG structures in the elements are incommensurate structures,
the Fddd and Ibam phases discussed here are commensurate
crystals; we show this explicitly for the /bam structure in the
Supplemental Material [32].

At 23.6 TPa, we predict a transition from the /bam phase
to the fcc structure. As shown in the inset to Fig. 2(b), the fcc
phase remains the lowest enthalpy structure over an enormous
pressure range; we eventually predict a fcc — bcc transition
at 3.93 petapascal (PPa). The dynamical stability of all the
structures discussed in this paper is shown in Fig. 6, and
structural parameters are shown in Table II.
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TABLE II. Structural parameters for the phases discussed in this
paper, at selected pressures.

Lattice parameters (A)

Structure Pressure (TPa) Wyckoff positions
dhep 0.80 a=2.030,c =6.726
2a, 2¢
P63 /mmc 1.80 a=1.842,¢=9.072
4f(z = 0.083), 2b
P3ml 1.95 a=1.827,¢c=17.852
la(z = 0), la(z = 0.167)
la(z = 0.667), la(z = 0.833)
1b(z = 0.250), 1b(z = 0.417)
1b(z = 0.583), 1b(z = 0.750)
1b(z = 0.916), 1c(z = 0.083)
le(z = 0.334), Ic(z = 0.500)
P6m2 2.20 a=1.798, ¢ = 14.640
1d, le,
2h(z = 0.100), 2i(z = 0.200)
2h(z = 0.300), 2g(z = 0.400)
hep 3.00 a=1726,c=2.787
2c
Fddd 7.50 a=3.771,b=4.083, c = 9.681
32h(x = 0.000, y = 0.000,
z=0.361)
32h(x = 0.000, y = 0.321,
z = 0.000)
Ibam 9.00 a=2.545,b=3.547,c = 2.881
8j(x = 0.406,y = 0.167), 4a
fce 25.0 a=1778
4b

The nature of bonding and the shape of the electronic
charge distribution in solids under extreme compression is a
topic of interest. The general trend observed is that, with suffi-
cient pressure, all elements tend to eventually form “electride”
phases in which electronic charge is localized in interstitial re-
gions between atoms [46]. These interstitial accumulations of
electronic charge act as an anionic sublattice, leaving behind
a positive charge on the atomic sites; the resulting system,
despite being composed of only a single type of element, then
behaves like an ionic solid. Figure 7 shows the charge density
distributions for the fcc, Ibam, Fddd, and bcc structures.
We find that K does eventually become an electride, but this
does not occur until exceptionally high pressures are attained
(around 500 TPa). The electride formation pressure in K can
be contrasted with the cases of carbon [47], sulfur [28], and
aluminium [41], which form terapascal-electrides at pressures
of 20 TPa, 1.25 TPa, and 3.2 TPa respectively (all over an
order of magnitude lower in pressure than K). In the fcc phase
at 3.5 PPa [Fig. 7(a), right], and the bcc phase at 5.0 PPa,
[Fig. 7(d)], clear accumulations of interstitial charge can be
seen. However, perhaps the most intriguing charge densities
are those of the F'ddd and Ibam phases; as Figs. 7(c) and 7(b)
show, both structures feature “quasi-molecules”, where some
atoms form strongly bonded atomic pairs. In the /bam phase
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FIG. 7. Charge density isosurfaces at 90% of the valence charge
maximum (green) and 2D slices (red/green/blue). K atoms are
shown in purple. (a) fcc at 30 TPa (left) and 3.5 PPa (3500 TPa)
(right). (b) Ibam at 10 TPa. (c) Fddd at 7.50 TPa. (d) bec at 5 PPa
(5000 TPa).

for example, integrating over these “molecular bonds” using
a Bader analysis [48] shows that around 1.3 e of electronic
charge is shared between each pair of K atoms; the remaining
valence charge is used to form a number of weaker bonds with
the remaining atoms. We note that despite the quasi-molecular
character of the Fddd and Ibam phases, and the significant
accumulation of interstitial charge in the electride phases,
K remains metallic throughout the entire phase transition
sequence.
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We have further investigated the electron-phonon coupling
properties of elemental K at terapascal pressures. Many el-
ements exhibit record superconducting critical temperatures
under compression [38,44], and the question of whether
such elements remain superconducting into the TPa range
has been raised in several previous publications [28,49].
Superconductivity in K has previously been investigated at
much lower pressures [50,51]. We performed electron-phonon
coupling calculations within Migdal-Eliashberg theory us-
ing density functional perturbation theory (DFPT) in the
QUANTUM ESPRESSO code [52]. We used the McMillan-Allen-
Dynes formula [53] to calculate Tc,

hog —1.04(1 4+ 1)
T. = exp .
1.2 A —u*(140.621)

Where o,, is the logarithmically averaged phonon fre-
quency, A is the electron-phonon coupling constant, and
u* is the Coulomb pseudopotential parameter. Calcula-
tions of T, especially in elements where 7. is usually
of order 10 K or less, require careful treatment and
convergence of electron-phonon properties; details regard-
ing our calculations can be found in the Supplemental
Material [32].

Figure 8 shows the Fermi-level electronic density of states
(eDOS), electron-phonon coupling constant A and supercon-
ducting critical temperature 7, of elemental K for the phases
discussed in this paper. We find that the dhcp phase is super-
conducting with a 7, of 0.75 — 3.87 K, with a rise in 7, upon
transition to the P63 /mmc phase to 2.47 — 7.50 K. Throughout
the transition sequence P63 /mmc — P3m1 — P6m2, T, con-
tinues to rise steadily, up to 3.05 — 8.74 K in the P6m2 phase at
2.30 TPa. A further large increase in 7, occurs upon transition
to the hcp phase, with T, peaking between 7.65 — 15.70 K at
around 6.0 TPa. Upon transition to the F'ddd and Ibam phases
however, there is a dramatic drop in T, with T, falling by over
an order of magnitude to just 0.62 — 3.36 K in the /bam phase
at 10.0 TPa. After the /bam — fcc transition at 23.6 TPa, we
find that 7, is essentially zero within the precision of our cal-
culations. This dramatic suppression of superconductivity is
coincident with a significant reduction in the electron-phonon
coupling, which is more than halved in the fcc phase com-
pared to its peak value in the hcp phase. We note however that
the eDOS at €5 increases nearly monotonically over the entire
transition sequence (see Fig. 8); whilst the number of available
states at the Fermi level are increased, their coupling to the
phonons is reduced. This behavior is qualitatively identical to
that of elemental S in the TPa regime [28], which exhibits a
large and sudden drop in 7, with sufficient compression.

ey

IV. CONCLUSIONS

We have performed an extensive structure search in
elemental K in the terapascal regime, uncovering eight
phase transitions beyond the already known dhcp structure,
and have incorporated vibrational effects in our calcu-
lations to fully elucidate the temperature dependence of
the phase boundaries. Our results reveal that under ex-
treme conditions, K adopts the transition sequence dhcp —
P63/mmc — P3ml — P6m2 — hcp — Fddd — Ibam —
fcc — bee. The P63 /mmc, P3m1, and P6m2 phases represent

@ dhep
O P63/mmc

® P3ml O hep
@ P6m2

@ Ibam
Q Fddd o fec

0.100

0.075 1
—

£9
‘2‘“, 0.050 1
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0.6

0.4 1

0.2 1

T T
10° 10*
Pressure (TPa)

FIG. 8. Electronic properties of the phases: Fermi-level density
of states (eDOS) in units of electrons per eV per A%, electron-phonon
coupling constant A, superconducting critical temperature 7,.. The
width of the T, bars represent values of the Coulomb pseudopotential
parameter p* € [0.08, 0.12]. The grey-vertical dotted lines denote
the structural phase transitions discussed in this paper. For reasons of
computational expense, electron-phonon properties were not com-
puted for the Fddd phase.

particular hexagonal stacking sequences on a pathway be-
tween the simpler dhcp and hcp structures, and are only
slightly lower in enthalpy than a number of structures from
a very large, enthalpically-degenerate manifold of hexag-
onal motifs in structure space. The complex Fddd and
Ibam phases are unlike any other in the sequence, and fea-
ture intriguing quasi-molecular bonds between pairs of K
atoms. We find that under sufficient compression, K even-
tually becomes an electride, albeit requiring pressures over
an order of magnitude greater than other elements (C, S,
and Al) that exhibit electride phases. We have further in-
vestigated the electron-phonon coupling properties of K at
terapascal pressures, finding that the superconducting 7, peaks
between 7.65 — 15.70 K at around 6.0 TPa in the hcp
phase, before eventually falling to essentially zero in the fcc
phase owing to a significant reduction in electron-phonon
coupling.
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