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Ternary hydrides are considered as the ideal candidates with high critical temperature (Tc) stabilized at
submegabar pressure, evidenced by the recent discoveries in LaBeH8 (110 K at 80 GPa) and LaB2H8 (106 K at
90 GPa). Here, we investigate the crystal structures and superconductivity of an Ac-B-H system under pressures
of 100 and 200 GPa by using an advanced structure method combined with first-principles calculations. As a
result, nine stable compounds were identified, where B atoms are bonded with H atoms in the formation with
diverse BHx motifs, e.g., methanelike (BH4), polythenelike, (BH2)n, and BH6 octahedron. Among them, seven
Ac-B-H compounds were found to become superconductive. In particular, AcBH7 was estimated to have a Tc of
122 K at 70 GPa. Our in-depth analysis reveals that the B-H interactions in the BH6 units play a key role in its
high superconductivity and stability at submegabar pressure. Our current results provide a guidance for future
experiments to synthesize ternary hydride superconductors with high-Tc at moderate pressure.

DOI: 10.1103/PhysRevB.110.064105

I. INTRODUCTION

Hydrogen is considered as a promising candidate for high-
temperature superconductors, due to its small atomic mass
and strong phonon vibration frequency [1,2]. However, the
metallization pressure required to compress hydrogen exceeds
450 GPa, which is difficult to achieve via current hydrostatic
pressure experiments [3,4]. Ashcroft pioneered the possibil-
ity of finding high-temperature superconductors in hydrides
because of the “chemical precompression” effect of non-
hydrogen elements, which allows for the metallization of
hydrides at lower pressures [5] than that for pure hydrogen.
However, to search for a suitable hydride with high supercon-
ductivity remained a great challenge at that time. Until recent
decades, owing to the rapid development of computational
structure prediction algorithms, many hydrides were predicted
to become stable at megabar pressures with high supercon-
ducting critical temperature above 200 K. These theoretical
studies have led to a surge in the number of high-temperature
superconductors synthesized in binary hydrides, e.g., H3S
[6–9], LaH10 [10–13], YH6 [14–16], YH9 [15,17], and CaH6

[18–20].
Almost all possibilities have been theoretically explored

for binary hydrides [21,22], thus it is highly desirable to
explore ternary hydrides considering the addition of new el-
ements and new configurations, which expands the material
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field to find structures in the ternary hydrides with higher Tc

at relatively lower pressures. To date, increasing amounts of
ternary hydrides have been synthesized experimentally with
the high-temperature superconductivity: (La, Y)H10 (253 K
at 183 GPa) [23], (La, Ce)H9 (178 K at 110 GPa or 176 K at
100 GPa) [24,25], (La, Nd)H10 (148 K at 170 GPa) [26], and
(La, Al)H10 (223 K at 164 GPa) [27]. However, the pressure
still exceeds 100 GPa beyond further application. Recently,
research proposed an effective strategy to reduce the external
pressure by adding a light element that binds with H atoms
to form small molecules, acting as precompression factor,
such as CH4 in CSH7 [28,29] and MC2H8 [30], B/BeH8

in X (B/Be)H8 [31–35], and BH4 in XB2H8 [36,37]. In this
way, the newly constructed structures could not only become
stable at lower pressure but also remain good superconduc-
tivity. Recently, structures of Mg2XH6 type are proposed to
be an ideal superconductor at ambient pressure, e.g., Mg2IrH6

(Tc = 160 K) [38,39]. Particularly, LaBeH8 and LaB2H8 have
been synthesized successfully below megabar pressure with
Tc of 110 K at 80 GPa [34] and 106 K at 90 GPa [40],
respectively, which greatly motivated us to hunt for high-Tc

superconductors at moderate pressures in ternary hydrides.
The p0 and d1 metals with low-lying empty orbitals tend

to form phonon-mediated high-Tc superconducting (HTSC)
metal polyhydrides. Among them, actinium, which is similar
to lanthanum in chemical properties, atomic size, electroneg-
ativity, and electronic configuration, forms many actinium
hydrides with good superconducting properties: R3̄m AcH10

(251 K at 200 GPa), I4/mmm AcH12 (173 K at 150 GPa), and
P6̄m2 AcH16 (241 K at 150 GPa) [41]. In addition, a large
number of ternary borohydrides have been explored, e.g.,
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FIG. 1. Calculated stabilities of AcxByHz relative to Ac, B, H, and binary compounds at (a) 100 GPa and (b) 200 GPa. Red and gray squares
denote the thermodynamically stable and ternary stoichiometries, respectively.

Li-B-H [42], S-B-H [43], Ca-B-H [44], Na-B-H [45], Mg-B-H
[46], and La-B-H in particular, with a Tc of 126 K at 50 GPa
[31–33]. On the basis, it is highly required to explore the
crystal structure and superconductivity of the Ac-B-H system
in anticipation of finding high-temperature superconductors
stabilized at low pressures. In this work, the crystal structure,
stability, and superconducting properties of AcxByHz (x = 1–
2, y = 1–2, z = 1–16) at 100 and 200 GPa are theoretically
investigated. Nine thermodynamically stable compounds are
uncovered, namely, P6/mmm AcBH, P21/m AcBH4, P21/m
AcB2H7, Pbnm AcBH6, Pnm21 AcB2H14, Pm21b AcB2H13,
Pm21b AcBH16, P3̄m1 AcBH7, and P21/m AcBH8. In partic-
ularly, P3̄m1 AcBH7 remains dynamically stable at 70 GPa
with Tc of 122 K, comparable to that of LaBeH8 (110 K at
80 GPa) [34] and LaB2H8 (106 K at 90 GPa) [40], which have
already been synthesized experimentally.

II. COMPUTATIONAL DETAILS

The candidate structures of Ac-B and Ac-B-H systems
are predicted using the CALYPSO code [47–50] based on a
particle swarm optimization algorithm. We perform compo-
sition crystal structure searches for AcxBy (x = 1–2, y =
1–10) and AcxByHz (x = 1–2, y = 1–2, z = 1–16) rang-
ing from 1 to 4 f.u./cell at 100 and 200 GPa. More than
2000 structures for each stoichiometry during the predic-
tion search and continues to generate 1000 structures after
the lowest-energy structure is determined in order to ensure
the convergence. The phonon calculations were performed
for all structures by using a supercell method as imple-
mented in the PHONOPY code [51,52]. The total energy and
electronic properties are calculated by using the Vienna ab
initio simulation package (VASP) [53] with the Perdew-Burke-
Ernzerhof [54,55] exchange-correlation functional. Projector
augmented-wave (PAW) potentials with the valence electrons
6s26p66d17s2 for Ac, 5s26s25p65d1 for La, 5s26s25p65d14 f 1

for Ce, 5s26s25p65d14 f 1 for Th, 2s22p1 for B, and 1s1 for
H are adopted [56]. To ensure the convergence of force and
energy, we set the corresponding plane-wave cutoff energy to
600 eV and Brillouin zone samplings to 0.20 Å−1. To consider
the chemical bonding state of the structure, we have used
the electron localization function (ELF) to analyze the cova-

lent bonds and Bader to analyze the charge transfer [57,58].
The electron-phonon coupling (EPC) constant was calculated
within the framework of the linear-response theory as car-
ried out in the QUANTUM ESPRESSO package [59]. Ultrasoft
pseudopotentials were used with a kinetic energy cutoff of 80
Ry. The detailed k meshes, and q points for superconducting
Ac-B-H compounds can be found in the Supplemental Ma-
terial (SM) [60]. Both EPC parameters and Tc calculated in
the Ac-B-H system are based on the broadening parameter
of 0.04 Ry. The Allen-Dynes modified McMillan (ADM)
equation [61], which better describes superconductors with
λ < 1.5, is applied in calculating it,

Tc = ωlog

1.2
exp

[
− 1.04(1 + λ)

λ − μ∗(1 + 0.62λ)

]
, (1)

where ωlog is the logarithmic average frequency, λ is the
electron phonon coupling parameter, and μ∗ is the Coulomb
pseudopotential, often assumed to be between 0.1 and 0.13.

III. RESULTS AND DISCUSSION

In order to acquire the phase diagram of ternary Ac-B-
H system, we need to first determine the structures of the
associated binary system. The B-H system [62–67] and the
Ac-H system [41] have been thoroughly investigated, while
the information of the Ac-B system is lacking. Thus we
make a structural prediction for Ac-B at pressures of 100
and 200 GPa and identified three thermodynamically stable
compounds, namely, R3̄m AcB, Pm3̄m AcB6, and R3̄m AcB8

(see Figs. S1– S5 in SM [60] for more details). The calculated
phase diagram of AcxByHz at pressures of 100 and 200 GPa is
shown in Fig. 1. Six compounds are identified to be thermo-
dynamically stable at 100 GPa (e.g., P6/mmm AcBH, P21/m
AcBH4, Pbnm AcBH6, Pm21b AcBH16, P21/m AcB2H7,
Pm21b AcB2H13). Three compounds AcBH, AcBH4, and
AcB2H7 remain thermodynamically stable without phase
transitions as pressure increases to 200 GPa. Additionally,
another four stoichiometries AcBH7, AcBH8, AcB2H8, and
AcB2H14 start to locate at the convex hull at 200 GPa. Note
that AcBH4, AcBH6, AcBH8, and AcB2H8 have been reported
in previous work [68], however, our proposed structures are
more energetically stable with the exception of AcB2H8 which
adopts the same symmetry I4/mmm (see Fig. S6).
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FIG. 2. The stable structures of Ac-B-H compounds: (a) P6/mmm AcBH, (b) P21/m AcBH4, (c) P21/m AcB2H7, (d) Pnm21 AcB2H14, (e)
Pbnm AcBH6, (f) Pm21b AcB2H13, (g) Pm21b AcBH16, (h) P3̄m1 AcBH7, and (i) P21/m AcBH8. Yellow, green, and pink spheres represent
Ac, B, and H atoms, respectively.

Figure 2 shows the structures of nine Ac-B-H compounds
with corresponding structural parameters as indicated in SM
[60]. AcBH adopts hexagonal P6/mmm symmetry, compris-
ing alternating Ac, B, and H layers, where B and H atoms form
the honeycomb sublattice [Fig. 2(a)]. In AcBH4 [Fig. 2(b)],
the zigzag B covalently bonded with two hydrogen atoms
to form BH2 units, which are polymerized along the y axis
and behave as polythene. For H-richer AcB2H7 [Fig. 2(c)], it
consists of Ac atoms and B2H7 units, where the bond length
between B-B is 1.58 Å at 100 GPa, and it is strongly cova-
lently bonded with the ends coordinated to three H atoms and
four H atoms. Interestingly, AcB2H14 contains B2H8 units,
composed of two BH4 linked by B-B covalent bonds, while
three H2 molecules in the same plane surround Ac atoms
[Fig. 2(d)]. With increasing H contents, BH4, BH5, BH6,
and BH7 appears in AcBH6, AcB2H13, AcBH16, AcBH7, and
AcBH8, respectively [Figs. 2(e)–2(i)]. In particular, AcBH7

adopts high-symmetry P3̄m1 [Fig. 2(h)], isostructural with
LaBH7 [32]. The BH6 units locate at the vertices and edges
of the hexagonal lattice, and the ones on the edges are con-
nected by H atoms. In addition to BHx units, the extra H
atoms in the Ac-B-H compounds exist in many forms, e.g.,
monoatomic H (e.g., AcBH4, AcB2H7, AcBH6, AcB2H8,
AcB2H14, AcB2H13, AcBH16, AcBH7, AcBH8), H2 (e.g.,
AcB2H8, AcB2H14, AcB2H13, AcBH16), and linear H3 (e.g.,
AcBH16).

In order to further explore the fascinating properties of
Ac-B-H compounds, we calculated their electronic structure
and phonon properties. Almost all the predicted structures

are metallic with several bands crossing the Fermi energy
level, with the exception of AcBH6 and AcB2H7, both of
which are semiconductors (see Fig. 3 and Figs. S8 and S9).
The significant overlap of the partial electronic density of
states (DOS) of the different atoms indicates a strong hy-
bridization of Ac-H and B-H under pressure. Note that Tc

in BCS theory is closely related to the DOS of E f . Addi-
tionally, the occupation of H at E f (DOSH) plays a crucial
role as well. For the metallic structures, hydrogen atoms
make a substantial contribution to the total DOS of E f , e.g.,
for AcBH16 (68%), AcB2H13(64%), AcBH7(48%), AcBH8

(53%), AcB2H8 (54%), and AcB2H14 (58%) (see Table S2).
Considering these two criteria, five stable metallics of Ac-B-
H compounds are screened as the potential superconductors:
AcB2H8, AcB2H14, AcBH16, AcBH7, and AcBH8.

Based on the metallic properties of Ac-B-H compounds,
we calculated their phonon dispersions, projected phonon
DOS (PHDOS), Eliashberg spectral function α2F (ω), and
EPC integral λ(ω) at 200 GPa as shown in Fig. 4
and Figs. S10–S12. The phonon dispersion supports their
dynamical stability via the absence of any imaginary fre-
quencies. Furthermore, the dynamical stabilities of LaBH7

(at 85 GPa), AcBH7 (at 70 GPa), and AcB2H8 (at 125 GPa)
are confirmed by calculating PHDOS with larger q meshes
(Fig. S13). The common feature of the phonons is that the
lowest-frequency vibrational modes are contributed by the
heavy atoms Ac, B, and H dominate the midfrequency modes,
and the high-frequency modes are exclusively from H atoms.
The superconducting properties were then evaluated using the
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FIG. 3. (a) Electronic band structures of P3̄m1 AcBH7 at 200 GPa without (“w/o SOC”) and with the inclusion of spin-orbit coupling (“w
SOC”). The Fermi energy is set to zero. (b) Atom-projected density of states near the Fermi level for P3̄m1 AcBH7 at 200 and 70 GPa. H1

denotes the H atoms in the BH6 units, and H2 denotes the H atom that is not bonded to the B atom.

Allen-Dynes-modified McMillan equation [61] or by solv-
ing numerically the Eliashberg equations [69]. We used the
typical value of the Coulomb pseudopotential μ� = 0.10. The
results are summarized in Table I.

AcB2H8 exhibits good superconductivity with Tc above
70 K at 200 GPa (Fig. S12). As the pressure decreases
to 125 GPa, the superconductivity is almost unchanged
with 79 K, which agrees well with the previous work
[68]. Other compounds possess the similar superconductiv-
ity with Tc around 40 K at the corresponding predicted
pressure. AcBH16 and AcB2H14 are dynamically unstable
below 90 and 180 GPa, respectively, thus their electronic
properties are excluded from consideration at low pres-
sure. Additionally, AcB2H8 has been reported previously,

thus hereafter our calculations and discussions will focus on
AcBH8 and AcBH7, which could remain dynamically stable at
lower pressure.

By further inspection, they have the close DOS at E f

and DOSH contribution at 200 GPa for AcBH8 (0.030 eV−1

per valence electron, 53% from DOSH) [Fig. S9(a)] and
AcBH7 (0.028 eV−1 per valence electron, 48% from DOSH)
[Fig. 3(b)]. Consequently, they exhibit very similar supercon-
ductivity. As the pressure decreases to 100 GPa, both the
DOS at E f and H contribution in AcBH8 decrease accord-
ingly (Table S2). Additionally, the phonons show obvious
softening at high frequencies under decompression (Fig. S10),
which leads to an increase in the EPC parameter λ from 0.64
to 0.71, while the average phonon frequency ωlog decreases

FIG. 4. Phonon-dispersion curves, PHDOS, projected on the Ac, B, and H atoms, Eliashberg spectral function, α2F (ω) and λ(ω) for P3̄m1
AcBH7 at (a) 200 GPa and (b) 70 GPa. (c)–(f) The vibrational modes at c, d , e, and f of P3̄m1 AcBH7 at 70 GPa. The direction of vibration
of Ac, B, and H are marked as golden, red, and blue arrows, respectively.
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TABLE I. The calculated electron-phonon coupling parameter
(λ), logarithmic average phonon frequency ωlog, and the estimated Tc

for Pm21b AcBH16, P3̄m1 AcBH7, P21/m AcBH8, Pm21b AcB2H13,
and Pnm21 AcB2H14 at high pressures.

Tc (K)

Phases Pressure (GPa) λ ωlog (K) ADM Eliashberg

Pm21b AcBH16 100 0.71 950.77 35 39
P3̄m1 AcBH7 200 0.67 1309.04 41 43

70 1.98 600.86 86 122
P21/m AcBH8 200 0.64 1368.91 37 43

100 0.71 1118.08 40 46
Pnm21 AcB2H14 200 0.72 1108.48 41 42

from 1368 to 1118 K, leading to the combined effect of
a slight increase in Tc from 43 K at 200 GPa to 46 K at
100 GPa.

For AcBH7, there are two bands crossing the Fermi energy
level at 200 GPa with the largest contribution from H atoms
to the total DOS [Figs. 3(a) and 3(b)]. When the pressure
decreases to 70 GPa, the total DOS increases to 0.037 eV−1

per valence electron, accompanied by an increase in DOSH

contribution [56%, Fig. 3(b)], indicating the greater possibil-
ity to form the Cooper pairs that may contribute to higher
Tc. We further investigate the spin-orbit coupling (SOC) ef-
fect on the band structures of Ac-B-H compounds [Fig. 3(a)
and Figs. S8 and S9], and found that they are nearly iden-
tical, indicating that the band structures are insensitive to
SOC for actinium borohydrides. The calculated λ and ωlog

are 0.67 and 1309.04 K at 200 GPa, respectively, leading
to a Tc of 43 K. The low (0–250 cm−1), mid (500–1000
cm−1), and high frequencies (1000–2500 cm−1) contribute
13%, 28%, and 59% to the λ, respectively [Fig. 4(a)]. As
the pressure is lowered to 70 GPa, λ increases to 1.98,
with a Tc of 122 K. The enhanced superconductivity mainly
originates from four softened modes labeled as c, d , e, and
f . Among these, the contribution of low frequency (0–250
cm−1) induced by Ac atoms increases to 23% to the total
λ, due to the soft modes along L-H at site c [Fig. 4(b)].
More interestingly, the interaction between B and H becomes
stronger, and the midfrequency contribution to λ due to soft
phonon modes at d , e, and f (250–750 cm−1) increases
to 48%. The detailed vibration modes of four soft modes
at Fig. 4(b) are shown in Figs. 4(c)–4(f). Specifically, the
heavy Ac atoms contribute to the low-frequency modes at
the c site. For the e and f sites, the softened vibrations
modes are mainly originated from H atoms [Figs. 4(e) and
4(f)], while at the d and e sites, the combined effect of B
and H vibrations plays a key role in the phonon softening
[see Fig. 4(d)].

As compared with AcBH7, isostructural LaBH7 is calcu-
lated to remain dynamical stable at higher pressure (85 GPa),
due to the smaller atomic mass of La atoms, which reduces
the chemical precompression on BH6 units. This is evidenced
by comparing the lattice constant and B-H bond length in
LaBH7 and AcBH7 (Fig. S14). The substitution of La atoms
results in an increase in the lattice constants a (=b), from
3.79 Å in AcBH7 (70 GPa) to 3.91 Å (85 GPa) in LaBH7,
which is more obvious in the c direction, from 5.21 to 5.75 Å.

FIG. 5. The projected electronic band structure of each atoms in (a) CeBH7 at 75 GPa and (b) ThBH7 at 50 GPa. Phonon-dispersion curves,
phonon density of states (PHDOS) for (c) CeBH7 at 75 GPa and (d) ThBH7 at 50 GPa.
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Correspondingly, the length of the B-H bond in AcBH7 is
slightly shorter (∼0.05 Å) than that in LaBH7. Although
the electron occupation at E f in LaBH7 at 85 GPa (0.043
eV−1 per valence electron) is larger than that of AcBH7

(0.037 eV−1 per valence electron) at 70 GPa. The contri-
bution of H atoms is smaller with only 44% [Fig. S15(a)],
leading to the same DOSH at E f with that of AcBH7.
Additionally, LaBH7 has the same λ (1.98), which is orig-
inated mainly from the contributions of B and H atoms at
low and midfrequencies (55%) [Fig. S15(b)]. Consequently,
they exhibit the same superconductivity with Tcof 120 K
(Table S3).

The effect of metal atoms on the superconductivity of
this structure is further investigated by substituting the Ac
atoms with its neighboring metal atoms Th and Ce. Note
that the space group P3̄m1 evolves to P63/mmc after full
optimization. The superconducting parameters of CeBH7 and
ThBH7 at their lowest dynamically stable pressures were
summarized in Table S3. The onset pressure of dynamical
stability for CeBH7 (75 GPa) and ThBH7 (50 GPa) is reduced
compared to that of LaBH7 and AcBH7. It is reasonable
considering the stronger chemical compression from their
larger atomic masses. However, their superconductivity is
significantly weakened, only 18 and 51 K for CeBH7 and
ThBH7, respectively. By comparing their electronic properties
[Figs. 5(a) and 5(b)], we find that both ThBH7 and CeBH7

have larger total DOS at E f , however, the contribution of
H atoms to the DOS is much smaller in the metal atoms
Ce and Th. This is obviously not favorable to obtain good
superconductivity. Thus their phonons display very similar
features, which are also divided into three parts, but with
much smaller λ, 0.61 and 1.04 for CeBH7 and ThBH7, re-
spectively [Figs. 5(c) and 5(d) and Fig. S16]. These results
further demonstrate the key role of H-dominated DOS at E f

in attaining high-Tc superconductors.

IV. CONCLUSIONS

In summary, the crystal structure and superconductivity
of the Ac-B-H system at 100 and 200 GPa are explored
by a combination of structure prediction methods and first-
principles calculations. We uncover nine thermodynamically
stable structures, namely, AcBH, AcBH4, AcBH6, AcBH16,
AcB2H7, AcB2H13, AcBH7, AcBH8, and AcB2H14. Seven
of them exhibit a metallic nature. Electron-phonon coupling
calculations show that AcBH7 is a potential superconductor
with Tc of 43 K at 200 GPa. Interestingly, it remains dynami-
cally stable down to 70 GPa with an increased Tc of 122 K.
The enhanced superconductivity is mainly attributed to the
softened phonon vibrations originating from Ac atoms at low
frequency, as well as B-H interactions in BH6 units at midfre-
quency. Our work is expected to stimulate more research on
ternary superconducting hydrides in the hope to uncover more
compounds with high critical temperature and stability at low
pressure.
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