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Theoretical design of ellipsoidal nodal surface semimetals via hypervalent hydrides at high pressure
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Topological band theory has emerged as a powerful framework to classify and understand the electronic
properties of materials. Topological semimetals, which have protected band crossings near the Fermi level
and include Dirac and Weyl points, lines, or surfaces, generally remain uncommon. Hypervalent compounds
exhibit tunable highly degenerate nonbonding states driving band crossings, so they could provide an effective
platform to explore topological semimetallic phases. Here, we identify the topology of the electronic structure
of hypervalent hydrides A2BH6 at ambient pressure and high pressure, and describe the microscopic origin
of topological states via hydrogen nonbonding states. Importantly, we discover an ellipsoidal nodal surface,
a hitherto unrecognized type of fermionic excitation, in Mg2BeH6 with space group Fm3̄ m. The nodal surface
electrons couple strongly to phonons, causing a lattice instability that drives the system towards a charge density
wave phase that competes with the topological nodal surface phase, with pressure providing a control parameter.
Additionally, in the nodal surface phase we predict superconductivity with a critical temperature of 20 K. We
anticipate our work will encourage materials realizations of topological phases and help rationalize high pressure
experiments using ideas from topological theory.
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I. INTRODUCTION

Three-dimensional Dirac (Weyl) semimetals are a type
of quantum matter hosting topology protected four-band
(two-band) crossings close to the Fermi level at isolated points
[1,2], lines [3,4], or even surfaces [5,6] in the Brillouin zone.
The associated fermionic quasiparticles in condensed mat-
ter systems, many of which have no analogs in high-energy
theories [3,7], drive physical phenomena [8]. For example,
axions as elementary particles are yet to be observed in nature,
but can emerge as collective electronic excitations in Weyl
semimetals, such as (TaSe4)2I, in which they drive the struc-
ture into a charge density wave phase [9].

Although there are multiple examples of point and
line semimetals, nodal-surface semimetals remain rare.
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Additionally, most known nodal surface semimetals have
the nodal surface nearly parallel to boundary planes of the
Brillouin zone [5,6,10–12], while alternative configurations
such as nodal spheres are only “pseudonodal” surfaces be-
cause they are gapped by spin-orbit coupling. The more
abundant nodal line semimetals exist in a wider variety of con-
figurations, including nodal rings [13], nodal chains [3], and
nodal nets [4]. This prompts the questions of whether there
are yet to be uncovered configurations for nodal surfaces,
driving widespread attention in the chemistry and materials
communities to design topological nodal surface semimetals.
To address this challenge, we propose a general strategy to
design classes of topological semimetals using hypervalent
structures and pressure, and we successfully uncover a dif-
ferent type of ellipsoidal nodal-surface semimetal.

The crossing of energy bands is a common phenomenon
which controls properties of materials such as their metal-
lic and topological states [14,15]. Two methods have been
traditionally pursued to promote band crossings: mechanical
external pressure [16] and chemical internal pressure [17].
Indeed, these have been fundamental to drive the overlap of
energy bands underpinning the recently discovered metallic
and superconducting high pressure hydrides [18,19]. Simi-
lar strategies hold great promise to explore the promotion
of topological semimetals by driving band overlap, even in
simple light elemental substances like hydrogen [20] and
lithium [13].
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TABLE I. Topological Dirac phase and structural stability of all A2BH6 hydrides studied in this work at pressures of 0 and 300 GPa.

Hydrides Properties

A2BH6 0 GPa 300 GPa

A/electronegativity B/electronegativity Topology Stability Topology Stability

Ba/0.97 Be/1.47 none stable type I unstable
Ca/1.04 Be/1.47 none stable type II stable
Mg/1.23 Be/1.47 type I unstable type I stable
Sr/0.99 Be/1.47 none stable none stable
Ba/0.97 Cu/1.75 type III stable type III unstable
Ca/1.04 Cu/1.75 type III stable type III unstable
Mg/1.23 Cu/1.75 type III unstable type III stable
Sr/0.99 Cu/1.75 type III stable type III stable
Ba/0.97 Zn/1.66 none stable type II stable
Ca/1.04 Zn/1.66 none stable type II stable
Mg/1.23 Zn/1.66 type I unstable type I stable
Sr/0.99 Zn/1.66 none stable type II stable

Motivated by these observations, hypervalent compounds,
which are common at high pressure [21,22], have been iden-
tified as a key family for discovering and understanding
topological materials [23,24]. For example, the axion insu-
lator (TaSe4)2I [9], in which a charge density wave (CDW)

FIG. 1. Structure, molecular orbitals, and possible topologi-
cal states of hypervalent unit [BeH6]4− in hydrides Mg2BeH6

(Fm3̄m). (a) Hypervalent unit [BeH6]4−. (b) The crystal structure of
Mg2BeH6. The anion coordination complexes [BeH6]4− are shown
as green octahedra and the Mg ions as orange atoms. (c) Molecular
orbitals of the three-center–four-electron hypervalent unit [BeH6]4−.
(d) Three types of Dirac states and orbitals in Mg2BeH6.

gaps the Weyl points, is a hypervalent material with partially
occupied orbitals arising from the anion unit [ISe4]5−, which
exhibits a similar valence electronic structure and square plane
crystal structure to that of the classical hypervalent molecule
XeF4 with two three-center–four-electron (3c − 4e) bonds.
Simultaneously, polyhydrides under high pressure such as
H3S [18], LaH10 [25] and CeH9 [26], which are high tem-
perature superconductors [18,27–29], always exhibit band
crossings around the Fermi level, suggesting their supercon-
ductivity could coexist with topological states.

In this work we explore hypervalent hydrides under pres-
sure as a platform to study the role of hypervalent orbitals
in driving potentially simultaneous topological states, super-
conductivity, and CDWs. In recent years, many hydrogen-rich
compounds have been discovered from high pressure and
high temperature synthesis and theoretical predictions, with
examples including K2SiH6 [21], Na3FeH7, and Na3CoH6

[30]. We chose hypervalent hydrides A2[BH6], crystallizing
in the cubic K2SiH6 Fm3̄ m structure, as the template to
explore these physical phenomena in this work. We find that
Dirac states in these hydrides can be tuned by the number
of valence electrons, the electronegativity of the component
elements, and pressure. As a result, we discover a topological
state, an ellipsoidal nodal surface semimetal, and pro-
pose its high-pressure realization in Mg2BeH6. Additionally,
we find a strong coupling between the ellipsoidal nodal sur-
face electrons and the phonons in Mg2BeH6, driving a CDW
phase which gaps the Dirac nodal surface in a similar manner
to that observed in the axion insulator (TaSe4)2I.

A. Hypervalent A2BH6 hydrides: Crystal structure
and electronic structure

Dirac semimetals appear in compounds with high symme-
try crystal structures that can host multiple band degeneracies
[31]. Of these, those with light elements and correspondingly
weak spin-orbit coupling dominate, as spin-orbit coupling can
gap band degeneracies [12,13,32]. Hypervalent compounds
with 3c − 4e bonds always exhibit high symmetry structures,
for example the crystal structure of the SF6 family. However,
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FIG. 2. The electronic structure and topological properties of Mg2BeH6 (Fm3̄m). (a) Band structure of Mg2BeH6, in which band crossings
consist of different orbitals from different atoms. (b) The elliptical Fermi surface of Mg2BeH6. (c),(d) The mirror-symmetry-protected nodal
loops appear in Mg2BeH6 (Fm3̄m) with their mirror planes (11̄0), (110), and (001), and the other points, which are on the nodal loops but
not on these nodal loops, are accidental degeneracy or small gapped (∼1 meV). (e) Density of states of the (001) surface is shown along the
high symmetry lines of the surface Brillouin zone. The flat bands of each elliptical nodal surface are near the Fermi level. (f) Density of states
at the Fermi level in the (001) surface Brillouin zone. The shape of density red block is the projection of ellipsoids with different direction
(labels 1–3). (g) Orbital character and band representations around nodal surface at high symmetry points and along high symmetry lines of
Mg and H atoms in Mg2BeH6 (Fm3̄m). (h),(i) The crystal structure of the MgBeH6. (j) The band structure of MgBeH6. The band crossings
almost do not change, because mirror symmetry of planes (11̄0) and (110) do not change, and the Fermi level decreases with absence of a Mg
atom per primitive cell.

these compounds traditionally have large band gaps driven
by the large electronegativity of coordinate elements such
as F and Cl, and therefore make poor candidates for Dirac
semimetals. The recent synthesis of hypervalent high pressure
hydride, K2SiH6 with space group Fm3̄ m, provides a H-based
hypervalent compound family [21,22], exhibiting much lower
electronegativities and therefore the possibility of metalliza-
tion. The family prototype is A2[BH6], with a A2+ cation
and a [BH6]4− unit, and there exist multiple predictions of
such hydrides stable at ambient pressure. In these compounds,
it is possible to understand how the [BH6]4− octahedra can
drive a Dirac semimetallic phase with two independent mech-
anisms: (i) the nonbonding state of H itself is degenerate
as shown in Figs. 1(a) and 1(b); (ii) although [BH6]4− oc-
tahedra have the same valence electrons as SF6, H exhibits
much lower electronegativity than F, so it is possible to find
overlap between occupied nonbonding orbitals of H and un-
occupied atomic orbitals in the crystal constituted by [BH6]4−

octahedra.
In this work, we explore the band structure topology in

high symmetry hydrides A2[BH6] (A = Mg2+, Ca2+, Sr2+,
Ba2+, and B = Be2+, Zn2+, Cu2+) made of light elements.
The combination of high symmetry and weak SOC should
provide a fertile playground for discovering Dirac semimetal-
lic phases. Furthermore, given the experimental discovery of
this family at high pressure, we explore these compounds at
both ambient pressure and 300 GPa. Our main results are

summarized in Table I for all considered hydrides. We find
three different types of Dirac semimetal states around the
Fermi level. As schematically depicted in Fig. 1(d), type I
and II semimetals involve crossings of metal A states with
nonbonding H states, while type III semimetals involve de-
generacies amongst the nonbonding H states only.

The type of Dirac states that appears in each compound
strongly depends on the electronegativity of the constituents,
which controls the relative position of the energy of the or-
bitals. In particular, type III states only emerge in semimetals
with [CuH6]4−, because Cu has the highest electronegativity
compared to Be and Zn, raising the flat bands of degenerate
nonbonding orbitals close to the Fermi level.

Pressure also plays an important role in determining the
type of Dirac states present in each compound. Type I states
at ambient pressure are only present in hydrides with Mg
because its low electronegativity compared to Ca, Sr, and Ba
causes smaller band gaps and leads to band crossings between
orbitals of Mg and nonbonding orbitals. But most importantly,
pressure reduces band gaps and drives band crossings, and
most trivial hydrides at ambient pressure become topological
at 300 GPa.

We also explore the structural stability of the studied hy-
drides by calculating their phonon dispersion, and summarize
our results in Table I. Of all compounds studied, we identify
Mg2BeH6 as an interesting material for further investigation.
It is a type I Dirac semimetal that hosts a type of ellipsoidal
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FIG. 3. Pressure-induced transformation from a CDW phase
(R3̄) to a nodal-surface phase (Fm3̄m) in Mg2BeH6. (a),(b) The
(111) surface ELF of the R3̄ and Fm3̄m phases. A CDW exists
along the gray dotted line in the R3̄ phase, stable at pressures be-
low 300 GPa. (c) Schematic anti-Peierls-like transition induced by
increasing pressure from the R3̄ phase to the Fm3̄m phase. (d),(e)
The band structures of the CDW phase and the semimetal phase.

nodal surface. Additionally, it is dynamically unstable at am-
bient conditions but stabilized by pressure, suggesting that
it may host a CDW phase as that observed in other related
compounds such as TaSe2 [33], in which pressure weakens
the CDW phase and enhances the superconducting phase.
The coexistence of topological semimetallic electrons and a
CDW also suggests there may be interesting coupling between
electrons and phonons in this compound.

B. Ellipsoidal nodal surface in Mg2BeH6

The band structure and Fermi surface of Mg2BeH6 in the
high pressure Fm3̄m phase are shown in Figs. 2(a) and 2(b),
respectively, exhibiting a rare ellipsoidal nodal surface. The
corresponding surface states form flat bands, and are shown in
Figs. 2(e) and 2(f). The ellipsoidal nodal surfaces around the
high symmetry X points arise from the band overlap between
an orbital from the Mg atoms at the 8c sites and a nonbonding
orbital from the hypervalent [BeH6]4− unit [see Fig. 2(a)]. The
location of the band crossings implies that the representations
of the point group D4h [31,34,35] of the X points plays an
important role in the emergence of the nodal surface. In the
subsequent analysis, we neglect SOC because it is extremely
weak in Mg2BeH6. The band representations of H [Fig. 2(g)]
at the � point agree well with the molecular orbital of the
hypervalent unit [BeH6]4− [Fig. 1(c)]: from low energy to
high energy the band degeneracies from hydrogen are 1, 3,
and 2 at the � point. The two band representations of the
nodal surface states at the X point are X −

3 (1) and X +
2 (1), as

shown in Fig. 2(g). Additionally, the two bands forming the
nodal surface have different mirror-symmetry eigenvalues on
the mirror planes (11̄0), (110), and (001), so a nodal loop
appears on each plane protected by mirror symmetry. Because
Mg2BeH6 has cubic Fm3̄m symmetry, the X points exhibit all
three mirror planes and the three nodal loops cross, forming
the backbone [31] of an ellipsoid. We find that the degeneracy

on the nodal loops, which is enforced by symmetry, extends
as an accidental degeneracy to the entire ellipsoid, forming an
ellipsoidal nodal surface. Accidental degeneracies are present
at low symmetry k points in many materials [36], and although
they tend to become gapped by SOC [36], the SOC strength of
Mg2BeH6 is too weak to gap the band crossings significantly
(gaps are less than 1 meV). As a result, we propose Mg2BeH6

as a candidate ellipsoidal nodal surface semimetal.
To understand the origin of the nodal surface in Mg2BeH6,

we note that nodal surfaces are present in systems with chiral
symmetry [11]. The antifluorite-type structure of Mg2BeH6 is
not bipartite because the [BeH6]4− anion octahedra and the
pair of Mg cations are not identical and do not form equiva-
lent sublattices. Additionally, the band crossings of Mg2BeH6

involve the 1s orbital of H atoms and 3s orbital of Mg atoms.
However, although Mg2BeH6 does not have chiral symmetry,
the effective Hamiltonian describing the low-energy part of
the spectrum of Mg2BeH6 does have chiral symmetry [5], thus
driving the existence of the nodal surface [see the “topological
charge of Mg2BeH6 (Fm3̄m)” section in the Supplemental
Material [37]].

Crystals with chiral symmetry are generally bipartite with
half-filled even-numbered bands which host band crossings
at the Fermi level, with graphene being a well-known exam-
ple. The mechanism driving the nodal surface in Mg2BeH6

is the overlap of bands from Mg atoms and BeH6 hyper-
valent units, which mainly depends on the electronegativity
rather than on half-filled even-numbered bands. Therefore,
the ellipsoidal nodal surface does not depend on chiral
symmetry.

To further explore the role played by Mg atoms in the 8c
site of the Fm3̄m space group, we perform a computational
experiment. We remove a Mg atom from the primitive cell to
get a hypothetical MgBeH6 compound, with a structure that is
bipartite and similar to that of nodal chain metals [3], with
the sublattices formed by the Mg atoms and the [BeH6]4−

FIG. 4. The phonon dispersion, density response function of
frequency of Mg2BeH6 (Fm3̄m) at 300 GPa. From left to right,
phonon dispersion relation with phonon linewidths, projected
phonon densities of states (PHDOS), and spectral function α2F with
electron-phonon coupling strength λ integral of frequency. The last
graph shows that proportion of the (q, ν)-resolved λ (the number
denotes the corresponding vibration mode ν) in total λ at � point
and the frequency dependence of the real part of relative response
function Re(�(ω, q))/Re(�(0, 0)).
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octahedra, as shown in Figs. 2(h) and 2(i). This hypotheti-
cal hydride MgBeH6 has topological Dirac ellipsoidal nodal
surfaces around 4.5 eV above the Fermi energy, with the shift
in energy caused by the absence of two electrons from the
Mg atom per primitive cell that has been removed. Although
the chiral symmetry of Mg2BeH6 is broken by the extra Mg
atoms, the nodal surfaces survive with nodal-loop-backbones
protected by mirror planes (11̄0) and (110). As a side note,
this shows that the Mg cations not only take part in estab-
lishing the chiral symmetry, but also contribute free electrons
to raise the Fermi level to an energy close to that of nodal
surface.

C. CDW, response function, and nodal-surface-phonon coupling

Semimetals often undergo a charge density wave instability
that gaps the band crossings, and this is indeed the case for the
ellipsoidal nodal surface semimetal Mg2BeH6, which exhibits
imaginary phonon modes at ambient conditions. Pressure can
often suppress CDW instabilities, and we find that Mg2BeH6

becomes dynamically stable at 300 GPa. These observations
suggest Mg2BeH6 may exhibit a complex structural phase
diagram, and we next explore it in some detail.

Structure searching methods have been successfully used
in the search for CDW phases [57]. Here, we use the ab initio
random structure searching (AIRSS) method [38] to predicted
the CDW phase of cubic Mg2BeH6. We identify a R3̄ phase
of stoichiometry Mg2BeH6, which undergoes a smooth phase
transformation to the Fm3̄m phase under pressure, and corre-
sponds to the CDW phase of the ellipsoidal nodal surface as
shown in Fig. 3.

The CDW gaps the band crossing around the nodal surface.
As shown in Fig. 3(b), the dimerization of H atoms and Mg
atoms caused by a lattice instability gaps the nodal surface
at lower pressure, similar to what is observed in the axion
insulator (TaSe4)2I. Notably, the dimerization in Mg2BeH6

looks like a “Peierls transition,” but it is not a typical Peierls
transition because a Peierls transition emerges with chiral
symmetry and Mg2BeH6 does not have chiral symmetry. This
structural transition can be characterized by the tilting angle
of the [BeH6]4− octahedra (see Fig. S15 in the Supplemental
Material [37]), pushing the H atoms towards the Mg atoms
and driving dimerization. Therefore, we can use the tilting
angle as an order parameter to quantify the symmetry changes
that occur during the phase transition between the semimetal
and CDW phases. As pressure increases, the tilting angle of
the [BeH6]4− octahedra decreases, and pressure eventually
overcomes the instability in Mg2BeH6. Overall, we find that
a CDW phase competes with the topological semimetallic
phase, but that high pressure can help stabilize the high sym-
metry semimetallic phase. This pressure-driven stabilization
of high symmetry phases is a common feature of coordi-
nated compounds, with recent examples including the metallic
hydrogen-rich compounds H3S [18,27] and LaH10 [28,29].

It is well known that ordinary Fermi surfaces can exhibit
strong electron-phonon coupling, for example resulting in the

Kohn anomaly [58] or Fermi surface nesting [59]. When the
Fermi surface is a nodal surface with a linear dispersion in
the normal direction, exotic electron-phonon coupling mech-
anisms may arise [60]. Motivated by this, we explore the role
of electron-phonon coupling in the ellipsoidal nodal surface
of Mg2BeH6.

The phonon dispersion and electron-phonon coupling
strength of the Fm3̄m phase calculated using DFT at 300 GPa
show an abrupt softening of the optical phonon modes around
the � point (Fig. 4), and below 300 GPa imaginary frequencies
emerge. The calculated value of the total electron-phonon
coupling strength λ is 0.564 (broadening σ = 0.01) on the
nodal surface. The mode-resolved electron-phonon coupling
strength is shown on the phonon dispersion relation (Fig. 4),
and the electron-phonon coupling is strongest at the � point.
At the � point, the electron-phonon coupling strength λ

(∼ 0.28) is much larger than at any of the other 215 phonon
momenta qincluded in our calculations, and the sum over the
three lowest energy optical modes at � is around 50% of
the total λ, although the weight of the � point is only 1/216
(∼ 0.005). The resulting superconducting critical temperature
Tc is predicted to be around 20 K, which is high for Dirac
semimetals.

To provide a microscopic explanation for the phonon soft-
ening driven by strong coupling to electrons as calculated
by DFT, we build an effective massless Dirac quasiparti-
cles model that includes the electronic low-energy excitations
on the ellipsoidal nodal surface of Mg2BeH6. To derive
such a model, we note that all the points on the ellipsoidal
nodal surface are Dirac points whose dispersion is linear
along the nodal surface normal direction (Fermi velocities),
and SOC is weak in the Mg-Be-H system so it can be
neglected and the resulting effective model is a two band
Hamiltonian. As shown in Sec. 2.1 of the Supplemental Ma-
terial [37], the low-energy Hamiltonian of the nodal surface
takes the form

H (k) = ∂E (k)

∂�n
(

kx − kFx (k)

a
σx + ky − kFy (k)

a
σy

+ kz − kFz (k)

b
σz

)
,

where kFx (k), kFy (k), and kFz (k) are the components of the
Fermi vector kF along the x, y, and z axis, a, b, kz0 are
the semimajor axis, semiminor axis, and center of our ellip-
soidal Hamiltonian model, and kz0 = �X (Fig. 1). Then we
parametrize the model using the DFT band structure, with
a and b parametrized from the band crossings along �X and
XW in the first Brillouin zone, and the slope ∂E (k)

∂�n is assumed
to be constant and taken to be the average slope along the
major and minor axes.

To study the interaction of phonons and Dirac nodal
surface electrons, we analyze the behavior of the den-
sity response function divided into intraband and interband
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excitations as follows:

�00(ω, q) = �intra (ω, q) + �inter (ω, q), �intra (ω, q) = 2
∑

k

�intra
k,q

[
n[E+(k)] − n[E+(k + q)]

h̄ω − E+(k + q) + E+(k) + i0+

+ n[E−(k)] − n[E−(k + q)]

h̄ω − E−(k + q) + E−(k) + i0+

]
, �inter (ω, q) = 2

∑
k

�inter
k,q

[
n[E−(k)] − n[E+(k + q)]

h̄ω − E+(k + q) + E−(k) + i0+

+ n[E+(k)] − n[E−(k + q)]

h̄ω − E−(k + q) + E+(k) + i0+

]
,

where �intra
k,q and �inter

k,q are the chirality factors for the intra-
and interband transitions as shown in Fig. S20 [37].

As shown in Fig. 4, the strong electron-phonon coupling
associated with the three lowest energy optical modes at the
� point is the result of the anomalous density response func-
tion �(ω, q) of the nodal surface quasiparticles [58–60]. The
density response function �(ω, q) abruptly increases when q
approaches � and the frequency of the optical mode goes to 0.
As a result, the ability of the electrons to screen the embedded
charge suddenly decreases when (ω, q) approaches (0, 0). As
shown in Fig. 4, at the � point the optical vibrational modes
with lowest frequency contribute most of the electron-phonon
coupling strength because the response of nodal surface ex-
citations to low-frequency phonons is much stronger than the
response to high frequency phonons, which is embodied by
the infinite slope of the response function around ω = 0.
This allows us to further characterize the lattice instability
of the Fm3̄m phase below 300 GPa discussed above: band
crossings might cause dynamical instabilities that can drive
a phase transformation from semimetallic phases to gapped
phases.

II. SUMMARY

In summary, designing Dirac materials with hypervalent
hydrides is shown to be an effective approach to obtaining
topological states with overlapping bands from H-rich hyper-
valent units. We identify multiple topological states, natural
or induced by pressure, in hypervalent hydrides A2BH6. Most
interestingly, we discover an ellipsoidal nodal surface state
in the Fm3̄m structure of Mg2BeH6. We also find that this
semimetallic phase competes with a CDW phase, and that
pressure stabilizes the Dirac nodal surface state. Additionally,
we find a relatively high superconducting critical temperature
of 20 K in the Dirac semimetallic phase.

The prediction of an ellipsoidal nodal-surface state in the
A2BH6 hydrides can motivate further theoretical and exper-
imental studies on the relationship between CDWs, Dirac

nodal surfaces, and superconductivity, especially at high
pressure. Dirac materials at high pressure remain a largely
unexplored arena with only a few recent examples, but the rich
variety of phases that exist at high pressure should provide a
fertile playground to further study topology and its interplay
with other phenomena.
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