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The discovery of superconductors with higher superconducting transition temperatures (Tc’s) at ambient phys-
ical conditions is a perpetual drive in fundamental studies and for practical applications. Here we conceptualize
two generic rules for achieving this goal surrounding metal hydride superconductors. Rule 1: the metal skeletons
should be composed of elements with an effective valency of 3 for efficient electron donation to hydrogen. Rule 2:
the fractional occupancy of the metal ions should be ∼0.4 for maximal chemical squeezing on hydrogen. Guided
by these rules, and based on first-principles approaches, we predict a collection of new hydride superconductors,
including the representative examples of CaHfH12, with Tc of ∼360 K at 300 GPa, and CaZrH12, with Tc of
∼290 K at 200 GPa. These findings are expected to be instrumental in predictive discoveries of new high-Tc

hydride superconductors at lower pressures.
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The realization of room-temperature superconductivity is
one of the long-sought goals in condensed matter physics
and material science [1,2]. For superconductivity within the
framework of Bardeen-Cooper-Schrieffer theory, metallic hy-
drogen was predicted to be a good candidate to achieve
room-temperature superconductivity [3–6]. Yet hydrogen
metallization demands exceptionally high pressure, and is still
uncertain at the pressure limit of 400 GPa experimentally
accessible today [6–10]. Alternatively, H-rich materials, i.e.,
hydrides, were proposed to provide an alternative route to
realizing high transition temperature (high-Tc) superconduc-
tivity, because hydrogen metallization can be accomplished
under relatively lower physical pressure due to chemical com-
pression on the hydrogen by the constituent heterogeneous
atoms of the compounds [11]. Recently, a great deal of ef-
fort has been devoted to predictive discoveries of high-Tc

superconductors among various hydride materials [12–21].
Compelling examples include H3S [22], LaH10 [23,24], YH9

[25], and so on. These advances convincingly demonstrate the
potential of hydride compounds towards eventual definitive
materialization of the much-coveted room-temperature super-
conductivity.
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In existing explorations of clathrate hydrides such as CaH6,
YH9, and LaH10 [12,15,17,26], the lattices of the metal atoms
provide the supporting skeletons for the H2 molecules to
be as closely packed as possible. Here, the metal skele-
tons and hydrogen molecular cages are in essence mutually
intercalated, with the hydrogen molecules preserving their
covalent bonds, but much weakened [1,12,15]. To date, a large
number of such clathrate hydrides have been identified, and
their Tc’s can reach as high as 200 K above the pressure
of 150 GPa [15,24–27]. The predicted pressures at which
these hydride superconductors become stable are much lower
than the critical pressure required to metallize pure hydrogen,
but are still difficultly high for experimental synthesis and
measurement, and even more so for potential technological
applications.

In striving for higher Tc’s at lower pressures, here we pro-
pose two generic guiding rules surrounding clathrate hydride
superconductors, with each rule rooted in distinct physical
intuitions. Rule 1 (optimal valency rule): The skeleton mate-
rials should be composed of metal elements with an effective
optimal valency (EMV) of 3, so as to serve as efficient electron
donors. Rule 2 (optimal occupancy rule): With efficient charge
transfer ensured by Rule 1, the fractional metal occupancy
(FMO) should be ∼0.4, to further impose the highest possi-
ble chemical squeezing on the hydrogen molecules, thereby
lowering the demand on physical pressure needed to stabilize
the materials.
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FIG. 1. The superconducting transition temperature as a function
of (a) EMV and (b) FMO, respectively, labeling the effective valency
and fractional volume of the metal elements in hydride superconduc-
tors. The existing systems reported in the literature are shown in blue,
while the newly predicted systems in pink (see the data in Table S1
of the SM [28]).

To help rationalize Rule 1, we show in Fig. 1(a) the pre-
dicted Tc’s of the hydrides as a function of the effective metal
valency, or EMV, with the data in blue collected from ex-
isting literature [see Table S1 of the Supplemental Material
(SM) [28]], and those newly predicted later in the present
work shown in pink. We observe that, each metal atom in
fcc LaH10 and YH10 has three valence electrons, and both
systems exhibit the highest Tc. As the EMV increases or
decreases from 3, the Tc is distinctly lowered. Intuitively, the
valence electrons of the metal skeletons play the pivotal role
that, upon transferring, those electrons are pumped into the
antibonding σ ∗ orbitals of the H2 molecules, thereby weak-
ening the intramolecular H-H bonds due to Pauli exclusion,
and potentially driving the intercalated hydrogen network into
the metallic state [15]. To ensure the most effective charge
transfer, the metal elements should possess the most metal-
lic ionicity of valency, namely, 3, as an element with lower
valency would be unable to provide the maximal number of
transferred electrons desired, while that with much higher
valency would be less willing to readily donate their valence
electrons to the hydrogen molecules (due to, e.g., the Hund
rule for elements containing 5d electrons).

To help rationalize Rule 2, we first note that the quantitative
estimate on the optimal FMO is obtained by considering the
commonly adopted crystalline structures of fcc, hcp, and bcc
for the metal hydrides. We can again take the fcc LaH10 in
Fig. 2(a) as an example to vividly display the chemical pres-
sure provided by the metal skeleton. The H2 molecules fill the
interstitial space of the fcc La, elongated upon accepting elec-
tron donations from the La atoms, and squeezed by the latter
as well. Therefore, the more closely packed the metal atoms,
the higher the chemical pressure on the hydrogen. Meanwhile,
sufficient space should still be preserved within the skeleton
for the hydrogen molecules to connect and metallize. Here
we focus on the well-known closely packed fcc, hcp, and bcc
structures of the metal skeletons with effective metal valency
of ∼3. With the radii touching along the planner or bulk diago-
nal direction, the upper limit of the FMO is known to be ∼0.74
(fcc), ∼0.74 (hcp), and ∼0.68 (bcc), respectively. When the
intercalated H network is further included, the optimal FMO
becomes ∼0.74/(1 + r)3 for fcc and hcp and ∼0.68/(1 + r)3

for bcc, where r = rH/rM is the ratio of the ionic radii of H
and metal atoms (see the detailed computational method in
the SM [28]). Apparently, we should select metal atoms with

FIG. 2. Intercalated cage structures of (a) Fm3m LaH10,
(b) Pm3m CaZrH12/CaHfH12, and (c) P6m2 CaZrH18/CaHfH18,
respectively, highlighting the squeezing on the hydrogen molecules
by the metal skeletons. (d) Predicted pressure-composition phase
diagram of the newly predicted ternary and (e) calculated Tc’s of the
ternary hydrides at 300 GPa, in comparison with that of YH6, YH10,
and LaH10 from existing studies [17,67].

the largest rM’s in order to maximize the chemical pressure.
Figure 1(b) shows the Tc of the metal hydrides as a function
of FMO, with the existing data again in blue, indicating that
the clathrate hydrides with high Tc’s all have a very similar
FMO value of ∼0.4.

With the two rules presented above, we can adventure into
new materials spaces and corners for predicting new high
Tc hydride superconductors. In doing so, we note that even
though some existing systems such as YH10 and LaH10 al-
ready obey the two generic rules and thereby possess high Tc,
its value is still much lower than ∼760 K predicted for pure
metallic hydrogen under an ultrahigh pressure [5,6], suggest-
ing opportunities for even more efficient charge transfer from
the metal skeletons to the hydrogen molecules. It is at present
still an open issue to rigorously identify the most optimal
H/metal ratio for simultaneous maximal charge transfer and
chemical pressure, but as a first-order “rule of thumb,” for a
given H/metal combination and structure, we should work
around the ratio that every valence electron of the metal is
to weaken one hydrogen molecule via charge transfer and
antibonding occupation. As further illustrated later, the un-
derlying rationale is inherently tied to the optimal EMV of
∼3 emphasized earlier. Furthermore, as shown in Figs. 4(c)–
4(f) for a given H/metal ratio, the minimal pressure needed to
stabilize the structure decreases linearly with increasing FMO,
an elegant point worthy of being more fully exploited in future
studies of metal hydrides.

Our searching efforts naturally expand into considerations
of ternary clathrate hydrides, in which the metal element of
Y or La is cosubstituted by two compensatory metal elements
that possess the effective isovalency of ∼3 (Rule 1, and for
a latest ternary example but without obeying Rule 1, see
Ref. [16]). Candidate combinations include (Ca, Sr) as one el-
ement and (Zr, Hf) as the other, with different H/metal ratios.
The structural search was performed by using the swarming-
intelligence based CALYPSO software [68,69]. Considering the
non-negligible quantum effects associated with the relatively
light H atom, the contributions of the zero-point energies were
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FIG. 3. (a) Atom-projected densities of states for YH6, CaHfH12,
YH9 and CaHfH18 at 300 GPa. (b) H electronic states at EF (NEF )
per H2 molecule (black) and the number of accepted electrons per
H2 molecule (red). (c) Eliashberg spectral function α2F(ω) and in-
tegrated EPC constant λ(ω) for CaHfH12, in comparison with YH6

and CaHfH18. (d) H electronic states, k-resolved EPC strength λnk,
and superconducting gap �nk (computed at 40 K), as distributed on
the Fermi surfaces of CaHfH12 (upper column) and YH6 (bottom
column) at 300 GPa. The color scale spans the projected values.

included in all our calculations of the formation enthalpies for
the ternary hydrides. The main results of convex hull diagrams
at 200, 250, and 300 GPa for CaZrHx, CaHfHx, SrZrHx, and
SrHfHx (x = 6–19) are shown in Figs. S1 and S2 of the
SM [28], respectively. Herein, the thermodynamic stabilities
of a variety of ternary hydrides were evaluated from their
formation enthalpies relative to the dissociation products of
mixtures of CaH2/SrH2 and ZrH3 + H2/HfH3 + H2, because
the end-point compositions CaH2, SrH2, ZrH3, and HfH3 have
the most negative enthalpy/atom at pressures and are chosen
from the results of the previous works [12,70–72].

From our structural researching, five classes of stable
structures are obtained under different pressures, including
Pm3m CaZrH12/CaHfH12, P6m2 CaZrH18/CaHfH18,
Cmmm SrZrH14, P4/mmm SrZrH16/SrHfH16, and
P6m2 SrZrH19/SrHfH19. Pm3m CaZrH12/CaHfH12

structures can be obtained by substituting the Y atoms in
Im3m YH6 with Ca and Hf(Zr) [13,15] [see Fig. 2(b)], and
remain dynamic stability until 190–200 GPa [see Fig. 2(d)].
Here, the Ca and Zr/Hf atoms jointly form a bcc metal
skeleton, and the H2 molecules occupy its tetrahedral
interstices, forming two separate H24 cages surrounding
the Ca and Hf(Zr) atoms. The P6m2 CaZrH18/CaHfH18

structures also contain two H29 cages surrounding the Ca and
Hf(Zr) atoms [see Fig. 2(c)], while the Ca and Hf(Zr) atoms
adopt a hcp skeleton, similar to the structure of P63/mmc
YH9 [15]. In addition, our compensatory cosubstitution
approach also results in new stable clathrate hydrides.
Specifically, the P4/mmm SrZrH16/SrHfH16 structure is
bcc-like, but with the lattice constants c longer than a and
b, and simultaneously contains two different types of H2

FIG. 4. (a) Dependence of Tc’s of the metal hydrides on the
H/metal ratio. (b) The merit function S = Tc√

p2+T 2
c,MgB2

[78], which

seeks a compromising balance between the required pressure (P) and
predicted Tc, is also used to evaluate the significance of a particular
hydride superconductor. (c)–(f) The dependence of the minimum
stable pressures of metal hydrides (MH6, MH8, MH9, and MH10)
with the FMO. Here, the black dashed lines represent the linear fitting
based on the scattered points. The corresponding Tc and FMO values
are taken from Table S1 of the SM [28].

cages [see structures in Fig. S3(a) of the SM [28]], which are
similar to the H24 cage in the bcc YH6 [13] and H32 cage in
the fcc LaH10 [17,73], respectively. The difference is that the
two H24 and H32 cages in SrZrH16/SrHfH16 possess some
stretching in the c direction, with a relatively low symmetry
due to the different atomic radii between Ca and Hf(Zr).
The SrZrH19/SrHfH19 also adopt the P6m2 space group in
Fig. S3(b) of the SM [28], in which the H29 cage surrounds
Zr/Hf and a larger new H32 cage surrounds the Sr atoms.
The Cmmm SrZrH14 has two new types of H28 and H30

cages, and these two H cages are not fully closed loop [see
Fig. S3(c) of the SM [28]]. The predicted stable pressures of
the above various clathrate structures are shown in Fig. 2(d),
and the structural information is listed in Table S2 of the SM
[28]. The searching results demonstrate that compensatory
cosubstitution provides an effective route to designing new
clathrate hydrides that possess superior superconductivity.

We next calculate their Tc’s based on the anisotropic
Migdal-Eliashberg formalism [74,75], estimated using the
typical Coulomb pseudopotentials of μ∗ = 0.1 and 0.13
[15,17,76], as shown in Fig. 2(e). Among them, CaHfH12

exhibits the highest Tc of 351–363 K at 300 GPa, much higher
than those of CaH6 (∼230 K [12]) and HfH6 (∼55 K [72])
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with the same stoichiometry ratio of H/metal. As the pres-
sure decreases to 200 GPa, the Tc of CaHfH12 still reaches
∼350 K. Likewise, the Tc of CaZrH12 is estimated to be as
high as 343 K at 300 GPa, decreasing linearly to 296 K
at 200 GPa. In addition, the Tc’s of CaZrH18, CaHfH18,
SrZrH19, and SrHfH19 with the hcp structure are predicted to
be 329, 338, 263, and 305 K, respectively. We note that the
theoretically predicted YH10 has the highest Tc of ∼326 K
among all the binary hydrides within comparable numerical
accuracy, while these ternary hydrides CaHfH12, CaZrH12,
CaZrH18, and CaHfH18 discovered here possess much higher
Tc’s, indicating that the multicomponent alloying approach
with EMV = 3 can effectively enhance the superconductivity
of the ternary hydrides.

To further reveal how such compensatory cosubstitution
behaves synergistically to enhance superconductivity, we
make comparative discussions of CaHfH12 and YH6 as well
as CaHfH18 and YH9, which each pair has the same ge-
ometrical structure, respectively. The calculated electronic
densities of states are displayed in Fig. 3(a), together with
the electron-phonon coupling (EPC) and the atom-projected
band structures in Figs. S4– S8 of the SM [28]. For YH6

[Fig. 3(a)], the electronic occupation of the Y atomic orbitals
is relatively higher than that of the antibonding σ ∗ orbitals of
the H sublattice near the EF. But for CaHfH12 and CaHfH18,
the electronic occupations of the antibonding σ ∗ orbitals of
the H sublattice become dominant in both cases. Quantita-
tively, our Bader charge analysis [77] shows that the Ca and
Hf atoms transfer 0.92 and 1.71 e− to a H2 cage in CaHfH12,
respectively, with ∼0.44 e− accepted by each H2 molecule,
higher than 0.40 e− per H2 molecule in YH6 [see Fig. 3(b)].
When comparing CaHfH18 with YH9, we reach the same con-
clusion [see Figs. 3(a) and 3(b)]. In short, the compensatory
cosubstitution approach effectively increases the electronic
occupation of the H sublattice, and then enhances the Tc.

Figure 3(c) is the integrated EPC constants λ(ω) for se-
lective systems. Combined with other relevant quantities in
Figs. S4– S6 of the SM [28], we see that the low-frequency
phonon bands mainly originate from the vibrations of the
metal atoms, while the high-frequency bands come from vi-
brations of the H sublattice. Furthermore, λqv reveals stronger
contributions of the vibration modes of the H sublattice to the
overall EPC. Specifically, the total λ of CaHfH12 and CaHfH18

are 2.09 and 2.11, with about 75%–80% is contributed by the
H sublattice, respectively. In contrast, the total λ of YH6 has a
relatively smaller value of 1.76, and only about 55% by the H
sublattice.

In addition, we note that there typically exist several bands
crossing the Fermi surface (FS) of a given hydride (see
Figs. S9 and S10 of the SM [28]). Accordingly, we evalu-
ate the k-resolved EPC constant λnk to reflect the coupling
strength of the phonons with each electron band and the
anisotropic nature of the superconducting gap �nk [74,75].
For simplicity, we present the results of CaHfH12 in compar-
ison with YH6 [see Fig. 3(d)]. We see that the λnk values of
CaHfH12 and YH6 scale with the weights of the H electronic
states on the FS, and large EPC is observed for both systems
due to the existing FS nesting, as shown in Fig. S11 of the
SM [28]. It is noteworthy that the maximum value of λnk is
3.5 for CaHfH12, which is much larger than that of ∼2.7 for

YH6, implying that CaHfH12 has stronger EPC on the FS.
The largest values of the �nk were estimated to be ∼80 meV
for CaHfH12 and ∼62 meV for YH6. The corresponding Tc’s
were evaluated to be ∼363 and 265 K for CaHfH12 and
YH6, respectively (see Fig. S12 of the SM [28]). Clearly,
these results provide strong evidence that the compensatory
cosubstitution approach can not only promote the metalliza-
tion of the H sublattice, but also enhance the EPC and hence,
the Tc’s.

In Fig. 4(a), we summarize the obtained Tc’s of these hy-
drides as a function of the stoichiometric ratio of H/metal. For
given a stoichiometric ratio, as long as the EMV of the substi-
tuted diatomic metals is 3, the Tc’s of the ternary hydride are
substantially higher than that of the binary hydride composed
of a single metal element. Pronouncedly, the Tc is increased
from ∼120 K of LaH8 to ∼320 K of SrZrH16, by nearly three
times. Furthermore, the FMOs of the ternary hydrides are
effectively adjusted with different ion radii, thereby providing
the possibility of reducing their stabilizing pressures. We also
note that although the crystal structures and the configurations
of the H sublattices of these hydrides are quite different from
system to system, they all obey the two aforementioned rules,
showing that they hold true for binary, ternary, and potentially
even higher multiple-component metal hydrides. Moreover,
we also see that the empirical merit function S [78] of newly
predicted ternary hydrides are comparable or superior to the
binary hydrides, with CaHfH12 having the largest S value of
1.78 [see Fig. 4(b)].

Aside from the Tc’s, we finally examine the potential
lower pressure aspect by calculating the FMOs of the ternary
hydrides. The results are displayed in Figs. 4(c)– 4(f) for
different stoichiometry ratios of H/metal. Strikingly, given a
specific H/metal ratio, the binary and ternary hydrides follow
the same linear scaling relationship between the minimal pres-
sures to stabilize the structures and the FMOs. For example,
the FMOs of CaHfH12/CaZrH12 are calculated to be ∼0.34,
located between ∼0.32 of ZrH6/HfH6 and 0.37 of CaH6.
This means that the chemical pressure provided by the metal
skeleton of CaZr/CaHf in CaZrH12/CaHfH12 is higher than
that of Zr/Hf in ZrH6/HfH6, and smaller than that of Ca
in CaH6. The calculated minimum stabilizing pressures of
CaHfH12/CaZrH12 are about 190 and 200 GPa, respectively,
which qualitatively fit well the linear scaling relationship
shown in Fig. 4(c).

In conclusion, we have conceptualized two empirical yet
generic rules surrounding the Tc’s and the minimum stabi-
lizing pressures of metal hydride superconductors. By using
the particle swarm optimization and first-principles calcula-
tions, we have not only predicted a collection of new hydride
superconductors, including the representative examples of
CaHfH12, with Tc of ∼360 K at 300 GPa, and CaZrH12,
with Tc of ∼290 K at 200 GPa, but also shown that these
rules hold true for binary, ternary, and even potentially higher
multiple-component metal hydrides. Our findings will play an
important role in predictive design of high-Tc hydride super-
conductors at lower pressures.
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