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SPECIAL TOPIC — Structures and properties of materials under high pressure

Stable structures and superconductivity of
Ca–As–H system under high pressure

Lanci Guo(郭兰慈), Qiyue Zhang(张启悦), Yuechen Guo(郭悦晨), Gang Chen(陈刚)†, and Jurong Zhang(张车荣)‡

School of Physics and Electronics, Shandong Normal University, Jinan 250014, China
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Obtaining room-temperature superconductors has long been a research hotspot in the field of condensed matter
physics. Previous studies have shown that doping strategies can effectively enhance the superconducting properties of
materials. In this work, we employed first-principles calculations combined with the particle swarm optimization method
to explore the structural possibilities of the Ca-doped As–H ternary system and to calculate the electronic and superconduct-
ing properties of the newly identified structures. Two thermodynamically stable hydrides were found under high pressure.
The P4/nmm-Ca2AsH4 phase remains thermodynamically stable within the pressure range of 90–200 GPa, while the Cc-
Ca2AsH6 phase exhibits stability over a broader range of 79–200 GPa. Electron-phonon coupling analysis indicates that
the superconducting critical temperatures (Tc) of P4/nmm-Ca2AsH4 and Cc-Ca2AsH6 are 11 K and 16 K at 100 GPa, re-
spectively. The incorporation of Ca significantly reduces the thermodynamic stability pressure of As–H compounds with
higher hydrogen content, thereby improving their synthetic accessibility.

Keywords: superconductivity, first-principles calculations, hydrogen-rich compounds
PACS: 74.62.Fj, 74.20.Pq, 74.25.Kc, 63.20.dk
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1. Introduction

The investigation of room-temperature superconductors
under high-pressure conditions represents a pivotal area of re-
search in condensed matter physics. Based on the Bardeen–
Cooper–Schrieffer (BCS) theory[1] and supported by experi-
mental advancements in high-temperature superconductivity,
hydrogen-rich compounds exhibiting remarkably high super-
conducting critical temperatures (Tc) have been identified in
recent years. Notable examples include LaH10,[2–5] which
demonstrates a Tc of 260 K at 170 GPa, and H3S,[6,7] which
achieves 200 K at 160 GPa. Moreover, hydrogen-rich com-
pounds such as CaH6,[8,9] YH6,[2,3,10,11] and YH9,[2,3,10,11]

have been successfully synthesized under experimental con-
ditions and have demonstrated exceptional Tc values. Re-
cent breakthroughs in the discovery of room-temperature
superconductors, along with advancing theoretical insights
into the phonon-mediated mechanisms of hydrogen-rich com-
pounds, have significantly accelerated the exploration of novel
hydrogen-rich superconducting materials.[12–14] Ternary hy-
drides, characterized by their enhanced configurational de-
grees of freedom, exhibit more complex chemical composi-
tions and diversified crystal structures compared to conven-
tional binary hydrides.[14] Consequently, they hold the po-
tential to manifest a broader range of novel physicochemical
properties. The metastable ternary hydride Li2MgH16,[15] ob-

tained by doping lithium into the binary hydrogen-rich com-
pound MgH16, exhibits a Tc significantly exceeding room tem-
perature under high pressure. Beryllium-doped LaBeH8

[16]

achieves a Tc of 110 K at a relatively moderate pressure of
80 GPa, representing a considerable reduction in the required
pressure compared to undoped LaH10.

The arsenic–hydrogen (As–H) compound AsH3 is ther-
modynamically stable at low pressures, yet its electronic struc-
ture exhibits semiconducting behavior.[17] Previous investi-
gations have indicated that As–H compounds could achieve
remarkably high Tc values under extreme pressures exceed-
ing 300 GPa.[18] The metastable AsH2

[19] exhibits a Tc of
81 K at 200 GPa, and the C2/c phase of AsH8

[18] attains a
Tc of 152 K at 450 GPa, significantly surpassing the lique-
faction temperature of nitrogen (77 K). As a representative
of the alkaline earth elements, calcium-based hydrides have
achieved substantial advancements in various aspects. Fasci-
nating structures such as CaAlH7 (∼ 53 K at 150 GPa),[20]

Ca3CeH24 (∼ 175 K at 200 GPa),[21] CaYH6 (∼ 61 K at
0.001 GPa),[22] CaYH8 (∼ 90 K at 100 GPa),[22] CaYH10

(∼ 109 K at 100 GPa),[22] CaYH12 (∼ 226 K at 150 GPa),[22]

and Ca2SnH18 (∼ 111 K at 110 GPa)[23] exhibit remarkable Tc

values under pressures below 300 GPa. Inspired by these prior
studies, we introduced Ca doping into As–H compounds to
design Ca–As–H ternary systems capable of stabilizing under
moderate pressure conditions.
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In this study, we systematically investigated the Ca–As–H
system under different pressure conditions by first employing
the CALYPSO code[24,25] to predict stable crystal structures,
followed by first-principles calculations to evaluate their sta-
bility and physical properties.[22,26–31] By incorporating the
alkaline earth element Ca into the As–H system, we success-
fully reduced the stabilization pressure of binary As–H hy-
drides with higher hydrogen stoichiometry. Our investigation
revealed that the P4/nmm-Ca2AsH4 and Cc-Ca2AsH6 phases
exhibit metallic behavior within a moderate pressure range.

2. Results and discussion
Figure 1 presents the convex hull of the Ca–As–H ternary

system, constructed through an in-depth thermodynamic in-
vestigation of its associated unary and binary compounds.
Previous studies have extensively documented the pressure-
induced phase transitions of Ca,[32–34] As,[35] and H.[36] The
structural and superconducting characteristics of specific bi-
nary hydrides in the Ca–H[8,37] and As–H[18,19] systems have
been further confirmed by recent investigations. For the Ca–
As subsystem, this ternary study focused on stoichiometric ra-
tios of 1:1 and 2:1 for Ca and As. A comprehensive structural
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Fig. 1. Calculated phase stabilities of the Ca–As–H system relative to Ca,
As, H, and their binary compounds at (a) 100 GPa and (b) 200 GPa. The
purple dots denote the stoichiometries that are thermodynamically stable,
whereas the colored dots represent metastable phases.

search at 100 GPa and 200 GPa identified two stable phases:
CaAs with the P4/mmm structure and Ca2As with the P6/mmm
and P63/mmc structures. In the ternary Ca–As–H system,
two compounds — P4/nmm-Ca2AsH4 and Cc-Ca2AsH6 —
were identified as thermodynamically stable structures at both
100 GPa and 200 GPa.
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Fig. 2. (a) and (b) The relative enthalpies of various structural candi-
dates for Ca2AsH4 and Ca2AsH6, respectively. In (a), the enthalpy of
the P4/nmm–Ca2AsH4 phase is taken as the reference (0 eV), whereas in
panel (b), the Cc–Ca2AsH6 phase serves as the reference. The enthalpy
differences (∆H) are plotted in eV per atom as a function of pressure. The
colored curves represent different decomposition pathways, as indicated
in the legends. (c) The predicted pressure–composition phase diagram for
Ca2AsH4 and Ca2AsH6.

To explore the possible synthesis pathways of P4/nmm-
Ca2AsH4 and Cc-Ca2AsH6, we plotted a pressure–enthalpy
phase diagram, as shown in Fig. 2. For P4/nmm-Ca2AsH4,
we examined three potential decomposition pathways (CaH2

+ CaAs + H2, 2CaH2 + As, and CaH4 + CaAs), as il-
lustrated in Fig. 2(a). Our analysis indicates that P4/nmm-
Ca2AsH4 becomes thermodynamically stable above 90 GPa
and is most likely synthesized from a high-pressure reaction
between CaH2 and As. For Cc-Ca2AsH6, we investigated
three possible decomposition pathways (CaH2 + CaH4 + As,
CaH4 + CaAs, and Ca2AsH4 + H2), as shown in Fig. 2(b).
Our findings suggest that Cc-Ca2AsH6 begins to stabilize
above 79 GPa and is most likely synthesized from a mixture of
CaH2, CaH4, and As under high pressure. We also calculated
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the phonon dispersion relations of these two phases to evalu-
ate their dynamic stability, as shown in Fig. 5. The absence
of imaginary frequencies across the Brillouin zone confirms
that both phases are dynamically stable at their corresponding
pressures. Based on the above results, we plotted the stability
ranges for these two phases, as shown in Fig. 2(c).

The crystal structures of P4/nmm-Ca2AsH4 and Cc-
Ca2AsH6 are illustrated in Fig. 3. For P4/nmm-Ca2AsH4 at
100 GPa, H and Ca atoms form two types of coordination
units: CaH6 and CaH9, with As atoms distributed around
these units. The shortest H–H distance is 1.83 Å. In contrast,
Cc-Ca2AsH6, which crystallizes in a lower-symmetry space
group, exhibits structural motifs featuring quasi-molecular H2

units.[36] These H–H pairs can be classified into two cate-
gories according to bond length, with distances of approxi-
mately 0.90 Å (H2 s) and 0.95 Å (H2 l). In addition, several
isolated H atoms (H iso) are distributed within the lattice. De-
tailed crystallographic parameters are presented in Table S1.

a
a

b
b

c c

(a) (b)

Fig. 3. Crystal structures of (a) P4/nmm-Ca2AsH4 and (b) Cc-Ca2AsH6
at 100 GPa. Ca, As, and H atoms are shown as blue, green, and pink
spheres, respectively.

As part of our bonding analysis, we calculated the elec-
tron localization function (ELF) for both phases, as shown
in Fig. S1, with the isosurface value set to 0.7. In P4/nmm-
Ca2AsH4 at 100 GPa, the ELF isosurfaces formed between H
atoms adjacent to As atoms exhibit distinct directional charac-
teristics, indicating the presence of polar covalent bonds, simi-
lar to those observed in covalent hydride superconductors such
as H3Se.[38,39] In contrast, Ca atoms and some H atoms display
significant localization.

For Cc-Ca2AsH6, the situation is more complex due to
its low symmetry. Four isolated H atoms, two pairs of H2

molecular units, and two pairs of As–H2 covalent groups are
dispersed within the lattice. The As–H2 covalent groups con-
sist of As atoms bonded to adjacent H2 s units. To further
understand the electronic charge distribution, a Bader charge
analysis was performed, and the results are summarized in Ta-
ble S2. In the Ca–As–H system, the analysis reveals that Ca
acts as an electron donor, whereas both As and H act as elec-
tron acceptors. For P4/nmm-Ca2AsH4 at 100 GPa, each Ca
atom donates approximately 1.03e, while each As atom gains
0.36e. The H atoms can be divided into two categories accord-
ing to their coordination environments: one group gains 0.54e,
and the other slightly less, 0.31e.

For Cc-Ca2AsH6, each Ca atom donates 1.03e as well,
but the number of electrons acquired by each As atom in-
creases markedly to 0.64e. Among the hydrogen species, each
H2 s unit gains approximately 0.29e, the H2 l unit gains ap-
proximately 0.31e, and each H iso atom gains around 0.42e.
For As–H compounds,[18] such as C2/m–AsH8, each H atom
gains roughly 0.1e, with a nearest H–H bond length of 0.8 Å at
350 GPa. The electron gain per H atom in Ca–As–H systems
at 100 GPa is therefore higher, accompanied by longer H–H
bond distances. Ca doping enhances the electron acceptance
of H atoms, significantly extending the H–H bond length and
improving the structural stability.[40,41]

As shown in Fig. 4, the coexistence of conduction and va-
lence bands at the Fermi level in both P4/nmm-Ca2AsH4 and
Cc-Ca2AsH6 indicates their metallic nature. Meanwhile, both
phases exhibit strong hybridization below the Fermi level. For
P4/nmm-Ca2AsH4, no apparent flat bands are observed near
the Fermi level, but a distinct Dirac cone[42] appears along the
M–Γ direction. The density of states (DOS) at the Fermi level
is dominated by Ca, with H contributing only a small frac-
tion. In contrast, Cc-Ca2AsH6 displays relatively flat bands,
suggesting that the electrons possess higher effective mass
and lower carrier mobility.[43] The DOS at the Fermi level
is mainly contributed by As, with nearly equal contributions
from Ca and H. For comparison, in C2/m–AsH8 at 350 GPa,
the DOS near the Fermi level is primarily derived from H elec-
trons. Overall, the low H-DOS at the Fermi level explains the
relatively low Tc values predicted for both phases.[12,14]
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Fig. 4. Electronic band structures and projected densities of states for (a)
P4/nmm-Ca2AsH4 and (b) Cc-Ca2AsH6 at 100 GPa. The Fermi energy
(black dashed line) is set to zero.

To evaluate the superconducting behavior of the Ca–As–
H system, we performed comprehensive calculations involv-

117401-3

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae00ac
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae00ac
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae00ac


Chin. Phys. B 34, 117401 (2025)

ing the DOS at the Fermi level NEf, the electron–phonon cou-
pling (EPC) parameter λ , and the logarithmic average phonon
frequency ωlog. Recognizing the significance of the Coulomb
pseudopotential µ∗, particularly given that all calculated λ

values are less than 1.5, we set µ∗ = 0.10 and 0.13 to refine
our estimates of the superconducting transition temperature
Tc.[15,44,45] A detailed summary of the computed parameters
and corresponding Tc values is presented in Table 1.

Table 1. Key superconducting parameters for Ca–As–H compounds are
listed. The Tc of two phases are calculated with µ∗ = 0.1 and 0.13.

NEf λ ωlog (K) Tc (K)

100 GPa P4/nmm-Ca2AsH4 9.4 0.46 941 11 (7)
100 GPa Cc-Ca2AsH6 8.9 0.70 241 16 (14)

At 100 GPa, the P4/nmm-Ca2AsH4 phase exhibits a λ

of 0.49 and a ωlog of 941 K, resulting in a predicted Tc of
11 K. The Cc-Ca2AsH6 phase shows a λ of 0.70 and a ωlog

of 241 K under the same pressure, yielding a Tc of 16 K. The
larger λ value of Cc-Ca2AsH6 compared to P4/nmm-Ca2AsH4

at 100 GPa can be attributed primarily to the presence of
H2 units in the former, which often enhance λ .[46–48] More-
over, the Fermi surface nesting[49] in Cc-Ca2AsH6 is signifi-
cantly stronger than that in P4/nmm-Ca2AsH4, as illustrated
in Fig. S2. However, unlike H3S[6] and LaH10,[3] the Cc-
Ca2AsH6 phase exhibits an extremely low ωlog. In addition,
both phases display λ values substantially smaller than those
of H3S and LaH10.

Figure 5 presents the calculated phonon density of states
(PHDOS), the Eliashberg spectral function α2F(ω), and the
integrated EPC parameter λ (ω), which together elucidate the
superconducting mechanisms in the Ca–As–H system. The
phonon spectrum displays two distinctly separated frequency
regions. Owing to the significant difference in atomic masses,
vibrational modes below 500 cm−1 are primarily associated
with the heavier Ca and As atoms, whereas modes above
500 cm−1 originate mainly from the lighter H atoms.

For P4/nmm-Ca2AsH4 at 100 GPa, the low-frequency vi-
brations are mainly due to the translational motion of Ca and
As atoms. The vibrations in the 900–1200 cm−1 range, at-
tributed to the rocking motion of H atoms, contribute approx-
imately 49% to the total λ of this phase. The substantial con-
tribution of mid-frequency hydrogen vibrations to the EPC is
consistent with the behavior observed in covalent hydrides,
such as H3S,[50,51] PH3,[52,53] and H3Se.[38]

For Cc-Ca2AsH6 at 100 GPa, the low-frequency transla-
tional vibrations of Ca and As contribute 67% to λ , followed
by mid-frequency rocking vibrations of H (800–1700 cm−1),
which account for approximately 30%. The high-frequency
intramolecular stretching modes of H (> 1700 cm−1) make
only a minor contribution to λ . The phonon dispersion re-
veals extremely flat optical branches, particularly in the mid-

to-high frequency regions, indicating highly localized vibra-
tional modes with low group velocities. These flat phonon
branches, though energetically high, exhibit weak dispersion
and thus contribute less to ωlog. Due to its smaller ωlog com-
pared with most hydrogen-rich compounds,[12,14] the Tc of this
phase remains below 20 K. Nevertheless, the Cc-Ca2AsH6

phase benefits from its relatively larger λ , which compensates
for the reduced ωlog, resulting in a Tc higher than that of the
P4/nmm-Ca2AsH4 phase at 100 GPa.
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Fig. 5. Phonon dispersion relations, phonon densities of states, Eliash-
berg spectral functions α2F(ω), and electron–phonon coupling integrals
λ (ω) for (a) P4/nmm-Ca2AsH4 and (b) Cc-Ca2AsH6 at 100 GPa. In the
phonon spectra, the size of the red circles represents the strength of the
electron–phonon coupling for each vibrational mode.

3. Conclusion
We systematically investigated the phase stability, elec-

tronic properties, and superconducting behavior of the Ca–As–
H system under high-pressure conditions. Two thermodynam-
ically stable hydrides, P4/nmm-Ca2AsH4 and Cc-Ca2AsH6,
were identified at both 100 GPa and 200 GPa. Among them,
the P4/nmm-Ca2AsH4 phase achieves a Tc of 11 K at 100 GPa,
whereas the lower ωlog of Cc-Ca2AsH6 leads to a relatively
moderate Tc of 16 K under the same pressure. Our findings
demonstrate that Ca doping effectively lowers the stabiliza-
tion pressure of binary As–H hydrides with higher hydrogen
stoichiometry, thereby making them promising candidates for
moderate-pressure superconductors.
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