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Ab initio evolutionary structure searches coupled with quasiharmonic calculations predict that the insulating
Na h P4 phase transitions to a novel P63/m phase between 200 GPa at 150 K, and 350 GPa at 1900 K. P63/m
Na is a topological semimetal with a Dirac nodal surface that is protected by a non-symmorphic symmetry, Ss..
It is characterized by localized non-nuclear charge within 1D honeycomb channels and 0D cages rendering it an
electride. These results highlight the complexity of warm dense sodium’s electronic structure and free energy
landscape that emerges at conditions where ionic cores overlap.

Since the dawn of quantum mechanics, it has been assumed
that at sufficiently high pressures all matter would adopt sim-
ple structures with densely packed ionic cores and nearly
free electrons. However, unprecedented structural complex-
ity and anomalous physical properties have been theoretically
predicted and observed in the phase diagrams of alkali met-
als [1]. In sodium, unexpected behavior is found already at
ambient pressure where the bcc structure undergoes a partial
martensitic phase transition upon cooling [2]. Compression
to ~120 GPa results in an astounding ~700 K decrease in
the melting point [3], whose minimum is associated with rich
structural diversity [4, 5]. Near 200 GPa and room temper-
ature an insulating h P4 phase has been made, [6] persisting
upon ramp-compression to nearly 500 GPa [7].

This extraordinary behavior of Na was foreseen by Neaton
and Ashcroft who postulated that at pressures large enough to
induce 2p orbital overlap, sodium’s valence electrons would
be impelled into the interstitial regions of its crystal lattice
due to orthogonality and Pauli repulsion, resulting in a metal
to insulator transition [8]. About a decade later this prediction
was verified in static compression experiments that reported a
double hexagonal h P4 structure (P63/mmec, No. 194) with
a band-gap exceeding 1.3 eV [6]. The hP4 phase is charac-
terized by electrons that are strongly localized at lattice voids
— rendering it a prototypical example of a high-pressure elec-
tride, where the ionic cores play the role of cations, and in-
terstitial electrons act as anions. Such interstitial electron lo-
calization upon densification has been explained by core ex-
clusion and proximity [9], p-d hybridization [6], and by com-
paring the pressure dependence of orbitals centered on inter-
stitial quasiatoms to those centered on ionic cores [10, 11].
Density functional theory (DFT) calculations have shown that
sodium’s unusual optical properties [12], melting behavior,
and rich polymorphism are consequences of the electride state
[13]. First-principles molecular dynamics simulations find
that localized electron bubbles persist in the fluid at high tem-
peratures and pressures [14, 15].

Moving to denser structures yet, cold DFT calculations pre-
dict that Na will transition from an insulating 0P8 phase to
a metallic c/24 phase characterized by Na;» icosahedra near
15.5 TPa [16]. Comparison of the Gibbs free energies of these
phases obtained within the quasiharmonic approximation at

20 TPa and 1000 K led to the conclusion that the effect of the
temperature on the phase transition pressure is negligible.

In contrast, laser-driven ramp-compression experiments of
Na to nearly 500 GPa and ~3000 K hint of temperature-
dependent structural complexity at these conditions [7].
In this experiment the thermodynamic pathway led to
pressure-driven melting and recrystallization on nanosecond
timescales. [In situ X-ray diffraction (XRD) revealed a se-
ries of phases upon recrystallization, with peaks attributed
to Na hP4 evident only above 400 GPa. At lower pres-
sures (~240-325 GPa) the obtained diffraction peaks could
not be explained by the hP4 structure. Instead, they were
attributed to a c/16 phase, isostructural with known phases
of Li and Na found at lower temperatures and pressures, and
a suggested R3m symmetry structure. However, our DFT
calculations (see the Supplemental Material [17]), showed
that both structures are dynamically and thermally unstable
at these conditions. Therefore, further studies are essential
to uncover the unknown Na phases created in Ref. [7] during
ramp-compression of Na at intermediate pressures.

Theory has suggested that compressed Group I elements
and alloys may possess topological properties. For exam-
ple, DFT calculations concluded that forms of dense hydrogen
[18] and Na hP4 [19] both possess metallic surface states,
the band structure of LisH presents Dirac-like features [20],
and various phases of Li at intermediate pressures were com-
puted to be topological semimetals with nodal loops or lines
in the vicinity of the Fermi level, Er [21, 22]. The interest
in topological semimetals stems from their unique properties
including high mobilities [23], giant magnetoresistance [24],
and because their massless fermions make it possible to simu-
late intriguing high-energy and relativistic physics phenomena
in table-top experiments [25]. Topological semimetals may
be characterized by the presence of 0-dimensional (0OD) point
nodes, 1-dimensional (1D) nodal lines, or 2-dimensional (2D)
nodal surfaces where the conduction and valence bands cross
in the Brillouin Zone (BZ) [26].

This Letter presents an investigation into the structural
complexity, topological features and core-electron chemistry
emerging in warm dense sodium. We unravel the crystal struc-
ture of the unknown Na phase whose spectral signatures were
observed during ramp-compression — a topological semimetal
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FIG. 1. (Color online) (a) Enthalpies of various Na phases relative
to fee (AH). The fec — cI16 — t119 — hP4 (oPS8) transitions
are calculated at 121, 147, and 268 GPa, respectively. Besides the
experimentally observed Na structures (fcc [27], cI16 [5, 28], 0P8
[28], t119 [28], and h P4 [6]), seven novel phases found in the evo-
lutionary searches (five shown in the inset) were chosen for further
analysis. (b) The Gibbs free energy of P6s/m Na relative to hP4
(AG) as a function of temperature (") and pressure (P). A negative
AG (blue region) indicates that P63/m is more stable than hP4.
The green dots with black arrows highlight the critical conditions
where P63/m becomes preferred at low (150 K and 200 GPa) and
high (1900 K and 350 GPa) temperatures. (c) AG of various Na
phases relative to h P4 at 300 GPa. P63/m becomes the most stable
phase above 1240 K.

exhibiting a Dirac nodal surface and localized non-nuclear
electron density. Using evolutionary algorithm searches cou-
pled with first principles calculations, we predict several struc-
tures whose free energies fall below that of Na hP4 above
200 GPa at finite temperatures, consistent with recent ramp-
compression experiments. A P63/m Na phase is demon-
strated to possess the lowest free energy at conditions typi-
cal of those accessed in laser-driven experiments, specifically
between 250 GPa at 710 K, and 350 GPa at 1900 K (Figure
S7). Electronic structure calculations show that its electron
density is localized within honeycomb channels and at inter-
stitial sites, rendering it a metallic electride. The Dirac nodal
surface within P63/m is topologically protected by the non-
symmorphic symmetry Ss..

To uncover the phases that were observed in experiment, we
performed extensive evolutionary structure searches using the
XTALOPT [29, 30] algorithm coupled with DFT calculations
[17]. Besides the experimentally determined Na structures,
seven additional dynamically stable (Section S5) low enthalpy
phases found in the evolutionary runs, with R3, P2;/m,
C2/m, P63/m, P3m1, Fmm2, and P62m symmetries (Ta-
ble S2), were singled out for further analysis. Figure 1(a) il-
lustrates that our calculated cold phase transition sequences

and corresponding pressures are in good agreement with ex-
periment and previous calculations [6]. However, these static
lattice enthalpies do not include zero-point or finite tempera-
ture effects, which have been shown to play an important role
in the phase stability of Na [28]. Therefore, the thermody-
namic stability of candidate phases was studied by calculating
their Gibbs free energies within the quasi-harmonic approxi-
mation (Section S6).

Comparison of the free energies showed that all of the seven
newly discovered structures were preferred over Na h P4 at
pressure conditions where experiments suggest a rich tem-
perature driven polymorphism (Section S6). However, at
the high temperatures consistent with those attained in ramp-
compression experiments, the P63 /m phase was computed to
possess the lowest Gibbs free energy between 250 GPa (above
710 K) and 350 GPa (above 1900 K). Above 400 GPa, Na
h P4 again became preferred, in agreement with experimental
observations [7]. At 200 GPa (350 GPa) the newly discovered
P63/m structure was computed to be more stable than Na
hP4 above 150 K (1900 K) (Figure 1(b)). In contrast, the rel-
ative enthalpies alone suggest that P63/m Na is 62 meV/atom
less stable than h P4 Na at 300 GPa, highlighting the impor-
tance of the finite temperature effects on the lattice energies.
The absence of imaginary frequencies in the phonon spec-
tra confirmed the dynamic stability of P65/m Na from 150
to 350 GPa. In addition, first principles molecular dynam-
ics simulations at temperatures typical of those accessed us-
ing ramp-compression experiments (1500 K at 260 GPa, and
2000 K at 315 GPa, see Section S7), revealed that the (refined)
atomic configurations in P63/m Na, including the soon-to-
be-discussed honeycomb channels, are thermally stable. At
400 GPa Na hP4 possessed the lowest Gibbs free energy to
at least 3500 K (Figure S7), in agreement with experimental
diffraction data that could be attributed to this phase at 409 +
15 GPa [7].

To confirm that the predicted P63/m Na phase was created
using laser-driven ramp-compression [7], we compared the
XRD pattern calculated for a refined lattice using the wave-
length characteristic of He-a Cu radiation (8.37 keV) with the
experimental lineouts along 26 at ~260 GPa and ~315 GPa
(Figure 2). The P63/m lattice parameters were refined us-
ing a least squares optimization to match its XRD pattern
with experimental observations. The refinement considered
only the observed diffraction angle 26’s of the peaks, but not
their intensities. Although previously indexed as two differ-
ent phases (cI16, R3m), the diffraction pattern from P63/m
Na is consistent with the experimental data at both 260 and
315 GPa, except for the absence of peaks at ~35° and ~36°,
respectively. Such low-angle peaks are present in the XRD
patterns simulated for Na hP4. Due to the small range of
static lattice enthalpies between the aforementioned competi-
tive phases (0.3 eV/atom), it is likely that the experimentally
detected XRD pattern originates from a mixture of Na phases
that coexist due to temperature and pressure gradients within
the sample. At high diffraction angles, the 26 uncertainty is
larger due to transverse pressure gradients that both broaden
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FIG. 2. (Color online) Simulated XRD patterns (A = 1.4813 A) and
experimental lineouts along 26 [7] of Na under pressure. The (a) red
((b) green) curves depict the experimental patterns from shot 27697
(26479) at 261 £ 11 GPa (315 + 11 GPa). The vertical ticks cor-
respond to expected positions and intensities of XRD peaks for the
refined P63/m (yellow) and hP4 (blue) symmetry Na structures at
260 GPa (315 GPa). The Na atoms in the P63/m structure lie on
the 6h Wyckoft site (0.110, 0.734, 0.250) with refined lattice param-
etersofa=b=4.132 A, andc=2472 A (a=b=4.015A, and c =
2.450 A). The hP4 structure contains Na atoms on the 2a (0, 0, 0)
and 2c¢ (1/3, 2/3, 3/4) Wyckoff sites with lattice parameters of a=b =
2.845 A, and c =4.062 A (a=b=2.705 A, and ¢ = 4.128 A, refined).
The shaded vertical regions provide the positions of the experimental
pinhole calibration peaks.

the diffraction line and contribute a low-pressure tail to the
sampled pressure distribution. Therefore, we conclude that
the XRD peaks observed in ramp-compressed Na between
~?240-325 GPa are consistent with those that would originate
from a mixture of the novel P63/m Na phase, accompanied
with Na h P4, which can be caused by the distribution of pres-
sures and temperatures within the relatively thick Na sample
layer [7]. Due to preferred orientation, the experimentally ob-
served diffraction intensities cannot be compared to that from
an ideal powder.

Let us take a closer look at the P63/m Na phase, which
is illustrated in Figure 3(a). The structure belongs to a non-
symmorphic space group (No. 176) lacking mirror, and other
roto-inversion symmetries. However, it possesses a non-
symmorphic symmetry (Figure 3(b)) generated by a twofold
screw rotation along the c-axis Ss.: (x, y, 2) = (-, -y, z +
¢/2). This same symmetry operation has been reported to pro-
vide protection for topological nodal surface states in crys-
talline materials [31-33]. Plots of the ELF (Figure 3(c,d))
reveal that P63/m Na is an electride where paired electrons
are localized in 1D honeycomb channels that run along the c-
axis, key for the semimetallic nature of this phase, as well as

C21 )
Na, (x,y,z) == Na' (X, -y, 2)

£(0,0,%) .
Na’' (X, -y, Z) == Na, (-X, -y, Z+7) 0.

FIG. 3. (Color online) (a) The crystal structure of P63/m Na high-
lighting the 1D cavity along the c-axis by a red arrow. The green and
brown atoms indicate the Na atoms lying in two different ab planes.
(b) Side view of the unit cell of P63/m Na. An illustration of a non-
symmorphic symmetry operation, Sa., that includes a C'. rotation
and t = (0,0, 5) translation is indicated. (c) Valence electron lo-
calization function (ELF) with isosurface value of 0.80. (d) Contour
map of the ELF, where the red and blue colors refer to the highest
(1.0) and the lowest (0.0) values. The dashed red circles (rectangles)
in (¢) and (d) show that the anionic electrons are located within 0D
cages (1D honeycomb channels).

0D electron blobs centered in Nag tricapped trigonal prisms.
The 1D chains of localized electrons are a striking feature of
the ELF plots of both P63/m Na and BazCrN3 (Figure S20)
—a 1D topological electride characterized by the same space-
group, which was predicted to possess an anomalous Dirac
plasmon with unique properties such as a long lifetime [33].
The band structure of P63/m Na at 350 GPa (Figure 4(a))
is characteristic of a semimetal. The dispersion is large along
the metallic k. direction, confirming the 1D nature of local-
ized electrons within the honeycomb channels. In compar-
ison, the dispersion along the k., = 0 plane with insulating
character is relatively small, due to the localized nature of the
charge density within this plane. The valence and conduction
bands meet in the vicinity of Er and form a band crossing
at the high-symmetry A-point. Along the L — A — H — L
path, which lies in the k. = m/c plane, the bands stick to-
gether and are fourfold degenerate. Plotting the band struc-
ture along an arbitrary line, £y — E — F», which is perpen-
dicular to the k. = m/c plane at the E point located in this
plane (Figure 4(b)), illustrates that the degeneracy remains at
this point. This is seen clearly at £ where the Dirac nodal
point lies (Figure 4(c)), suggesting that the degeneracy may
be present throughout the whole k., = 7 /c plane. Plotting the
3D band structure near Er while varying k, and k,, but keep-
ing k. = m/c fixed (Figure 4(d)) confirms our conjecture that
the valence and conduction bands are degenerate within this
plane. Therefore, the continuous nodal points form a Dirac
nodal surface throughout the whole BZ. A plot of the valence
and conduction band energies at k, = 0.97/c illustrates that
the degeneracy is broken (Figure 4(e)). Because of the small
but non-negligible coupling between the 1D anionic electrons
within the honeycomb channels, the Dirac nodal surface is
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FIG. 4. (Color online) (a) Band structure of P63/m Na at 350 GPa, with the band coloring indicating the orbital character (red/green/blue Na
s/pld). (b) 3D BZ of P63/m Na and its projection onto a 2D BZ on the (100) surface. High-symmetry and arbitrary (1 — E — E>) points
are labeled. (c) Band structure along the arbitrary E1 — E — E» line that lies perpendicular to the k. = 7 /c plane at the arbitrary E point
that is located in the plane, as shown in (b). (d,e) The 3D plot of the valence and conduction bands in the k. = 7 /c and k. = 0.97/c plane,
respectively. The color represents the energy of the bands relative to E'r. The bands are relatively flat and fourfold degenerate in the k. = 7 /c
plane (neglecting SOC), which is the nodal surface. The bands split in the k. = 0.97 /¢ plane. (f) Band structure projected on the (100) surface,
with the surface state (SS) denoted by a red arrow. The bands enclosed by the red dashed rectangle highlight the projection of the topological

nodal surface.

not entirely flat, in-line with previous results for BagCrN3
[33]. Calculations including spin orbit coupling (SOC) il-
lustrate that the band splitting is negligible for these loosely
bound anionic electrons (Figure S14), as expected.

The presence of the Dirac nodal surface in P63/m is dic-
tated by the non-symmorphic symmetry So.. The protection
mechanism was previously described in Refs. [31-33], and
measured [34, 35] in a variety of 3D topological materials.
P63/m Na possesses time-reversal symmetry (72 = 1), and
the T'S.. operation satisfies (7'Ss.)? = e ~**=. As aresult, any
point on the k., = 7/c plane is invariant such that (7'Ss,)? =
-1, ensuring that a twofold Kramers degeneracy arises at ev-
ery point on the plane, which is therefore characterized by a
topological nodal surface [31, 32].

The band structure projected on the (100) surface (Figure
4(f)) illustrates that a surface state band, which does not be-
long to the projected bulk band structure, crosses Er. Such
a metallic surface state is also detected in the band structure
projected on the (-110) surface (Figure S13). Meanwhile,
the projection of the Dirac nodal surface is observed along
the R - Y path. The presence of metallic surface states il-
lustrates the topological features of the high-pressure, high-

temperature PG63/m Na phase.

In summary, ab initio evolutionary structure searches cou-
pled with quasiharmonic calculations illustrate that a novel
PG63/m symmetry Na phase becomes preferred over the
known Na h P4 phase at 250 GPa (350 GPa) above 710 K
(1900 K). The XRD patterns obtained in laser-driven ramp-
compression experiments at 260 and 315 GPa [7] can be well
described by a combination of peaks arising from the P63/m
phase and Na i P4. Because of the pressure and temperature
gradients in the sample, it is likely that these two phases co-
exist in experiment. Above 400 GPa Na h P4 is predicted to
be the ground state structure independent of temperature, in
agreement with the experimental observations. P63/m Na is
a semimetallic electride owing to 1D chains of interstitial elec-
trons that run along honeycomb channels, and electron blobs
localized in Nag cages. Electronic structure calculations re-
veal that P63 /m Na possesses a Dirac nodal surface state that
is topologically protected by the non-symmorphic S5, sym-
metry, suggesting it may exhibit unique properties such as
anomalous Dirac plasmons predicted to be present in other
1D topological electrides [33]. We hope this study stimulates
further work of Na’s structural complexity, topological prop-



erties, and core-electron chemistry under extreme conditions
of pressure and temperature.
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