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Phase diagrams and superconductivity of ternary Na-Al-H compounds at high pressure
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Invigorated by the high-temperature superconductivity in ternary hydrogen-dominated compounds under high
pressures, we systematically explored high-pressure phase diagrams, electronic properties, lattice dynamics, and
superconductivity of ternary Na-Al-H systems using ab initio methods. We found three stable compounds of
NaAlH4, NaAlH6, and NaAlH8, as well as a metastable compound of NaAlH7 under high pressures. Except for
NaAlH4, they all containing H− and H2 units. Electronic structure calculations reveal that NaAlH7 and NaAlH8

are metallic, while NaAlH4 and NaAlH6 are semiconductors. In addition, NaAlH8 exhibits a phonon anomaly
(dip) in multiple phonon branches along the A-M direction. The phonon anomaly induced by Fermi-surface
nesting boosts the electron-phonon coupling strength, and as a result, a superconducting transition temperature
Tc of 55 K was produced at 300 GPa.
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I. INTRODUCTION

The discovery of materials relevant to high-temperature su-
perconductivity has aroused great interest in the past decades.
Metallization of solid hydrogen has been proposed and poten-
tial room-temperature superconductivity under high pressures
[1]. But the metallization of hydrogen is very hard to achieve,
and experimental observations of the metallic hydrogen phase
remain controversial. About five decades earlier, introduction
of impurities into hydrogen to provide a chemical precom-
pression effect was considered as a method for reducing the
metallization pressure of pure hydrogen [2]. But progress
took off at the beginning of this century after Ashcroft [3]
proposed that hydrogen-rich compounds are an alternative to
pursue high-Tc superconductors. In addition, with technical
innovation, supercomputer simulations led theorists to predict
the properties of various hydrides more conveniently, and the
widespread use of compact diamond anvils let experimental-
ists squeeze the most promising candidates to test their mettle.

Until now, almost all binary hydrides have been investi-
gated by structure searching simulations [4–8]. Research on
superconducting binary hydrides are fruitful and correspond-
ing techniques have matured, such as SiH3 with Tc of 139 K
at 275 GPa [9], CaH6 with Tc of 235 K at 150 GPa [10], YH6

with Tc of 264 K at 120 GPa [11], HfH10 with Tc of 234 K at
250 GPa [12], and TeH4 with Tc of 104 K at 170 GPa [13].
Significant achievements in hydride superconductivity have
been made in H3S [14–17] and LaH10 [18–22]. H3S adopts
a covalent sixfold cubic structure exhibiting a high Tc of
203 K. In LaH10, hydrogen-rich sodalitelike hydrides with an
H32 cage also exhibit a high Tc of 250 K.

Despite the vast impressive achievements that have been
made with regard to binary hydrides under high pressure,
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physicists have proved most binary hydrides to be dead
ends for room-temperature superconductivity. Recently, there
were some theoretical studies on the superconductivity of
ternary hydrides at high pressures [23–30]. MgSiH6 [24]
and MgGeH6 [23] were predicted to be superconductors
with Tc of ∼60 K at high pressure. Phosphorus hydrides
were predicted to be stable under pressure via additional
doped lithium, especially LiPH6 with Tc of 150–167 K at
200 GPa [27]. Li2MgH16 exhibits an unprecedented high
Tc of 473 K at 250 GPa by means of theoretical calcu-
lation. Experimental studies on ternary hydrides are being
carrying out at the same time. Experimentalists found that
BaReH9 is a superconductor with Tc about 7 K at 100 GPa
[25]. Li5MoH11 can be synthesized under high pressure and
shows unexpectedly low Tc < 10 K [31]. More recently,
the discovery of room-temperature superconductivity in a
ternary C-S-H [32] system with Tc about 287 K at 267 GPa
is a long-sought scientific milestone in room-temperature
superconductivity.

At atmospheric conditions sodium hydrides adopt NaH
stoichiometry, which crystallizes in the rock-salt structure.
Metallization in sodium hydrides will likely occur because
of pressure-induced band overlap, but sodium hydrides are
unlikely to have a high density of states at the Fermi level.
It is reported that some phases of NaHn (n > 1) with plenty
of H2 units are metallized at lower pressures as a result of
partial filling of the H2 σ ∗

u bands by the Na 3s electrons
[33]. In the aluminum hydrides, the well-studied Pm3̄ n phase
of AlH3 is particularly noteworthy [34,35]. Indeed, AlH3 is
not a good metal, judging from the small density of states
(DOS) at the Fermi level. The theoretical predicted Tc of
the Pm3̄ n-AlH3 rapidly decreases with compression and
becomes almost zero above ∼200 GPa. For ternary sodium
aluminum hydride, metal-doped NaAlH4 with properties of
high hydrogen-storage capacity and reversible dissociation
has attracted special interest and been extensively studied as a
hydrogen-storage material [36,37].
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In this paper we report the results of a first-principles
study on the Na-Al-H system within the pressure range of
100–300 GPa. Calculations of electronic properties reveal
that NaAlH4 and NaAlH6 are indirect band-gap semiconduc-
tors, while NaAlH7 and NaAlH8 containing both H− and H2

units are metal. In addition, the phonon anomaly of NaAlH8

induced by the Fermi nesting significantly affects electron-
phonon coupling (EPC) strength under high pressures, and
NaAlH8 exhibits a superconducting transition temperature Tc

of 55 K at 300 GPa. Moreover, our work is important in
order to understand the high-pressure phase diagram and basis
properties of Na-Al-H ternary systems.

II. COMPUTATIONAL DETAILS

Variable-composition structure searches for NaxAlyHz

(x = 1 ∼ 4, y = 1 ∼ 4, z = 1 ∼ 12) were performed at 100,
200, and 300 GPa by the USEXP [38,39] and AIRSS [40,41]
codes. Both USPEX and AIRSS are very successful in predict-
ing high-pressure compounds [41,42]. In total, 164 different
compositions were considered for the Na-Al-H system, where
nearly 120 structures for each stoichiometry were generated in
variable-composition structure searches. Furthermore, we fo-
cused on hydrogen-rich compositions, and fixed-composition
predictions were employed for these selected stoichiometries.
Structural relaxation was carried out within the framework
of density functional theory as implemented in VASP [43]
and CASTEP [44–46]. The interactions between electrons
and ions were modeled by using the projector augmented
wave (PAW) method [47] with 2p63s1, 3s23p1, and 1s1

treated as valence electrons for Na, Al, and H. The gen-
eralized gradient approximation (GGA) in the scheme of
Perdew-Burke-Ernzerhof (PBE) and the Heyd, Scuseria, and
Ernzerhof (HSE) hybrid functional were chosen for the
exchange-correlation functional. A kinetic cutoff energy of
700 eV and Monkhorst-Pack [48] k meshes with grid spac-
ing of 2π × 0.03 Å–1 were adopted to ensure convergence
of enthalpy to be better than 1 meV per atom. The calcu-
lation of the electron localization function (ELF), which is
used to describe and visualize chemical bonds in molecules
and solids, was performed with denser k meshes 2π ×
0.02 Å–1. Phonon calculations were carried out by using the
supercell approach as implemented by PHONOPY [49]. Super-

conducting properties and EPC calculations were performed
using density functional perturbation theory (DFPT) [50] and
the McMillan equation [51] implemented in the Quantum
ESPRESSO package [52]. Norm-conserving pseudopotentials
of Troullier-Martins (TM) form pseudopotentials [53] were
used with a kinetic energy cutoff of 90 Ry. Self-consistent
electron density and EPC were evaluated by employing a
24 × 24 × 16 k mesh and �-centered 6 × 6 × 4 q mesh
for P4/mmm-NaAlH8.

III. RESULTS AND DISCUSSION

A. Ternary phase diagrams and different synthetic
routes of ternary hydrides

For a ternary system, the precise exploration of properties,
such as the stability and superconductivity, is still a challenge,
caused by excessive stoichiometric proportions. For the Na-
Al-H system, Na-H and Al-H binary compounds have been
systematically investigated, and some compounds exhibit su-
perconducting properties under high pressure [33,54]. Here
we constructed the ternary phase diagram of Na-Al-H system
at 100, 200, and 300 GPa (see Fig. 1 and Fig. S1-2 in the
Supplemental Material [55]). For binary hydrides, Pm3̄
n-AlH3, Cc-NaH7, Cmc21-NaH9, and P1-NaH11 are consis-
tent with the literature [33,54], and we found the Fd3̄ m-NaAl
is the only stable compound in the Na-Al system at 100
GPa. As shown in Fig. 1, except for elemental solids and
binary compounds, we predicted several stable and metastable
ternary hydrides at high pressures: NaAl2H7, Na2AlH7,
NaAlH4, NaAlH5, NaAlH6, NaAlH7, and NaAlH8. To the best
of our knowledge, some previous studies of ternary systems
focus on thermodynamic stable phases [23,24]. However, this
is likely a sufficient but not necessary condition for a material
to be synthesizable [6]. Many structures observed in high-
pressure experiments are metastable phases [56–58]. Some
experimentally synthesized metastable compounds even have
high positive formation enthalpies with high energy gains
larger than 40 meV/atom [59]. This work showed that
controlled heating and cooling cycles or pressure-hysteresis
cycles permit one to stabilize different metastable phases se-
lectively. At 300 GPa, NaAlH7 above the convex hull less than

(a) (b) (c)

FIG. 1. Convex hull of Na-Al-H system at 100 GPa (a) relative to elemental Na, Al, and H, convex hull at 200 GPa (b) and 300 GPa (c)
relative to NaH, AlH3, and H. Red, blue, and purple circles indicate stable, metastable (with formation enthalpies below 50 meV/atom), and
unstable phases, respectively.
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FIG. 2. The crystal structures of (a) P21/m-NaAlH4, (b) Aba2-
NaAlH6, (c) P4/mmm-NaAlH7, and (d) P4/mmm-NaAlH8. Sodium
atoms are colored yellow, aluminum atoms are blue, isolated hydridic
(H−) hydrogen atoms are pink, and H2 units are green.

11 meV/atom is metastable [see Fig. 1(c)], and this does not
preclude NaAlH7 from experimental synthesis.

To further get more information about phase transition,
we calculated the enthalpies of several structures in NaAlH4,
NaAlH6, NaAlH7, and NaAlH8 from 50 to 300 GPa, as
shown in Fig. S3. Note that there is no phase transforma-
tion for NaAlH4 (space group P21/m) and NaAlH6 (space
group Aba2). As for the metastable compound NaAlH7, there
are two energetically competing phases (see Fig. S3 in the
Supplemental Material [55]), and in terms of our calculation,
the enthalpy of the P4/mmm phase is slightly lower than
the Cmmm phase. Although there is a phase transformation
at 75 GPa for NaAlH8, we found it is thermodynamically
stable only from 160 to 290 GPa (convex hull), so we only
concerned the P4/mmm phase. The crystal structures of hy-
drides mentioned above are depicted in Fig. 2, and the detailed
information of structure parameters is listed in Table S2 of the
Supplemental Material [55].

Due to abundant precursors (Na, Al, H, AlH3, NaH,
and NaAl), ternary Na-Al-H hydrides can be synthesized
by different synthetic routes at high pressure, for example,
Na + Al + H2, Na + AlH3 + H2, NaH + Al + H2, NaH +
AlH3 + H2, and NaAl +2H2. In Fig. 1(a), two different
color lines (red and green) intersect at NaAlH4, indicating
that it could be synthetized by two different synthetic routes
(NaAl +2H2 → NaAlH4 and NaH + AlH3 → NaAlH4).
Here we are mainly concerned with four potential syn-
thetic routes (Na + Al + H2, Na + AlH3 + H2, NaH + Al +
H2, NaH + AlH3 + H2) and calculated their formation en-
thalpies as shown in Table I. At 200 GPa, P4/mmm-NaAlH8

always possesses negative formation enthalpies, indicating
the thermodynamic stability. Comparing the formation en-
thalpies of multiple synthetic routes, compressing mixtures
of NaH + AlH3 + H2 is the most energetically favorable
route to synthesis NaAlHn (see Table I). Seen from another
aspect, NaAlHn (n > 4) also can be synthesized by squeez-
ing NaAlH4 + H2. We think that some other synthetic routes
are possibly attained by extending the precursors or varying
combinations, but this requires greater computational costs.

TABLE I. Formation enthalpies (eV/atom) of NaAlHn at 100,
200, and 300 GPa. �H1, �H2, �H3, and �H4 represent the decom-
position of NaAlHn into Na+Al+H, Na + AlH3 + H2, NaH + Al +
H2, and NaH + AlH3 + H2, respectively.

�H1 �H2 �H3 �H4

100 GPa Na2AlH7 −0.756 −0.611 −0.218 −0.073
NaAlH4 −0.723 −0.481 −0.275 −0.034
NaAlH6 −0.558 −0.377 −0.222 −0.041

NaAl2H7 −0.577 −0.287 −0.308 −0.018

200 GPa NaAlH5 −0.825 −0.472 −0.319 0.034
NaAlH6 −0.729 −0.419 −0.286 0.024
NaAlH7 −0.670 −0.395 −0.276 −0.001
NaAlH8 −0.619 −0.371 −0.264 −0.017

300 GPa NaAlH7 −0.827 −0.473 −0.341 −0.006
NaAlH8 −0.761 −0.441 −0.361 −0.022

Provided that these specific synthetic routes are determined,
they will be very helpful to further stimulate experimental
synthesis.

B. Electronic properties of NaAlHn

The electronic band structure and density of elec-
tronic states of NaAlH4, NaAlH6, NaAlH7, and NaAlH8

at high pressure are calculated and shown in Fig. 3. The
P21/m-NaAlH4 is an indirect wide-band-gap semiconductor
at 100 GPa, and the band-gap Eg is about 3.6 eV, which nar-
rowed to 2.9 eV at 200 GPa (see Table S1 in the Supplemental
Material [55]). Aba2-NaAlH6 is also an indirect band-gap
semiconductor at 100 GPa [see Fig. 3(b)] with Eg = 3.1 eV.
For the semiconductors NaAlH4 and NaAlH6, we calculated
the electronic band structures using HSE functionals, as de-
picted in Fig. S4. For NaAlH4 at 100 GPa, the valence-band
maximum (VBM) is lowered by 0.71 eV and the conduction-
band minimum (CBM) is raised by 0.37 eV compared to PBE
functionals. For NaAlH6 at 200 GPa, the VBM is lowered by
0.6 eV and the CBM is raised by 0.3 eV compared to PBE
functionals. The lowering of the VBM in HSE functionals
can be attributed to the reduced self-interaction for the H 1s-
derived states that compose the upper part of the valence band.
The upward shift of the CBM is also expected, since Hartree-
Fock generally increases band gaps. NaAlH7 and NaAlH8

both are metallic with significant hydrogen contribution to the
electronic DOS at the Fermi level. The H-derived electronic
density of states at the Fermi level indicated electron-phonon
coupling was generated mainly by hydrogen electrons cou-
pling with phonon modes. There are three bands crossing the
Fermi level for NaAlH7, four bands for NaAlH8. Excluding
this difference, we can see the band structures of NaAlH7

and NaAlH8 are quite similar. The extra band crossing the
Fermi level of NaAlH8 is directly caused by the Fermi level
increase and the increase of Fermi energy caused by the
extra electron from extra hydrogen. More intriguingly, even
though there is one more hydrogen in the NaAlH8 compound,
the DOS of NaAlH7 is about twice larger than NaAlH8. We
think that the extra hydrogen has a reverse effect—it bonded
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FIG. 3. The band structures and partial electronic density of states (PDOS) of (a) P21/m-NaAlH4 at
100 GPa and (b) AbA2-NaAlH6 at 100 GPa using the HSE functionals, (c) P4/mmm-NaAlH7 at 200 GPa, and (d) P4/mmm-NaAlH8

at 200 GPa using the GGA-PBE functionals.

to an isolated hydrogen and caused the reduction of free
electrons.

The chemical bonding of NaAlHn (n � 4) was examined by
the ELFs and Bader charge analysis. The ELF of NaAlH6,7,8

were calculated and depicted in Fig. 4 and Fig. S7 in the
Supplemental Material [55]. There is no charge localization
between Na-H, Al-H, indicating the bondings are ionic. The
ELF value for H2 units is bigger than 0.75, showing the
evidence for covalent bonding. In Table II, Bader charge
analysis reveals that charges transfer from Na and Al to iso-
lated H and H2 units. Na and Al lose no less than 0.70 e
and 2.30 e charges, respectively, in the NaAlHn (n = 4, 6,

FIG. 4. Electronic localization function (ELF) of P4/mmm-
NaAlH8 at 200 GPa.

7, 8) compound. Each isolated H gains about 0.6 ∼ 0.8 e
forming the H− entity. H2 unit gains about 0.14 e, 0.29 e,
and 0.27 e charges in NaAlH6, NaAlH7, and NaAlH8, re-
spectively. The H2 unit in NaAlH7 and NaAlH8 gains about
twice more charges as in NaAlH6. In addition, interatomic
distances of H2 units in NaAlHn (n = 6,7,8) are shown in
Table S3; NaAlH7 has the maximum distances (0.81 Å) of
H2 units in NaAlHn, and we also know that the H2 unit in
NaAlH7 gains the maximum charges from Na and Al. We
think that the additional electrons reside in the H-H anti-
bonding orbital and therefore weaken the H-H bonding, thus
increasing the H-H distance, which results in longer H-H
distance compared to that in free H2 molecules (see Table S3
in the Supplemental Material [55]). However, the relationship
between H-H distances and additional electrons is not mono-
tonic in NaAlHn. The H-H distances of H2 units in NaAlH6

and NaAlH8 are comparable at 200 GPa, which is about
0.78 Å, while H2 units in NaAlH8 gain almost twice
more charges than those in NaAlH6. According to the
metallization of Na-H systems [33] and AlH3 [34], there
are two strategies for the metallization of NaAlH7,8:
(i) electrons transfer from Na and Al to H2 units,
partially filling the H2 σ ∗

u bands caused metallization,
and (ii) a pressure-induced overlap of H− and H2 σ ∗

u
bands.

C. Phonon dispersion and superconductivity
properties of NaAlHn

Phonon calculations were performed for NaAlH4, NaAlH6,
NaAlH7, and NaAlH8. The absence of imaginary frequencies
in the whole Brillouin zone for the compounds is clearly
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TABLE II. Bader analysis for NaAlH4,6,7,8 at 100 and 200 GPa.

100 GPa 200 GPa

δ(e) NaAlH4 NaAlH6 NaAlH6 NaAlH7 NaAlH8

H −0.72∼ −0.80 −0.72∼ −0.76 −0.71∼ −0.75 −0.61∼ −0.62 −0.64
H2 −0.14 −0.14 −0.29 −0.27
Na 0.75 0.75 0.71 0.72 0.73
Al 2.31 2.33 2.33 2.36 2.37

evidence for dynamical stability (see Fig. 5 and Figs. S8 and
S9 in the Supplemental Material [55]). As expected, owing
to the discrepancy of atomic mass and existing forms of H
atoms, the vibrational modes were divided into different parts.
For NaAlH4, the vibrational modes were divided into two
parts (see Fig. S8 in the Supplemental Material [55]), the
low-frequency branches were associated with the vibrations
of both Na and Al, whereas the higher frequency branches
were mainly associated with H atoms. While the vibrational
modes of NaAlH6,7,8 can be divided into three parts (see
Fig. 5 and Fig. S9 in the Supplemental Material [55]), the
low-frequency modes also dominated by Na and Al atoms, the

(a)

(b)

FIG. 5. Phonon dispersion, corresponding density of states,
Eliashberg spectral function α2F(ω), and EPC integrated λ(ω) of
NaAlH8 at 200 and 300 GPa. These blue solid circles projected
on phonon dispersion curves show electron-phonon coupling (EPC),
and sizes of circles are proportional to EPC strength.

middle parts related to both H2 units and H atoms, and the high
ends of the vibrational modes related to the motions of H2

units.
Figure 5 presents the phonon dispersion, projected phonon

density of states (PHDOS), the Eliashberg spectral function
α2F(ω), and the EPC integrated λ(ω) of NaAlH8 at 200
and 300 GPa. The most noteworthy feature in the phonon
dispersion is the presence of slight anomalies (dip) mainly
concentrated in the middle parts of vibration modes (espe-
cially the ninth vibration mode) along A-M. Many optical
branches associated with vibrations of H2 units exhibit dips
(anomalous phonon) at specific high-symmetry points A and
M. And these branches deepen strongly with decreasing pres-
sure, as shown in Fig. 5. To clearly elucidate the reason of this
anomalous dip, we investigated the Fermi-surface nesting in
the NaAlH8 by applying the nesting function:

(Q) = 1

N

∑
�k,i, j

δ(ε�k,i − εF )δ(ε�k+ �Q, j − εF ), (1)

where εk,i indicate the Kohn-Sham eigenvalues and i, j are
the indices of energy bands, respectively, εF denotes the

FIG. 6. The nesting function of P4/mmm-NaAlH8 at 200 (top
panel) and 300 GPa (lower panel).
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TABLE III. The calculated EPC parameter λ, logarithmic aver-
age phonon frequency ωlog (K), electronic density of states at Fermi
level N (ε f ) (states/spin/Ry/f.u.), and superconducting transition
temperatures Tc (K) with μ∗ = 0.1–0.13 at corresponding pressures
P (GPa).

Structure P (GPa) λ ωlog N (ε f ) Tc (K)

P4/mmm NaAlH8 200 0.61 1600 2.2 28–39
250 0.66 1724 2.2 39–45
300 0.66 1842 2.2 41–55

Fermi energy, and N is the number of k points (k mesh is
100 × 100 × 100). Figure 6 shows a cross section of ζ (Q)
along the high-symmetry lines �-Z-A-M. The appearance
of green areas in Fig. 6 indicates the occurrence of Fermi-
surface nesting. For the � point, its ζ (Q) represents the entire
Fermi surface nests into itself, which has no actual physical
meaning. In order to clearly show the Fermi-surface nest-
ing areas, we cut the redundant peak at � point. The ζ (Q)
quantitatively describes peaks along A-M directions (green
areas), demonstrating that strong Fermi-surface nesting occurs
at these directions. Along the A-M directions, peaks of the
ζ (Q) can be attributed to Kohn anomalies [60]. To the best
of our knowledge, Kohn anomaly is a special case of Fermi-
surface nesting which may occur only for q such that are
two electronic states k1 and k2 = k1 + q, both on the Fermi
surface. The regions of phonon softening correspond to the
nesting directions, strongly indicating phonon softening is
induced by Fermi-surface nesting or Kohn anomalies. And it
is clearly seen that the EPC strength is particularly enhanced
in these regions of phonon dips. As is well known, stronger
EPC strength is favorable to produce a high superconducting
critical temperature Tc. In addition, from PHDOS of NaAlH8,
it is found that the positions of peaks in PHDOS derived from
Na and Al atoms are similar, which is ascribed to similar
atomic masses and positions.

The spectral function α2F(ω) and the EPC integrated λ(ω)
are also shown in Fig. 5. At 200 GPa, it was found that the
low-frequency, middle-frequency, and high-frequency EPC
contribute 16%, 60%, and 24% to total EPC λ, respectively.
At 300 GPa, the proportion is 18%, 70%, and 12%, respec-
tively. Herein it is noted that the middle part of vibrational
modes provides very important contributions to EPC. In other

words, the H and H2-derived frequency contribute 84% and
82% of the total λ at 200 and 300 GPa, respectively, which
is common in binary hydrides containing H2 units. Tc was
calculated based on the spectral function α2F(ω) by solving
the Allen-Dynes modified McMillan equation [51]:

Tc = ωlog

1.2
exp

[
− 1.04(1 + λ)

λ − μ∗(1 + 0.62λ)

]
, (2)

with Coulomb pseudopotential μ∗ = 0.1–0.13. For λ < 1.5,
this equation can provide a highly accurate value of Tc. As
listed in Table III, the electron-phonon coupling coefficient
λ is 0.66, the logarithmic average phonon frequency ωlog is
1842 K, and Tc is 55 K at 300 GPa. As pressure increase,
phonon tends to harden and ωlog raises, and the EPC parameter
λ is basically unchanged, as a result, the Tcs slightly increase.

IV. CONCLUSION

In summary, we investigated the high-pressure phase
diagram, electronic properties, lattice dynamics, and super-
conductivity of ternary Na-Al-H systems. We have identified
several stable and metastable compounds under high pressure:
NaAlH4, NaAlH6, NaAlH7, NaAlH8, etc. At 300 GPa, the
superconducting transition temperature of NaAlH8 is 55 K.
The phonon anomaly (dip) in many phonon branches along
the A-M direction, which is induced by Fermi-surface nest-
ing boosting the EPC strength, playing an important role
in superconductivity. In addition, we propose four potential
synthetic routes for Na-Al-H compounds which will provide
a reference for further experimental study. This work may
shed light on the design principles for other high-temperature
superconducting hydrides.
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