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Type-I clathrate calcium hydride and its hydrogen-vacancy structures at high pressure
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Recently, the first predicted metal clathrate hydride CaH6 was successfully synthesized experimentally and
shown to have a superconducting critical temperature Tc exceeding 200 K. However, experimental findings
suggest the existence of additional unidentified phases besides CaH6. In this study, we performed an extensive
structure search of the Ca–H system at 200 GPa, revealing a thermodynamically stable type-I clathrate hydride,
Ca8H46, along with two analogous structures featuring hydrogen vacancies. Ca8H46 exhibits a high Tc range of
210–223 K at 150 GPa, and the presence of hydrogen vacancies shifts the Tc. Our simulated x-ray-diffraction
patterns, calculated equation of state, and Tc’s for Ca8Hx (x = 44−46) agree with the experimental results,
confirming their presence in multiple synthesized phases. Our findings serve to revise the Ca–H phase diagram
under high pressure and offer valuable insights into the effects of hydrogen vacancies in Ca8H46, which explain
the anomalous decrease in Tc observed in experiments.
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I. INTRODUCTION

Research on superconductivity in superhydrides has gained
significant attention following the successful prediction and
synthesis of the covalent hydride H3S, which exhibits a
Tc of 203 K at 155 GPa [1–3]. This achievement has in-
spired extensive research efforts aimed at achieving high- and
room-temperature superconductivity in superhydrides or other
light-element compounds [4–7]. Subsequent predictions and
high-pressure experiments have also confirmed the presence
of high-temperature superconductivity in some hydride sys-
tems [8–14], such as La–H, Y–H, and Ca–H. For synthesis of
superhydrides in diamond-anvil cell (DAC) experiments, it is
extremely difficult to obtain a homogeneous sample because
of the limitations of the experimental conditions. Notably,
experimental results, including measured Tc values and x-
ray-diffraction (XRD) patterns, have suggested the existence
of multiple phases in the high-temperature and high-pressure
synthesis of some hydrides [13–15]. The presence of mul-
tiple phases presents a significant challenge in identifying
the superconducting phase and understanding the underly-
ing superconducting mechanisms. For the La–H system, the
presence of seven distinct lanthanum hydrides has been iden-
tified: LaH3, LaH∼4, LaH4+δ , La4H23, LaH6+δ , LaH9+δ , and
LaH10+δ [15].

For the Ca–H system, besides the known stoichiomet-
ric CaH2, several novel stoichiometric compounds that are
thermodynamically stable have been predicted under high
pressure, such as CaH, CaH4, CaH6, CaH9, CaH12, and CaH15

[10,16–19]. As the first proposed metal clathrate hydride, Im3̄
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m-CaH6 was anticipated to exhibit a high Tc of 235 K at
150 GPa [10]. Owing to its novel crystal structure and out-
standing superconducting properties, researchers have been
actively pursuing the experimental synthesis of CaH6. Pre-
vious experiments have attempted to synthesize CaH6 by
compressing a mixture of Ca and H2 gas into DACs [20,21].
However, the synthesized calcium hydride was Ca2H5 or
CaH4 with low hydrogen content, not CaH6. After a decade
of exploration, CaH6 was successfully synthesized by re-
placing H2 gas with ammonia borane (NH3BH3) using DAC
combined with an in situ laser-heating technique, and the
measured maximum superconducting Tc was greater than 210
K [13,14]. Notably, the experimental XRD patterns in two
cells (cell_2 and cell_3) reported by Ma et al. [13] and XRD
patterns reported by Li et al. [14] revealed numerous peaks be-
yond CaH6, which were unknown and could not be indexed by
previously predicted structures. In addition, the temperature-
dependent resistance curves exhibited several distinct steps
[14]. Finally, it was anomalous that the Tc values dropped
quickly with decreasing pressure, which could not be ex-
plained only using CaH6 [13]. These observations collectively
suggest the existence of multiple calcium hydride phases.
Therefore, further detailed search of the crystal structures and
characterization of the superconductivity of the Ca–H system
under high pressure are required.

In this paper, we report several unexpected thermodynam-
ically stable stoichiometries, including CaH24 and Ca8H46

and its vacancy structures, Ca8H45 and Ca8H44. The esti-
mated Tc of Ca8H46 reaches 223 K at 150 GPa, and as
hydrogen vacancies are introduced, the Tc reduces to 163 K
for Ca8H45 and 40 K for Ca8H44. In a comparison of ex-
perimental XRD patterns, equation of state (EOS), and Tc’s
with theoretically calculated results, Ca8H46 is identified
within the multiple phases synthesized experimentally. The
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impact of hydrogen vacancies on the Tc explains the observed
anomalous phenomenon of a rapid decrease in Tc with de-
creasing pressure. This paper reveals phases not indicated by
experimental results and provides a valuable reference for
discussing the impacts of hydrogen vacancies on clathrate
hydrides.

II. COMPUTATION METHODS

Various composition structure searches for the binary
CaxHy system [x = 1, y = 1 and 21–30; x = 2−3, y = 1−29,
and y:x �= integer; x = 4, y = 1–39, and y �= 2n (n = inte-
ger)] were performed with the AIRSS code at 200 GPa [22].
The stoichiometries CaxHy (x + y < 15 and x = 1, 2) were
performed with simulation cell of 1–4 f.u. (formula units)
and the others with simulation cell of 1–2 f.u.. High-accuracy
structural relaxations were performed using the VASP code
with the projector-augmented wave method [23]. Based on
the generalized gradient approximation, the Perdew-Burke-
Ernzerhof functional was used as the exchange-correlation
functional [24]. For H and Ca, 1s1 and 3s2 3p6 4s2 as the
valence electrons were choice. The cutoff energy was set to
600 eV with a k-point spacing of 2π × 0.03 Å−1 and 2π ×
0.02 Å−1 for the structural relaxations and electronic property
calculations, respectively. The choice of cutoff energy and k-
point spacing ensured that the enthalpy calculations converged
to within 1 meV per atom. Analyses of the diffraction patterns
and Rietveld refinements were performed using the GSAS and
EXPGUI packages [25].

Phonon-dispersion and electron-phonon coupling (EPC)
calculations were performed using the density-functional per-
turbation theory in the QUANTUM ESPRESSO package [26].
The ultrasoft pseudopotentials [27] and a 70-Ry cutoff energy
were chosen for Ca8H46, Ca8H45, and Ca8H44. A 3 × 3 × 3
q mesh and a 12 × 12 × 12 k mesh were adopted for Ca8H46

and Ca8H44, respectively. A 2 × 2 × 2 q mesh and an 8 × 8 × 8
k mesh were adopted for Ca8H45. A Methfessel-Paxton first-
order smearing of 0.04 Ry and Gaussian width of 0.005 Ry
was employed. Tc’s were calculated using the Allen-Dynes
modified McMillan equation [28] and Eliashberg equation
[29–31].

For the Allen-Dynes modified McMillan equation,

Tc = f1 f2ωlog

1.2
exp

[
− 1.04(1 + λ)

λ − μ∗(1 + 0.62λ)

]
, (1)

where f1 and f2, two separate correction factors, are expressed
by
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where λ, μ∗, ω̄2, and ωlog are EPC parameter, Coulomb pseu-
dopotential, mean-square frequency, and logarithmic average
frequency, respectively. μ∗ is typically used in the range of

0.1-0.13 in hydrides, which could provide a valuable Tc; λ,
ω̄2, and ωlog were given by
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For the Eliashberg equation,

Z (iω j ) = 1 + πT

ω j

∑
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2ωα2F (ω)

ω2 + (ω j − ω j′ )2 . (9)

The Tc is determined as the asymptotic value when �(iω j )
approaches zero.

III. RESULTS AND DISCUSSION

We performed an extensive structure search of the Ca–H
system at 200 GPa to assess the thermodynamic stability of
the calcium hydrides. In addition to the previously reported
calcium hydrides, we realized several unexpected stoichiome-
tries: Ca8H44 (Ca2H11), Ca8H46 (Ca4H23), and CaH24. We
were surprised to find that Ca8H44 can be considered as
Ca8H46 with two H vacancies. Hence, we proceeded to
generate hydrogen-vacancy structures with single hydrogen
vacancy starting from the ideal structure Ca8H46 and obtained
a thermodynamically stable Ca8H45 phase. We constructed the
convex hull of the Ca–H system at 200 GPa to assess the
thermodynamical stability of the calcium hydrides (Fig. 1).
Remarkably, the hydrogen-vacancy structures, Ca8H45 and
Ca8H44, as well as the ideal crystal structure, Ca8H46, can
coexist at 200 GPa as thermodynamically stable phases,
suggesting the possibility of their simultaneous synthesis. The
previously reported thermodynamically stable CaH, CaH2,
and CaH4 still lie on the convex hull, but CaH6, CaH9, CaH12,
and CaH15 lie above the convex hull and are metastable
phases [10,17,18], in which Im3̄m-CaH6 is approximately 22
meV per atom above the convex hull. Furthermore, we per-
formed a comprehensive structure search for Ca8H44, Ca8H45,
and Ca8H46 at 170, 150, and 130 GPa and construct the
thermodynamical convex hull, as shown in Fig. S1 of the
Supplemental Material (SM) [32]. The results show that
Ca8H44 is still stable in the pressure range of 130–170 GPa.
Ca8H45 and Ca8H46 remain stable at 170 and 150 GPa, while
both become metastable at 130 GPa, with the enthalpy 2
and 3 meV per atom above the convex hull, respectively.
We note that during the preparation of our paper, Ca8H46

was predicted by Sun et al. [33]. However, their work fo-
cused on a two-step approach based on chemical template
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FIG. 1. Enthalpies of formation of predicted Ca–H system rela-
tive to I4/mcm–Ca [35] and C2/c–H [36] at 200 GPa. Blue-solid and
-empty circles represent thermodynamically stable and metastable
phases, respectively.

theory [34] and its application, with little discussion of
properties.

Ca8H46 adopts the high-symmetry Pm3̄n, which represents
a type-I clathrate structure, analogous to those observed in
metal silicides, such as Na8Si46 [37]. This structure shares its
geometry with the Weaire-Phelan structure [38] as an opti-
mal solution to the Kelvin problem, which seeks an efficient
arrangement of closely packed units that minimizes surface
area while maintaining equal volumes. In Pm3̄n-Ca8H46, Ca
atoms occupy the A15 arrangements, and hydrogen atoms
participate in the formation of two distinct types of cage basic
blocks: the pentagonal dodecahedron formed by 20 hydrogen
atoms comprising 12 pentagonal faces, and tetrakaidecahe-
dron formed by 24 hydrogen atoms comprising 12 pentagonal
faces and 2 hexagonal faces. H20 cages occupy the center
and vertices of the cube, whereas H24 cages are situated on
the faces [Fig. 2(a)]. With the introduction of one and two
hydrogen vacancies occupying the 16i sites within the cubic
lattice of Ca8H46, these polyhedra begin to deform, resulting
in the formation of Ca8H45 and Ca8H44 (Fig. 2). The lattice
angles transform from 90 ° to 90.33 ° and 90.37 ° for Ca8H45

and Ca8H44, respectively.
To confirm our predicted type-I clathrate Ca8H46 and

its hydrogen-vacancy structures, we simulated their XRD
patterns and compared them with their experimental coun-
terparts. The results show that these three structures have
similar peak positions due to their structural similarity, al-
though their peak widths are slightly different (Fig. S2).
Simultaneously, we also chose the known structures of Im3̄
m-CaH6, I4/mmm-CaH4, P6/mmm-CaH2, and Pm3̄ m-CaH to
fit the experimental XRD patterns at 173 GPa measured by Ma
et al. [13] [Fig. 3(a)]. The fitting results show that, except for
two peaks at 2θ = 13.21 ° and 14.10 °, all Bragg peaks can
be indexed to Pm3̄n-Ca8H46, Im3̄ m-CaH6, I4/mmm-CaH4,
P6/mmm-CaH2, and Pm3̄ m-CaH. These results suggest the
existence of multiple phases under this synthesis condition,
which is consistent with the results of the energetic analysis.
Notably, the previously unexplained peaks at 2θ = 12.94 °,
14.50 °, and 15.88 ° in the experimental XRD patterns match
well with the simulated peak positions of Pm3̄ n-Ca8H46

[Fig. 3(a)]. The two peaks could not be indexed, indicating
the possibility of other calcium hydrides with more complex
hydrogen contents.

)b()a(

)d()c(

)f()e(

24k 6c

16i

hydrogen vacancy

hydrogen vacancy

hydrogen vacancy

FIG. 2. Crystal structures of (a) Pm3̄n-Ca8H46, (c) R3-Ca8H45,
and (e) R3c-Ca8H44. (b) H atom sites in Pm3̄n-Ca8H46, where green,
red, and purple spheres represent the 6c, 16i, and 24k Wyckoff sites,
respectively. The hydrogen-vacancy positions in (d) R3-Ca8H45 and
(f) R3c-Ca8H44 are indicated by arrows.

The x-ray cross section for hydrogen atoms is notably
weak, making it impossible to precisely determine the
occupancy details of hydrogen atoms. Unit-cell volume fit-
ting is an available method for determining the stoichiometry
of hydrides. We selected the XRD spectra containing three
obvious indexed peaks of Ca8H46 under five pressures from
cell_3 (Fig. S2) reported by Ma et al. [13] to fit its volume, as
shown in the orange empty stars of Fig. 3(b). The refined lat-
tice parameter and volume of Ca8H46, respectively, are 5.457
and 162.50 Å3 at 173 GPa, which closely aligns with our
theoretical prediction results of 5.449 and 161.79 Å3. Analysis
of both the simulated XRD and calculated EOS suggests the
presence of Pm3̄ n-Ca8H46 in the multiple synthesized phases.

To examine the potential superconductivity of the predicted
Ca8H46, Ca8H45, and Ca8H44, we calculated the EPC pa-
rameter λ, logarithmic average phonon frequency ωlog, and
electronic density of states N (Ef ) at the Fermi level. We
estimated Tc’s based on the Allen-Dynes modified McMillan
equation and the Eliashberg equation with a typical Coulomb
pseudopotential parameter μ∗, within 0.1–0.13. The results
are shown in Table I. The Eliashberg results show that Ca8H46

exhibits a Tc of 170–186 K at 200 GPa. With a decrease in
pressure, the Tc of Ca8H46 increases to 210–223 K at 150 GPa,
exceeding 200 K, which is the highest value among the
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TABLE I. The calculated EPC parameter λ, logarithmic average phonon frequency ωlog (K), electronic density of states at Fermi level N
(Ef ) (states per eV), and superconducting transition temperatures Tc (K) of Ca8H46, Ca8H45, and Ca8H44 with μ* = 0.1–0.13 at corresponding
pressures.

P (GPa) λ ωlog N (Ef ) Tc (Allen-Dynes modified McMillan) Tc (Eliashberg)

200 1.53 1300.9 4.97 153–169 170–186
Ca8H46 170 2.04 1046.9 4.5 169–184 193–207

150 3.16 699.9 4.73 171–187 210–223

200 1.09 1352.9 2.58 98–114 107–122
Ca8H45 170 1.38 1150.5 2.66 119–133 131–145

150 1.83 919.9 2.76 133–147 150–163

200 0.51 1301.6 0.77 10–17 12–18
Ca8H44 170 0.59 1197.8 1.00 19–27 20–28

150 0.73 1001.9 0.88 31–40 32–40

reported binary type-I clathrate hydrides. The Tc’s of Ca8H45

and Ca8H44 are estimated to be 107–122 and 12–18 K at
200 GPa, respectively. For all structures, their ωlog values are
around 1300 K at 200 GPa. Additionally, their λ and N (Ef )
values change from 1.53 to 1.09 and further to 0.51, and 4.97
to 2.58 and further to 0.77 states per eV with the increase
of hydrogen vacancies, and the Tc’s decrease from 186 to
18 K, indicating that the Tc’s are related with the λ and N
(Ef ). The calculated Tc’s for Ca8H46, Ca8H45, and Ca8H44,
with the experimentally measured Tc’s for calcium hydrides,
are shown in Fig. 4. The predicted Tc’s of these hydrides
gradually increase with decreasing pressure. However, the
experimentally measured Tc’s exhibit a sharp drop below 170
GPa upon decompression. Notably, the calculated Tc’s for
Ca8H46 at 170 GPa and Ca8H45 at 150 GPa are located in
the experimental data range, which precisely corresponds to
the experimental anomalies where Tc rapidly decreases upon
decompression. Taking hydrogen vacancies into consideration
offers insights into elucidating this anomalous phenomenon.

To gain deeper insights into the variations of the EPC,
we plotted the phonon-dispersion curves, phonon density of
states (PHDOS), Eliashberg spectral function α2F (ω), and
integral EPC parameter λ for Ca8H46, Ca8H45, and Ca8H44 at
200, 170, and 150 GPa, as shown in Fig. 5 and Figs. S4–S6.
There is no imaginary frequency indicating that they are
dynamically stable at the corresponding pressures. In all struc-
tures, the phonon-dispersion curves can be distinctly divided
into two regions: the low-frequency modes that are primar-
ily attributed to the vibrations of the heavy Ca atoms, and
the high-frequency modes that are predominantly due to the
vibrations of the light H atoms. The integral curve of λ

shows a rapid increase in the 750−1750 cm−1 vibration range,
aligning with the prominent peaks in the Eliashberg spec-
tral function. It also reveals that the high-frequency modes
contribute approximately 75–84% of the total EPC for all
structures. For Ca8H46, there are noticeable soft phonon
modes at the R point, which is beneficial for enhancing the
EPC. For Ca8H45, and Ca8H44, the lack of soft phonon modes
resulting in a decrease in λ from 1.53 (Ca8H46) to 1.09
(Ca8H45) and further to 0.51 (Ca8H44). Therefore, hydrogen
vacancies significantly strengthen the hard phonon modes,
leading to a marked decrease in the EPC of Ca8H45 and
Ca8H44.

The Tc’s of Ca8H45 and Ca8H44 are significantly lower
than that of Ca8H46. To clarify how the presence of hydro-
gen vacancies influences the variation in Tc’s, we calculated
their band structures and projected density of states (PDOS)
at 200 GPa. The calculated band structures with PDOS are
depicted in Fig. 6; bands crossing the Fermi level are an-
notated as numbers. For Ca8H46, two bands denoted as 1
and 2 cross the Fermi level. Band 1 exhibits a holelike band
along the Brillouin zone’s highly symmetric path M–	. Band
2 exhibits a flatband at the Fermi energy along path R–M
and around the M point. Bands 1 and 2 meet along the 	–R
direction and exhibit a flatband just below the Fermi energy,
giving rise to the presence of the Van Hove singularity (VHS)
near the Fermi energy. For Ca8H45 and Ca8H44, two and
three bands cross the Fermi level, respectively. Different from
Ca8H46, there is no flatband at or around Fermi level. The
introduction of hydrogen vacancies moves the VHS away
from the Fermi level, resulting in a decrease in the H PDOS
at the Fermi level from 1.86 states per eV (Ca8H46) to 0.99
and 0.34 states per eV for Ca8H45 and Ca8H44, respectively.
A similar phenomenon appears in Li2NaH17. The vacancy
structures Li2NaH16.5 and Li2NaH16 also move the VHS
away from the Fermi level, which reduces the content of H
PDOS at the Fermi level [39]. The decrease in Tc for Ca8H45

and Ca8H44 is mainly attributed to the decrease in H PDOS
and EPC.

For Ca8H45 and Ca8H44, we calculated their enthalpy dif-
ferences relative to Ca8H46 (Figs. S7−S9). As the pressure
decreases, Ca8H45 and Ca8H44 tend to exhibit greater stability
than Ca8H46 at 138 GPa, indicating that the ideal crystal could
undergo dehydrogenation to form hydrogen-vacancy struc-
tures with a decrease in pressure. The transformation from the
ideal crystal to hydrogen-vacancy structures as the pressure
decreases could result in a decrease in Tc. Given that the unit
cell of Ca8H46 comprises 54 atoms, we calculated the Tc’s
of Ca8H45 and Ca8H44 with heavy hydrogen vacancies and
did not consider the supercell with light hydrogen vacancy,
which is computationally impossible. To assess the impact
of hydrogen vacancies on the superconducting properties of
Ca8H46 by balancing the computational power and the number
of hydrogen-vacancy candidate structures, we employed a
3 × 1 × 1 supercell to generate hydrogen vacancies for calcu-
lating its PDOS. The calculated results show that the H PDOS
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(a)

(b)
(deg)

FIG. 3. (a) XRD patterns of calcium hydrides obtained from
cell_3 reported by Ma et al. [13] and the refinement of pre-
dicted calcium hydride mixtures at 173 GPa. Black, red, green,
blue, and purple tick marks represent the calculated peak positions
of Pm3̄n-Ca8H46, Im3̄m-CaH6, I4/mmm-CaH4, P6/mmm-CaH2, and
Pm3̄m-CaH, respectively. Unidentified peaks are indicated by orange
solid stars. (b) Experimental EOS during decompression from cell_3
reported by Ma et al. [13] compared with predicted Ca8H46, Ca8H45,
and Ca8H44. The black, red, and blue dashed lines represent the
density-functional theoretically calculated volumes per Ca atom for
Ca8H46, Ca8H45, and Ca8H44. The orange empty stars indicate the
experimental EOS.

values of Ca8H45.667 (also denoted as Ca24H137) and
Ca8H45.333 (also denoted as Ca24H136) at the Fermi level are
2.11 and 1.26 states per eV. As hydrogen vacancies are intro-
duced, the H PDOS values at the Fermi level first increase and
then decrease (Fig. 7). For Ca8H45.667, the Fermi level shifts
downward, reaching the VHS, and the H PDOS value in-
creases (Fig. 7). Therefore, we speculate that Tc could be fur-
ther enhanced at the optimal hydrogen vacancy. Considering
the dependence of vacancy defects on Tc, we can estimate that
the Tc of Ca8H45.333 lies between those of Ca8H46 and Ca8H45.

FIG. 4. Comparison between calculated Tc’s of Ca8H46, Ca8H45,
and Ca8H44 and experimental data of calcium hydrides at corre-
sponding pressures. Red, orange, and green hollow circles represent
calculated Tc’s of Ca8H46, Ca8H45, and Ca8H44, respectively. Blue
and purple filled symbols represent measured Tc’s from the literature
[13,14].

The experimental measurement of the decrease in Tc’s be-
low 150 GPa is probably caused by Ca8H45−x (0 < x < 1).
These results suggest that the anomalous decrease in Tc ob-
served in the experiment is attributable to the presence of
hydrogen vacancies during decompression.

Notably, the synthesis of metastable hydride CaH6 requires
careful selection of precursors and control over the external
environment that was achieved after a decade of exploration
following its prediction. The key factor is precursor mod-
ification, transitioning from H2 to NH3BH3 [13,14,20,21].
Recently, the synthesis of a thermodynamically metastable
state Y8H46 was induced by an x-ray free-electron laser,
which drives nonequilibrium processes [40]. Thermodynami-
cally metastable hydride syntheses are influenced by precursor
modification and experimental conditions. Compared with
thermodynamically metastable structures, the synthesis con-
ditions for thermodynamically stable structures are less
stringent. For YH6, which is isomorphic to CaH6, success-
ful synthesis can be achieved by compressing Y in H2,
YH3 in H2, Y with NH3BH3, and YH3 with NH3BH3 [12].
CeH9 can be synthesized by cooling compression without the
need for laser heating [41,42]. Therefore, it is highly likely
that the thermodynamically stable structure Ca8H46 and its
hydrogen-vacancy structures have probably appeared in pre-
vious experiments [13,14].

IV. CONCLUSION

A thermodynamically stable type-I clathrate hydride, Pm3̄
n-Ca8H46, was shown by an extensive structure search at
200 GPa. It exhibits a Tc of 223 K at 150 GPa, marking
the highest Tc observed among predicted and synthesized bi-
nary type-I clathrate hydrides. The simulated XRD patterns
and calculated EOS results demonstrate a good agreement
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(a)

(b)

(c)

FIG. 5. Phonon-dispersion curves (left), phonon density of states
(PHDOS), Eliashberg spectral function α2F (ω), and EPC param-
eter λ(ω) (middle), and superconducting gap (right) of (a) Ca8H46,
(b) Ca8H45, and (c) Ca8H44 at 200 GPa. The size of green dots
on phonon-dispersion curves means the magnitudes of phonon
linewidth.

with experimental measurements, confirming the successful
synthesis of Ca8H46. The introduction of hydrogen vacan-
cies in Ca8H46 induces structural distortion and a significant
variation in Tc, explaining the abnormal drop in Tc observed in
experiments. Further analysis shows that the type-I clathrate
hydride and its hydrogen-vacancy structures are likely to be
commonly present in the high-pressure synthesis of alkaline-
and rare-earth metal hydrides. The synthesis of hydrides under
high pressure strongly depends on precursors and external
conditions, thereby requiring the collaboration of theoretical
and experimental researchers to explore the mechanisms for
achieving precise control of high-temperature superconduct-
ing hydride synthesis.
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)b()a(

FIG. 7. Calculated projected DOS of (a) Ca8H45.667 and Ca8H45.333 at 200 GPa. (b) The projected H DOS value of Ca8H46−x (x = 0, 0.333,
0.667, 1, and 2) at 200 GPa.
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