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We survey the landscape of binary hydrides across the entire periodic table from 10 to 500 GPa using a crystal
structure prediction method. Building a critical temperature (7.) model, with inputs arising from density of
states calculations and Gaspari-Gyorffy theory, allows us to predict which energetically competitive candidates
are most promising for high-7, superconductivity. Implementing optimizations, which lead to an order of
magnitude speedup for electron-phonon calculations, then allows us to perform an unprecedented number of
“high-throughput” calculations of 7, based on these predictions and to refine the model in an iterative manner.
Converged electron-phonon calculations are performed for 121 of the best candidates from the final model.
From these, we identify 36 above-100 K dynamically stable superconductors. To the best of our knowledge,
superconductivity has not been previously studied in 27 of these. Of the 36, 18 exhibit superconductivity above
200 K, including structures of NaHg (248-279 K) and CaHg (216-253 K) at the relatively low pressure of

100 GPa.
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I. INTRODUCTION

A number of dense metal hydrides have been shown to be
conventional superconductors with high critical temperatures
(T.) [1-6]. However, electron-phonon calculations, used to
determine the 7, of such materials from first principles, remain
computationally expensive. It is not necessarily clear before
performing these calculations which particular systems and
structures might exhibit high-temperature superconductivity.
Coupled with this, a huge variety of hydride stoichiometries
and structures are either stable or metastable under pressure,
even when the discussion is limited solely to binaries. This
means that exhaustive theoretical investigation of this class
of materials is a huge challenge. A combined searching and
screening protocol could therefore provide a desirable and
efficient way to discover new high-7, superconductors.

In this work, we use a crystal structure prediction method
to explore binary hydrides of elements from across the en-
tire periodic table over a 10-500 GPa pressure range. Stable
and metastable structures are screened using a model built
to predict 7. from inputs including electronic density of
states (DOS) ratios and electron-phonon coupling estimates
from Gaspari-Gyorfty theory [7]. High-throughput electron-
phonon calculations are then performed for a large number
of structures, selected based on the predictions of this model.
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This provides more 7, results which can be fed back into
the training set, allowing us to improve the model iteratively.
The results of this high-throughput model-training stage allow
us to identify the most promising candidate systems at each
pressure; more thorough structure searching is then carried out
for each of these systems and fully converged electron-phonon
calculations are performed for the best predicted candidates.
A large number of high-T;. superconductors are efficiently
identified, including many not reported in previous work.

II. METHODOLOGY
A. Initial structure searching

The structure searching calculations in this work were per-
formed using ab initio random structure searching (AIRSS)
[8,9] and the plane-wave pseudopotential code CASTEP
[10]. The Perdew-Burke-Ernzerhof generalized gradient ap-
proximation [11], CASTEP QC5 pseudopotentials, a 340-eV
plane-wave cutoff, and a k-point spacing of 27 x 0.07 A~
were used. For the initial searches, sp-AIRSS [12] was uti-
lized and structures with 8-48 symmetry operations were
generated. This served the dual purpose of (1) reducing the
computational cost of the searches and subsequent calcula-
tions during the training phase and (2) putting additional focus
on high-symmetry structures (which may be metastable or
stabilized at nonzero temperatures). Throughout this work,
we aim to consider the broadest set of compositions possible.
To this end, we construct a convex hull for binary hydrides
of the form X, H,, for every element X in the periodic table
at 10, 100, 200, 300, and 500 GPa in order to assess their
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stability. Structures on or near these static-lattice convex hulls
were then selected for further investigation at the relevant
pressure. In particular, in the training phase, stoichiometries
within 80 meV/f.u. of the hull were selected (for each of
these stoichiometries just the lowest energy structure was
chosen). In order to discuss stability more clearly in this
work, we introduce two quantities: Eq;c, the distance of the
given stoichiometry from the static-lattice convex hull, and
Egre, the distance of the given structure from the lowest
energy structure of the same stoichiometry. Here, for exam-
ple, we are selecting structures with Egic < 80 meV/f.u. and
Egroe = 0.

B. Electron-phonon coupling estimates

McMillan [13] showed that for strong-coupled supercon-
ductors the electron-phonon coupling constant, A, can be
expressed as

_ NE) 1)
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where N(Er) is the DOS at the Fermi level, (I?) is the Fermi
surface averaged electron-phonon matrix element, M is the
atomic mass, and (w?) is the average squared phonon fre-
quency. The numerator in this expression can be relabeled as
n, the so-called Hopfield parameter. In situations where the
vibrational modes can be well separated into those of different
atomic character (as we typically see in binary hydrides) we

can write
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where j is the atom type.

Hopfield established that, in a local phonon representation,
electron-phonon interactions mainly consist of scatterings that
change the electronic angular momentum / [14]; building on
this observation, Gaspari-Gyorffy theory [7] then provides
a way to approximate (I?) in Eq. (1). Beginning from a
multiple-scattering Green’s function formalism, adopting the
rigid muffin-tin approximation [15] allows a number of ap-
proximations concerning the potential and wave function to
be applied [16]. These approximations reduce the expression
for the Hopfield parameter to a combination of electronic scat-
tering phase shifts and (partial) electronic densities of states
[16]. Recent work has emerged using Gaspari-Gyorffy theory
for metal hydrides under high pressure [16,17].

The final form of the rigid-ion Gaspari-Gyorffy formula is
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where Nz(]) is the free-scatterer DOS—the DOS at the Fermi
level for a single muffin-tin potential in a zero-potential
background—and §; are the scattering phase shifts.

The scattering phase shifts can be obtained by matching
the logarithmic derivative for solutions inside and outside the
muffin tin at the muffin-tin radius, » = Ry, as detailed in

Ref. [18]. The free scatterer DOS can also be easily com-
puted from properties of the radial wave function. From a
self-consistent DOS calculation, partitioned by both atom and
angular momentum /, we therefore have all the components
needed to approximate (/%) for each atom type. These quanti-
ties can then be multiplied by N(EF) to give each n;.

Gaspari-Gyorfty theory was implemented in the ELK code
[19] in Ref. [20]; this modified version of the code is used in
this work to calculate ngy and ny. The traditional way to use
these approximate Hopfield parameters (or “Gaspari-Gyorffy
electron-phonon coupling estimates”) is to calculate the aver-
age phonon frequency and use this to estimate A via Eq. (1)
[or, in our case, Eq. (2)]. This A value can in turn be used
to obtain 7. from the McMillan [13] or Allen-Dynes [21]
equations. However, the phonon calculation required to obtain
(w?) means that this approach would be too expensive to be
useful in a high-throughput screening scenario. Therefore,
in this work, we do not obtain direct estimates of A or 7,
from Gaspari-Gyorffy theory and instead use the n; values
themselves as descriptors in our 7. model.

C. Electron-phonon coupling calculations

At several stages during this work electron-phonon cou-
pling calculations are performed using density functional
perturbation theory (DFPT) in the QUANTUM ESPRESSO code
[22,23] and the results treated using Migdal-Eliashberg the-
ory [24] to obtain 7; values from first principles. Within the
theory, an electron in an occupied state |n, k) is coupled to
an unoccupied state |m, k + q) by a phonon with momentum
q and frequency wq,,. At the temperatures of interest for
superconductivity, we will have wgq, ~ kT < 1 €V, so the
initial and final electronic states will lie very close to the
Fermi energy. However, on the finite k-point grids used in
DFT calculations, Kohn-Sham states will rarely lie this close
to the Fermi level. To overcome this, we follow the method
used in Ref. [25] and smear out the electronic energies using
Gaussians with a characteristic smearing width o, chosen
according to the procedure outlined in Ref. [26].

Both the initial (k) and final (k + q) states must be present
in the k-point grid. To ensure that this is the case, we
take our k-point grids to be fixed multiples of the q-point
grids, increasing the multiplicative factor until convergence
is achieved (typically this results in k-point grids larger than
30 x 30 x 30). Coupling strengths are then interpolated onto
a finer q-point grid (eight times larger in each direction) to
construct the Eliashberg function, o?F (w). From o?F (0),
we obtain the superconducting critical temperature either by
direct solution of the Eliashberg equations using the ELK code
[19] or using the Allen-Dynes equation [21]. We compare
these two methods in Sec. IV F.

Throughout this work, we profiled the electron-phonon
coupling calculations in the QUANTUM ESPRESSO code and
implemented optimizations [27]. In particular, through opti-
mized symmetrization of the electron-phonon matrix elements
and evaluation of Gaussian smearing, we reduced the time to
calculate T, for our Fm3m-LaH; test system by a factor of 8.
Combined with the selective ability of our screening method,
this near-order-of-magnitude speedup enables us to perform
the present wide-ranging study.
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1I1. 7. MODEL AND TRAINING PHASE

Our 7, model is a Gaussian process regression model, ini-
tially trained using a set of 160 structures and corresponding
T, values from the literature (collected from Refs. [20,26,28—
71]). The model inputs are the Gaspari-Gyorffy electron-
phonon coupling estimates for hydrogen and element X (ny
and ny), the mass of atom X in atomic units (My), the total
DOS at the Fermi energy [N(Er), normalized by cell vol-
ume], and the hydrogen DOS divided by the total DOS at
the Fermi energy [Ny (Er)/N(EfF)]. Throughout this work,
whether the structure originated from the literature or from our
own searches, these inputs were computed using the modified
version of ELK [19] from Ref. [20]. In cases where a literature
structure was not given at the same pressure as 7. was re-
ported, the structure was relaxed at the correct pressure using
CASTEP [10]. References [1-3,72] and the data tables within
were found to be helpful for identifying additional points to
include in the original literature set.

The model was trained via optimization of model parame-
ters and hyperparameters in MATLAB [73] and was tested using
nested cross-validation, with an inner loop used to optimize
the parameters and an outer loop used to monitor the fit of the
resulting model to unseen data. The correlation was evaluated
in this way, repeated over several different random splittings
of the data each time.

The overall process used in the training phase was iterative;
structures at a given pressure were selected for further study
based on the predictions of the model, with 7, values for
the best predicted structures calculated explicitly using DFPT
and fed back into the model’s training set for use in the next
iteration (provided the structure was found to be dynamically
stable). The model was then retrained and predictions were
made for a set of search structures at the next pressure until
all pressures had been considered. To make performing a large
number of electron-phonon calculations feasible, a relatively
sparse q-point sampling was used in the training stage, cho-
sen to reproduce the known result for Fm3m-LaH;q [26,74].
This corresponds to a g-point spacing of 27 x 0.15 A~! (a
2 x 2 x 2 grid for Fm3m-LaH |, at 200 GPa). In keeping with
the initial literature training set, the Allen-Dynes equation was
used to estimate 7, throughout the training phase.

Our method is summarized in Fig. 1. Figure 2 shows the
number of structures considered in total at each stage of the
training process—given the relatively large cost of electron-
phonon calculations (even in high-throughput operation), this
figure highlights the importance of the stability filtering and
model-based screening steps in our workflow. In total, 119
new DFPT data points were added to the training set in
this work. Predictions for all previously considered search
structures were recalculated using the final model to ensure
nothing of interest had been missed in earlier iterations. Most
of the electron-phonon calculations performed in the training
phase were for structures with a high predicted 7, according
to our model; however, occasionally these calculations were
performed for structures with midrange or low 7, predictions
in order to improve the behavior of the model. The correlation
of the predicted T, values with the calculated 7, values across
the training set decreased slightly on addition of more data
(see Fig. 1). This is not surprising for two reasons: (1) as

Run calculations for literature
structures to produce initial
training set

Train GPR T, model with inputs
{Nhr Nxr Mx, Nu(Eg)/N(Eg), N(Eg)}>

Initial model has a correlation of 0.868

Include
new results

in training set

whole periodic table at

‘
Structure search across
pressure of interest

Electron-phonon calculations
performed (largely, but not
exclusively, focused on best

< 14
predicted structures) Select structures on, or just

above, the convex hull and
calculate GPR model inputs,
Predict T, using these
k/
Final model has a
correlation of 0.710

FIG. 1. A flowchart summarizing our methodology.

mentioned previously, the results we add to the training set are
computed in a high-throughput manner and therefore will be
somewhat underconverged compared to typical values found
in the literature, and (2) the final training set contains a wider
range of elements and pressures than the original literature-
based training set.

During the training of our model, we were able
to efficiently rediscover a number of binary hydrides
(with relatively high 7. values) which had been reported
previously, including the structures Im3m-H;S [44,45,75],
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FIG. 2. A summary of the number of structures studied at each
stage of the training process—note the logarithmic scale.
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Im3m-LaHg [76], I4/mmm-AcH;, [28], Im3m-SeH;
[46], R3m-SrHg [72], R3m-LiH¢ [77,78], Fm3m-LaHg

[26,50,74,76,79,80], Fm3m-YHiq [26,76], Im3m-ScHg
[57,76,81],  P63/mmc-ThHy  [63], R3m-StH;o [82],
Pm3m-SiHs [58], C2/m-LaH; [50], Im3m-CaHe [35],

Im3m-MgHg [83], Fm3m-ThH;o [62,63], and the stoi-
chiometries KHg [49], LaHg [50,79], BaH, [70], LaHs [50],
AcHj [28], LiHg [77], LaH,; [50], MgH,, [84], YH, [76,85],
and ScHj, [57]. Although found previously, only half of these
26 stoichiometries appeared in our original training set; the
other half were repredicted, highlighting the capabilities of
our method. We also identified a number of other systems
with the potential to exhibit high-T, superconductivity. The
most promising systems overall are studied further in Sec. IV.

IV. FOCUSED SEARCHES AND FINAL RESULTS

From the T, results obtained during training, the most
promising candidate systems could be identified and studied
in more depth. More focused structure searches were per-
formed for hydrides of Na, Ca, La, Ac, and K at 100 GPa,
hydrides of La, Ac, S, Mg, and Na at 200 GPa, hydrides of
Li, Sr, K, Mg, Na, and Sc at 300 GPa, and hydrides of Li, Sr,
Mg, Na, Yb, Y, and Ca at 500 GPa. For these calculations,
the earlier symmetry constraints were relaxed, but all other
parameters remained the same. These composition choices
reflect a bias towards elements from the left-hand side of the
periodic table amongst the most promising candidates from
the training stage. However, this is not to say that only the
compositions that we study further in this work are capable of
supporting high-T.. superconductivity. Future studies, with a
different focus, could potentially identify more candidates. No
additional searches were performed at 10 GPa as the highest
T, calculated at this pressure in the training phase was only
12-15 K (belonging to Fm3m-CaH,) and a large proportion
of the 245 structures screened were only weakly metallic (in
fact, 48 of them were insulating).

On completion of the focused searches, we again calcu-
lated ny, nx, N(EF), and Ny (Er)/N(EF) for the stable and
metastable structures found. Stoichiometries with Egic < 25
meV /f.u. were selected for further study. For the stoichiome-
tries on the hull (Eic = 0), two to five of the most stable
structures were chosen. For the selected off-hull stoichiome-
tries, only the lowest energy structure (Eg,. = 0) was chosen.
The inputs were then fed into the final 7. model trained
in Sec. III and fully converged electron-phonon calculations
were performed for the structures with the highest predicted
T, values at each pressure (as well as for the most promising
candidates already identified during training). These results
are shown in Figs. 3 and 4. Promising structures that remained
dynamically stable after convergence of the q-point grids are
listed in Table I. We find near room-temperature supercon-
ductors at every pressure considered, which we elaborate on
in the following sections. Unless otherwise stated, all critical
temperatures reported in the following sections are from direct
solution of the Eliashberg equations.

A. 100 GPa

Of particular note at 100 GPa is a Pm3m structure of
NaHg, a stoichiometry which we find to lie above the convex
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FIG. 3. Critical temperatures obtained from converged DFPT
calculations for the most promising candidates according to our
screening process (calculated using the Allen-Dynes equation to fa-
cilitate comparison with the literature). Both dynamically stable and
dynamically unstable results are shown. The background is shaded
according to the figure of merit S, introduced in Ref. [6].

hull, in agreement with Ref. [92] (although they find that
the Pm3m structure is not the lowest energy structure until
150 GPa). This structure consists of a cubic lattice of H
octahedra with Na at the body-centered positions (see Fig. 5).
Indeed, as we will see throughout this work, many of the
best candidate systems contain hydrogen in such polyhedral
clusters. While experimental synthesis of sodium polyhy-
drides has been demonstrated [93], superconductivity in the
system seems understudied given its promise here with a cal-
culated 7, of 248-279 K. This places the structure at a crucial
position in pressure-7, space, strongly influencing the appar-
ent low-pressure trend of maximum 7, (see Figs. 3 and 4)
and hinting at the exciting possibility of other low-pressure
high-T, superconductors. Such high-temperature supercon-
ductivity is only possible with both high average phonon
frequencies and strong electron-phonon coupling. Indeed, the
logarithmic average phonon frequency, wj, = 870 cm™!, and
electron-phonon coupling constant, A = 2.54, of Pm3m-NaHg
at 100 GPa are comparable to the values for the Fm3m-LaH
clathrate superconductor at 250 GPa (w, = 871 cm™!, A =
2.29 [50]). The ability of Pm3m-NaHg to maintain a high
average phonon frequency at such low pressures is due to its
compact structure, with a shortest hydrogen-hydrogen bond
length of only dyy = 0.85 A (shown in Fig. 5)—significantly
shorter than in Fm3m-LaH,, where dyy > 1 A up to pres-
sures as high as 300 GPa [94].

Also of interest at 100 GPa is a cagelike Im3m structure of
CaHg (see Fig. 3 of Ref. [35]). As was the case with NaHg, this
stoichiometry is found to be slightly above the static-lattice
convex hull, in agreement with previous calculations [35].
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TABLE I. Allen-Dynes and Eliashberg T, values for dynamically stable superconductors found in this work, along with calculated A and
stability measures. Structures that are underlined have a calculated 7, above 100 K and have either not been reported in the literature before
or have not had their superconducting properties studied before (to the best of our knowledge); more details are given in the Supplemental
Material [90]. Structures are available online [91].

Stoichiometry ~ Space group  Pressure (GPa)  Allen-Dynes 7. (K)  Eliashberg 7, (K) A Egoic (meV/unit)  Egye (meV /unit)

NaH, PmB3m 100 228-267 248-279 2.54 28 0
CaHg Im3m 100 150-179 216-253 5.81 9 137
Na,H,, Cmmm 100 127-156 134-161 1.28 0 0
KH,, Cc2/m 100 105-124 134-157 2.45 0 0
NaH,4 Fmm?2 100 47-60 61-75 1.10 0 0
AcHs P1 100 48-65 49-69 0.91 0 0
LaH; Pl 100 37-55 40-58 0.83 0 0
NaHa, R3 100 40-57 40-55 0.82 0 0
AcHy, C2/m 100 14-23 13-20 0.71 0 0
NaH, Pm3m 200 235-275 260-288 2.06 39 16
AcH,, P6ymc 200 197-231 245-280 3.92 11 0
MgH Fm3m 200 179-210 196-224 1.98 17 635
SH;, Im3m 200 173-203 196-219 1.77 0 0
AcH, Fmmm 200 110-140 169-204 2.01 0 14
NaH, 14/mmm 200 146-171 152-175 1.63 26 124
Na,H;, Cmmm 200 120-156 129-162 1.11 0 0
MgH Pl 200 106-132 112-134 1.35 23 0
LaH; C2/m 200 98-120 105-134 1.23 3 0
MgH, 14/mmm 200 63-88 73-94 0.98 0 101
SH; Fmmm 200 57-78 58-78 0.91 29 0
Mg, H; Cc2/m 200 55-75 56-75 0.98 22 0
AcH, Cmem 200 35-54 42-58 0.99 19 0
Mg, Hs R3m 200 22-39 24-39 0.74 139 21
MgH, Im3m 300 248-284 271-301 2.28 19 437
YH, Fi3m 300 220-255 261-293 2.58 2 0
ScH; Immm 300 185-217 212-233 2.06 3 0
LiH, P6/mmm 300 162-193 177-207 1.45 40 75
NaH, C2/m 300 157-190 167-198 1.48 3 0
ScH,, P1 300 127-157 137-165 1.28 0 103
NaH, P4/mmm 300 121-144 138-164 1.92 1 0
LiH, C2/m 300 109-142 130-163 1.16 0 14
LiH, R3m 300 121-152 130-161 1.30 0 0
ScHg Im3m 300 118-150 135-161 1.26 0 0
LiH, Cmcm 300 104-137 112-140 1.06 1 0
ScH,, Pl 300 87-109 91-115 1.20 6 0
MgH, 14/mmm 300 53-81 59-84 0.76 0 0
MgH | Pm3 500 294-340 360-402 2.65 0 259
SrH,, Fm3m 500 239-275 285-319 222 8 120
MgH | P3ml 500 239-275 257-287 2.21 12 0
MgH C2/m 500 209-250 232-270 1.63 9 0
NaH, P63 /mmc 500 218-256 235-269 1.67 0 0
YH,, P1 500 179-212 213-246 1.99 25 0
SrH,, R3 500 195-227 218-245 1.88 9 0
YH,, P1 500 176-205 212-244 2.21 39 0
SrH;o R3m 500 165-199 190-228 131 8 0
CaHj R3m 500 155-187 184-220 1.51 3 0
Na,H;, Cmmm 500 132-166 141-180 1.12 0 0
CaH, P62m 500 120-160 134-167 1.01 0 0
SrH, 5 P62m 500 100-136 110-139 0.93 0 0
MgH_ C2/m 500 82-110 91-121 0.96 0 0
Na,Hj, 14/mmm 500 72-105 76-104 0.80 0 297
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However, despite strong electron-phonon coupling, its critical
temperature (216-253 K) is found to be slightly lower than
that of Pm3m-NaHg due to a lower average phonon frequency.
Indeed, our CaHg phonons are significantly softer than those
calculated at 150 GPa in Ref. [35], resulting in a much higher
A value (5.81 vs 2.69 from [35]), suggesting that the structure
is on the verge of a mechanical instability at 100 GPa. Figure 6
illustrates this, highlighting the strong dependence of both
A and the Allen-Dynes 7. on the low-frequency portion of
a’F (w) and, in particular, the appearance of a peak in «F (w)
at very low frequencies. This is unsurprising as the Allen-
Dynes equation is known to be sensitive to small changes
in «?F (w) at low frequencies [in particular, the functional
derivative 8T,.(AD)/8a’F (w) diverges as w — 0 [95], in this
case towards —oo]. However, the full Eliashberg calculation
of T, is much less sensitive and the 100 GPa result calculated
here (216-253 K) is comparable to the critical temperature
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FIG. 5. The 100 GPa structure of Pm3m NaHg as viewed along
the (a) [100] and (b) [111] directions of the standardized cell.
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FIG. 6. Gray and black: The Eliashberg function of Im3m CaHg
at 100 GPa, demonstrating the suppression of the Allen-Dynes T,
relative to the one obtained by solving the Eliashberg equations.
This suppression is due to electrons coupling to soft phonon modes.
Red: The Eliashberg function of the same material at 150 GPa from
Ref. [35].

of 220-235 K calculated at 150 GPa in Ref. [35], also via
solution of the Eliashberg equations.

Figure 7 also demonstrates that while the next best struc-
tures, Cmmm-Na,H; and C2/m-KH |, have similar average
phonon frequencies to Pm3m-NaHg, they do not exhibit such
high coupling strengths. This leads to lower T values of 134—
161 K and 134-157 K, respectively. KH;y adopts a cagelike
structure, while the Na,H;; structure contains broken octahe-
dral hydrogen clusters (see Fig. 7 inset). Superconductivity in

4.51 =9 Pm-3m NaH6

[ Im-3m CaH6
[ Cmmm Na2H11
@ C2/m KH10

4.0+

3.5

3.0

2.5+

a’F(w)

2.0

1.51

1.0+

0.5+

0.0+

0 500 1000 1500 2000 2500 3000 3500
Phonon frequency (w,cm™1)

FIG. 7. The highest-T, structures and corresponding Eliashberg
functions at 100 GPa.
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FIG. 8. The 200 GPa P63;mc structure of AcH, as viewed along
the [001] direction of the standardized cell.

the KHjq stoichiometry has been studied previously [70]; it
was found to be on the convex hull at 150 GPa (and off-hull at
50 GPa) where an Allen-Dynes T, of 148 K was calculated for
an Immm structure. Reference [96] found KH;, to be above
the convex hull at 100 GPa and instead found metastable
metallic structures of other stoichiometries, but superconduc-
tivity was not directly investigated.

B. 200 GPa

At 200 GPa, the Pm3m structure of NaHg remains the high-
est T, structure found, rising slightly from its 100 GPa value
to 260-288 K. However, as pressure increases we find this
stoichiometry to be less stable with respect to decomposition.
Similarly to Ref. [28], we find several actinium hydrides to be
high-temperature superconductors at this pressure, most no-
tably a P63mc structure of AcHj, with a critical temperature
of 245-280 K. This structure is best described as cagelike,
but with hydrogen atoms concentrated along specific channels
along the c axis (see Fig. 8).

200 GPa also marks the appearance of magnesium hy-
drides, which become increasingly prevalent in our results
with pressure. Of particular note is a cubic structure of MgH 5
with the space group Fm3m, which possesses a slightly
higher calculated 7. (196-224 K) than the experimentally
verified [75] Im3m-H3S at the same pressure (196-219 K).
The MgH,; structure consists of axis-aligned cuboctahedral
hydrogen clusters (see Fig. 9). In agreement with Ref. [84],
we find MgH,; to lie above the convex hull at 200 GPa.

G

X

ﬁélg”( Q ® “"‘f |

Ol
i»‘

FIG. 9. The 200 GPa Fm3m structure of MgH,;. The structure
consists of Mg atoms and axis-aligned cuboctahedra of hydrogen in a
checkerboard pattern. Each cuboctahedra has an additional hydrogen
atom at its center to make up the necessary 13.

FIG. 10. (a) The 300 GPa F43m structure of YH, as viewed
along the [110] direction of the standardized cell. (b) The 300 GPa
Immm structure of ScHg as viewed along the [100] direction of the
standardized cell.

They report significantly lower critical temperatures for on-
hull structures.

A notable absence from the 200 GPa results is LaH;g.
Several structures of LaH | (including the experimentally ver-
ified Fm3m structure [74,80]) were found in our structure
searches and flagged as good candidates by our 7, model,
but were dynamically unstable at the harmonic level. This
has been noted previously for the cubic structure [26,97,98].
We elaborate on our treatment of structures with dynamical
instabilities in Sec. [V E.

C. 300 GPa

At 300 GPa, an Im3m structure of MgH, exhibits the
highest 7. value, 271-301 K (in agreement with previous
work [83]). This structure can be obtained by substituting Ca
for Mg in the CaHg structure investigated at 100 GPa. By
instead substituting only half of the Ca atoms at 200 GPa,
it has been reported that one obtains an even higher critical
temperature ternary superconductor [99]. Hybridizing com-
patible binary crystal structures in this way could provide
an efficient method to design future high-temperature ternary
hydride superconductors.

With a critical temperature of 261-293 K, a cagelike F43m
structure of YHg [shown in Fig. 10(a)] is the next highest tem-
perature superconductor found at 300 GPa. This stoichiometry
(although with P63 /mmc symmetry) has been synthesized ex-
perimentally, confirming theoretical predictions [76], and was
found to exhibit a critical temperature of 243 K at 201 GPa
[85]. Y-H systems have been extensively studied [26,100-
102] with critical temperatures in excess of 200 K predicted
over large pressure ranges.

We find that an /mmm structure of ScHg with a similar mo-
tif to F43m-YHy [see Fig. 10(b)] is also a high-temperature
superconductor at this pressure with a 7, of 212-233 K. This
is significantly higher than the (Allen-Dynes) value of ~115 K
obtained in Ref. [103]; we elaborate on the source of this
discrepancy in the Supplemental Material [90].

The next structure of note is a metastable P6/mmm struc-
ture of LiH,, which is interesting both because of its relatively
low hydrogen content and because its structure is analogous
to the well-known ambient-pressure superconductor, MgB,
[86] (see Fig. 11). Superconductivity in Li-H systems has
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FIG. 11. The 300 GPa P6/mmm structure of LiH, as viewed with
perspective along the [001] direction of the standardized cell.

been investigated previously at lower pressures [77], where
it was found that the LiH, stoichiometry did not exhibit
superconductivity at 150 GPa. We find that the LiH, stoi-
chiometry lies above the static-lattice convex hull at 300 GPa.
However, we find this stoichiometry is stabilized (and lies on
the hull, in agreement with Ref. [104]) when using harder
pseudopotentials with denser k-point grids.

D. 500 GPa

As we increase pressure further, hydrides with higher hy-
drogen content can be metallized. In particular, at 500 GPa
we see the appearance of several MgH, structures with
n > 10. The highest critical temperature of these belongs
to MgH,,, which we find to be on the convex hull at this
pressure, where a Pm3 structure [see Fig. 12(a)] exhibits hot
superconductivity with a critical temperature of 360-402 K
(87-129°C). This extremely high critical temperature is due
to strong electron-phonon coupling that persists over the entire
phonon spectrum, extending to very high frequencies (see
Fig. 13). Despite increased hydrogen content, P3m1-MgH,;
[see Fig. 12(b)] exhibits a lower T, of 257-287 K due to
reduced (but still extended) electron-phonon coupling (see
Fig. 13). Superconductivity in the Mg-H system appears to
be enhanced substantially with increased pressure; the MgH |,
stoichiometry has been previously investigated at lower pres-
sures [84], where it was also found to lie on the convex hull,
but with a much reduced T, of 47-60 K at 140 GPa.

At 500 GPa, we also find that a high-symmetry metastable
Fm3m phase of SrHjy exhibits room-temperature super-
conductivity with a T, of 285-319 K (12-46°C). This is

‘\/ ‘Q&‘ \{/‘
‘ ‘ ‘//\\‘
R\ > o4 > oS
‘/\\‘A\ ‘ ‘
> o > o > s
’{)\‘4\\” \\\‘
(a)

‘lr <
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FIG. 12. (a) The 500 GPa Pm3 structure of MgH,, as viewed
along the [010] direction of the standardized cell. (b) The 500 GPa
P3m1 structure of MgH,; as viewed along the [001] direction of the
standardized cell.
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FIG. 13. The Eliashberg functions of the Pm3 structure of
MgH,, (a hot superconductor with a 7. of 360—402 K) and the P3m1
structure of MgH, 5, both at 500 GPa.

significantly higher than the 190-228 K we calculate for the
ground-state structure of this stoichiometry, which we find to
have R3m symmetry in agreement with previous calculations
at 300 GPa [105]. A T, of 259 K had been calculated for the
R3m structure previously at this lower pressure [82].

E. Dynamically unstable structures

Structures that are found to be dynamically unstable cor-
respond to saddle points, rather than minima, of the potential
energy surface. Such structures can be stabilized by anhar-
monic or thermal effects, as is the case in Fm3m-LaH,
at 200 GPa [26,74,106], and locating them is the goal of
sp-AIRSS [12]. The calculations required to filter out, or cor-
rectly treat [107-110], dynamically unstable superconductors
are expensive; the solution of this problem will be important in
the further development of high-throughput workflows. How-
ever, one can roughly establish the promise of a saddle-point
superconductor by simply neglecting unstable modes in the
calculation of the Eliashberg function [26,111]. We provide
the results of this procedure for dynamically unstable struc-
tures that were flagged by the final model in the Supplemental
Materil [90] (see also Fig. 3), along with a short discussion of
the validity of this procedure.

F. A modified Allen-Dynes equation

Having a large number of superconductors for which the
Eliashberg equations have been solved directly (see Table I)
provides a unique opportunity to test the Allen-Dynes equa-
tion. This comparison is made in Fig. 14(a), where it is clear to
see that, while the Allen-Dynes result correlates well with the
Eliashberg result, it systematically underestimates its value (at
least for the binary hydride superconductors studied in this
work). We fit a modified version of the Allen-Dynes equation
of the form

T. = TP (a + bh) )

to the data given in Table I, which gives a = 1.0061 and
b = 0.0663. As we can see in Fig. 14(b) this removes the
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FIG. 14. (a) Allen-Dynes critical temperatures, plotted against
critical temperatures from solution of the Eliashberg equations (data
from Table I). (b) The same as (a), but using the modified Allen-
Dynes equation [Eq. (4)].

systematic underestimation and slightly reduces the variance
of the prediction. However, given access to o’F (w), we rec-
ommend that the Eliashberg equations be solved directly, to
remove the need for approximate 7, predictors entirely.

V. CONCLUSIONS

In this work, we demonstrate a high-throughput method to
efficiently discover high-T; binary hydrides. We construct a
T. model based on physically motivated descriptors, trained
initially on superconductivity data from the literature and
iteratively updated using the results of our own DFPT cal-
culations. Following extensive structure searching, a two-step
screening process (based on stability criteria and the pre-
dictions of our model) allows us to identify energetically
competitive high-7. candidates from the large volume of

search data. The best candidates include hydrides of sodium,
calcium, actinium, lanthanum, magnesium, yttrium, scan-
dium, lithium, and strontium.

We have performed a total of 240 7. calculations us-
ing DFPT, split roughly equally between the training phase
and final results. This was made possible by optimizing the
QUANTUM ESPRESSO electron-phonon code. In the final re-
sults, we identify 36 dynamically stable superconductors with
T. > 100 K of which 18 have 7. > 200 K (see Table I). To
the best of our knowledge, superconductivity has not been
investigated previously in 27 of the 36 (see Table I and the
Supplemental Material [90]). These findings add considerably
to the known pressure-7, behavior of the binary hydrides. Of
particular note, we find a Pm3m structure of NaHg to have a T,
of 248-279 K at 100 GPa, suggesting the exciting possibility
of other low-pressure high-7; hydride superconductors. We
also identify Pm3-MgH,, and Fm3m-SrH;o as above-room-
temperature superconductors at 500 GPa, as well as several
near-room-temperature superconductors at lower pressures.

Throughout this work, our aim has been to consider as wide
a range of binary compositions as possible; since our focus is
on breadth, we make no claim that this study is exhaustive.
Despite this, we identify a large number of high-7, candi-
dates, suggesting the binaries have more to offer in future,
more focused, studies. We also note that the highest critical
temperature results at each pressure arise from metastable
structures or off-hull stoichiometries. Many of these were
introduced into the study during the training phase by focusing
on high-symmetry structures using sp-AIRSS. This suggests
that the additional freedom afforded by allowing some degree
of metastability can reveal higher critical temperature super-
conductors. For example, in the case of SrHjy at 500 GPa
we see that the ground state R3m structure has a critical
temperature nearly 100 K lower than a metastable Fm3m
structure. Exploring avenues such as metastability will be
important in future work in order to push the boundaries of
high-temperature superconductivity.

Future work on superconducting hydrides is likely to fo-
cus on ternary hydrides and higher order systems. Given
the increased complexity of these systems, high-throughput
screening approaches, such as the one presented here, are
likely to become increasingly important. Our high-throughput
methodology could be extended to ternary hydrides, although
it may be desirable to redefine these systems as effective
binaries in order make use of the extensive binary hydride
literature data during model training.
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