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ARTICLE INFO ABSTRACT

Dedicated to the 150th anniversary of
Mendeleev’s Periodic Law.

Using the data on the superconducting critical temperature (T¢) for a number of metal hydrides, we found a rule
that makes it possible to predict the maximum T based only on the information about the electronic structure of
metal atoms. Using this guiding principle, we explored the hydride systems for which no reliable information
existed, predicted new higher hydrides in the K-H, Zr-H, Hf-H, Ti-H, Mg-H, Sr-H, Ba-H, Cs-H, and Rb-H systems
at high pressures, and calculated their Tc. The highest-temperature superconducting hydrides are formed by
metals in the “lability belt” roughly between 2nd and 3rd groups of the Periodic Table. Results of the study of
actinoids and lanthanoids show that they form highly symmetric superhydrides XH,-XH,, but the increasing
number of d- and especially f-electrons affects superconducitivity adversely. Hydrides of late transition metals
(e.g. platinoids) and all but early lanthanoids and actinoids are not promising for high-Tc superconductivity.
Designed neural network allowing the prediction of T of various hydrides shows high accuracy and was used to
estimate upper limit for T of hydrides for which no date are avilable. The developed rule, based on regular
behavior of the maximum achievable critical temperature as a function of number of d + f electrons, enables
targeted predictions about the existence of new high-T¢ superconductors.
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1. Introduction that have not been studied yet. We considered the maximum value of T¢

achieved among all stable compounds in each M—H system at all

Recent progress in experimental synthesis and measurement of su-
perconducting properties of H3S [1], HsSe [2,3], Si;Hg [4], LaH;o
[5-71, FeHs [8,9], UH, [10], CeHg [11,12], ThHg and ThH;q [13], PrHg
[14], and NdHg [15] together with theoretical predictions including the
above compounds and LiHg [16], CaHg [17], BaHg [2], TaHg [29], ScHg
[20], VHg [21], SrHyo [18], YH;o [22], LaH;o [22], ThH;o [23], and
AcH;, [24], emphasizes the need for a law governing the distribution of
superconducting properties of metal hydrides over Mendeleev’s Peri-
odic Table. We have suggested earlier [24] that the majority of high-T¢
metal hydrides are formed by metals at the border between s/p and s/d
blocks, i.e. between the 2nd and 3rd groups; we call this region the
“lability belt”. The possible reason [24] is the anomalously strong
electron-phonon interaction due to small energy difference between the
s- and -p or d-orbitals of metals atoms under pressure.

Here, using this idea of “orbital lability” (i.e. the particular sensi-
tivity of orbital populations to the environment for atoms of the ele-
ments in the “lability belt”) we predict new superconducting hydrides

pressures found in literature as a target value for this study, i.e.
F = maxT.(P, M,H,,). To describe the behavior of F as a function of
pressure P, hydrogen content Ny, and the total number of d- and f-
electrons Ny s, we analyzed the maxT¢-Ng 5, maxTc-P, and maxTc-Ny
diagrams. Those systems for which we could not find reliable data on
stable polyhydrides and their T¢ were carefully investigated.

2. Methods

A powerful tool for predicting thermodynamically stable com-
pounds at given pressure, the evolutionary algorithm USPEX [25-27],
was used to perform variable-composition searches of the MyH, phases
(M = K, Ca, Zr, Hf, Pr, Nd, Ho, Er, Tm, Lu, Pa, Np, Am, Cm) at pressures
of 50, 150, 250, and 300 GPa. The first generation of 120 structures was
created using random symmetric and random topological [28] gen-
erators, while all subsequent generations contained 20% of random
structures and 80% of structures created using heredity, softmutation,
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and transmutation operators. The evolutionary searches were combined
with structure relaxations using density functional theory (DFT)
[29,30] within the generalized gradient approximation (the Perdew-
Burke-Ernzerhof functional) [31] and the projector augmented wave
method [32,33] as implemented in the VASP code [34-36]. The plane
wave kinetic energy cutoff was set to 600 eV and the Brillouin zone was
sampled using the I'-centered k-points meshes with the resolution of
21 X 0.05 A7

Phonon frequencies and electron—phonon coupling (EPC) coeffi-
cients were computed using density-functional perturbation theory
[37], employing the plane-wave pseudopotential method with the
norm-conserving Troullier-Martins pseudopotentials and the Perdew-
Burke-Ernzerhof exchange-correlation functional [31] as implemented
in QUANTUM ESPRESSO (QE) package [38]. The 35?3p®4s’, 35?3p°®4s?,
3d%4s?, 4d°55%, 4f"*5d%65%, 65°4f°, 65°4f*, 65°4f1, 65242, 65°4f'3,
6524f1*5d’, 75%6d'5f%, 75°6d"5f*, 7s'5f, 7s°6d"5f electrons of K, Ca, Zr,
Hf, Pr, Nd, Ho, Er, Tm, Lu, Pa, Np, Am, Cm were treated explicitly.
Convergence tests showed that for all elements 120 Ry is a suitable
kinetic energy cutoff for the plane wave basis set. In our ab initio cal-
culations of the electron—phonon coupling parameter A, the first Bril-
louin zone was sampled using 2 X 2 X 2o0r 4 X 4 X 4 g-points meshes
and denser 16 X 16 X 16 and 24 X 24 X 24 k-points meshes. The
superconducting transition temperature Tc was estimated using the
Allen-Dynes formula with y* = 0.1 (see Supporting Information for
details).

A regression model was created on the basis of a fully connected
(each next layer is connected with all outputs of the previous one)
neural network to predict maxTc = Y(A,B) for ternary systems A-B-H
where data were lacking. It was found empirically that the optimal
topology consists of 11 layers of 12 neurons in a layer. The number of s-,
p-, d-, and f-electrons in an atom and the atomic number were used as
input for this network. The neural network was trained on a set of 180
reference maxT¢ values of binary (A-A-H, A-H-H) and ternary hydrides
using the RMSProp (Root Mean Square Propagation) method in 50,000
steps. Boundary (Y(A,1) = Y(1,A) = Y(A,A)) and symmetry (Y
(A,B) = Y(B,A)) conditions were included in the training set. The ten-
sorflow library was applied to create the model. After the training, the
network was validated on 20% randomly selected maxT¢ points. The
average error for binary systems did not exceed 20 K.

3. Results and discussion
3.1. Period 4. K-Ca-Sc-Ti-V-Cr

The main results for period 4 of Mendeleev’s Periodic Table are
presented in Table 1 and Fig. 1. The highest T reaches 235 K for CaHg
[17]. The highest-T¢ potassium hydride is C2/c-KHg with the maximum
Tc of 70 K at 166 GPa, predicted by Zhou et al. [39] (Table 1). We
expect that an increase in the number of d-electrons in the Sc-Ti-V-Cr
row should lead to a smooth drop in T¢: maxT(Sc-H) > maxT(Ti-

Table 1
Previously predicted or synthesized binary hydrides with maximum T¢, period
4.

Hydride (pressure, GPa) A Wiog, K maxT¢, K
KHg (166) 0.9 1165 70 [39]
CaHe (150) 2.7 - 235 [17]
ScHy (300) 1.94 1156 163 [20,40]
TiH, (0) 0.84 127 6.7 [41]
VH;g (200) 1.13 876 71.4 [21]
CrH; (81) 0.95 568 37.1 [42]
Newly predicted compounds

KH;io (150) 1.34 1301 148

TiH;4 (200) 0.81 1063 54
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Fig. 1. Maximum T¢ of hydrides of metals from 4th period.

H) > maxTq(V-H) > maxT-(Cr-H). Since no reliable data on titanium
polyhydrides were available below 250 GPa (Table 1), except TiH,
having a low T¢ = 6.7 K, we decided to perform additional computa-
tional searches for new polyhydrides in the K-H, Ca-H, and Ti-H sys-
tems.

Because the 3d-shell of the considered row of metals begins to be
filled with electrons starting from Sc, we presumed that the energy
difference between the s- and d-orbitals will decrease as pressure in-
creases. By analogy with d-elements, higher hydrides of potassium and
calcium, KH, and CaH,,, with n > 6 (e.g. n = 10, 12 ...), may also be
formed. To test this idea, we performed variable-composition evolu-
tionary searches for stable hydrides in the K-H and Ca-H systems at
various pressures. The predicted thermodynamically stable compounds
are shown in Table 2 and Table 3. The convex hull for the K-H system at
150 GPa is shown in Fig. 2, while the convex hull at 50 GPa and those
for the Ca-H system are shown in Supporting Information Figs. S1 and
S2, respectively.

In the K-H system we predicted new thermodynamically stable
polyhydrides which have not been considered before [2,43]. We found
that Cmcm-KHs [44] removes previously predicted C2/c-KHg from the
convex hull at 150 GPa (Fig. 2). KHs as well as the predicted Imm2-KH;;
are semiconductors with DFT band gaps of ~1 eV and 2.03 eV at 100
and 50 GPa, respectively (the systematic underestimation of the band
gap by the DFT-PBE method should be taken into account). Super-
conducting properties were studied only for the metallic Immm-KH;,
and Immm-KH;,. The newly predicted Immm-KH;, displays the highest
Tc = 148 K among all the K-H phases (Supporting Information Fig. S1),
while for Immm-KH;, T is 116 K.

The comparison of our results with the data from Refs. [15,41]
points to potential existence of new stable calcium superhydrides, C2/

Table 2
Predicted stable phases in the K-H system
at 50 and 150 GPa.

Pressure, GPa Stable phases

50 Imm2-KH;,
Pm-3m-KH
Cm-KHg
Cmcm-KHsg

150 Immm-KH; o
Immm-KH;,
Pm-3m-KH
Cmcm-KHs
C2/m-KH,
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Table 3

Predicted stable phases in the Ca-H system at 0-200 GPa.

Pressure, GPa Stable phases Pressure, GPa

Stable phases

0 Pnma-CaH, 150 Im3m-CaHg
50 I4/mmm-CaH,4 P1-CaHg
P63/mmc-CaHy C2-CaH;g
R3c-CagH C2/m-CaH;,
143d-CasH, I14/mmm-CaH,
P63/mmc-CaHy
C2/m-CaH
Pm-CaH
100 Pm-CaH, 200 C2-CaH;g
I4/mmm-CaH, Im3m-CaHg
C2/m-CaHg Cmcm-CaH,
Pi-CaHy4 Imma-CaH,
143d-CasH, P6/mmm-CaH,
Pi-Ca;,H Pm3m-CaH

0.0 9

-0.21
3
% _0.41
3
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Fig. 2. Convex hull for the K-H system at 150 GPa.

m-CaH,, and C2-CaH,g, which were predicted at pressures up to 200
GPa (Table 3). C2/m-CaH;, has T¢ = 206 K and a high EPC coefficient
A = 2.16 (Supporting Information Fig. S2), while molecular C2-CaH;g
has a lower T¢ = 88 K at 150 GPa. These predicted phases have a lower
Tc than that of Im3m-CaHg [17]. Using ab initio simulations Shao et al.
[46] recently found even higher T¢ for C2/m-CaHy — up to 285 K at 400
GPa.

In the Ti-H system, we predicted one new higher hydride, C2/m-
TiH;4, which is thermodynamically stable at 200 GPa (Supporting
Information Table S1). This hydride features superconductivity with
Tc = 54.2 K (Supporting Information Fig. $23). More detailed study of
Ti-H system done by Zhang et al. [47] showed existence of surprising
phases Immm-Ti>H;3 and C2/m-TiH,,, which demonstrate even better
superconducting properties: T¢ up to 149 and 110 K at 350 and 250
GPa, respectively. These additional data eliminate the abrupt minimum
at N; = 4, making the maxT;(Ny) function decrease more mono-
tonically from Ca to Cr (red dotted line and gray columns in Fig. 1).

Thus, additional variable-composition evolutionary searches for
stable phases in the K-H, Ca-H, and Ti-H systems reveal the existence of
new polyhydrides with T exceeding the values known to date, sup-
porting our rule of maximum T¢ for electronically labile “boundary”
elements, at the boundary between s|d and s|p blocks.

3.2. Period 5. Rb—Sr-Y—-Zr-Nb-Mo-Tc

Some of the metal hydrides from period 5 have been studied earlier
[17,43,44,16,20] (Table 4). However, no reliable information is avail-
able about the superconducting properties of the Mo-H compounds.
Hooper et al. [50] studied the Rb-H system (RbHo-RbH;,) only at 250
GPa, but superconductivity was not investigated. Machine learning
(ML) approach [51], validated by AIRSS calculations, led to prediction
of C2/m-RbH;> with T¢ up to 133 K at 150 GPa, which is higher than
our ML results (75 K, Fig. S30).

At 300 GPa, the Cmca-SrH;, [18], constructed on the basis of
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Table 4
Predicted or synthesized binary hydrides and their maximum critical tem-
peratures, period 5.

Hydride (Pressure, GPa) A Dog, K maxT¢, K
SrH;, (300) 3.08 767 259 [18]
YH;, (300) 2.6 1282 323 [22]
ZrH (120) 0.71 295 10 [49]
ZrHe (295) 1.7 914 153 [53]
ZrH; (250) 1.77 1068 198 [55]
NbH, (300) 0.82 938 38 [19]
TcH, (200) 0.52 736 11 [48]
Newly predicted compounds

ZrH;6 (200) 1.19 852 88

SrHe (100) 1.65 1316 189

rhombohedral structure of molecular hydrogen, is predicted to have
high Tc = 259 K and large A = 3.08, indicating the possibility to find
high-T¢ superconductors in the Sr-H system. Our USPEX search at 50,
100, and 150 GPa (Supporting Information Figs. S3 and S4) showed the
presence of many stable and metastable higher strontium polyhydrides.
At 50 GPa I4/mmm-SrH, is stable, isostructural to the previously found
CaH, [45,52]. However, there are many low-symmetry higher hydrides
in close proximity to the convex hull. At 100 and 150 GPa, R3m-SrHg
and molecular C2/m-SrH;, are found to be stable and located on the
convex hull (see Fig. S28 for superconducting properties). SrHg be-
comes stable at 100 GPa, i.e. at much lower pressure than its analog
Im3m-CaHg [17] (200 GPa). These two compounds possess remarkable
superconducting properties, and at 200 GPa T¢ of R3m-SrHg may ex-
ceed 189 K (Supporting Information Fig. $29). In our calculations from
50 to 300 GPa we could not find any stable high-symmetry phases of
Sl‘Hlo.

The values of maxT¢ for the rest of the metal hydrides from period 5
drop from 323 K for YH;, at 250 GPa [22], to 11 K for TcH, studied at
200 GPa [48] (Fig. 3). The maxT. function suffers a suspicious drop at
Zr, because the only known stable compound in the Zr-H system is ZrH
displaying a low T¢ of 10 K. In Ref. [53], novel P2;/c-ZrHg having
Tc = 153 K at 295 GPa was predicted using the random structure
search (green point in Fig. 3). Taking into account a low number of
valence d-electrons, we undertook a variable-composition evolutionary
search for new stable zirconium hydrides and studied in detail the su-
perconducting properties. At various pressures, we predicted new
higher hydrides, differing from the prediction made in Ref. [53]

350
Y -=-Ref. data
300 1 —#—Refinement
’/ + Neural network
250 4 o ¢ Experiment
P [,
T /7
% 200 ] // e ZrH,,
2 7
5150 { / ® ZrHs
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Fig. 3. Maximum T¢ of hydrides of metals from 5th period. Current experi-
mental data of T¢ for YHy were taken from Refs. [56,57].
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Fig. 4. Maximum T¢ of hydrides of metals from 6th period. For LaH;o and
TaHj3, the recent experimental results from Refs. [6,7,61] are presented. hcp-
HfH,, was taken from Ref. [55].

(Supporting Information Fig. S5 and Table S2). The newly predicted
molecular P1-ZrH;g, stable at the pressures over 150 GPa, is the most
promising among all stable phases because of the high hydrogen con-
centration (Table S2), having a structure close to that of titanium hy-
dride P2;/c-TiH, 4. The calculated value of T¢ of P1-ZrH,¢ is 88 K. With
the new ZrH;¢, the maxT function for period 5 becomes much more
regular (red solid line in Fig. 3), consistent with the general idea of
decreasing of maximum T with the growing number of outer electrons
in metal atoms. Recent experimental [54] and theoretical [55] studies
indicate the existence of cubic ZrH; and Zr,H;5 with T (exp) < 7 K,
and P63/mmc-ZrH;o with A = 1.77 and T¢(theory) up to 198 K at 250
GPa, which also agrees with our proposed dependence of maxT¢(Ny). It
should be noted that predicted in Ref. [55] P63/mmc-ZrH;, is thermo-
dynamically stable and changes the convex hull at 250 GPa (Fig. S5).

3.3. Period 6. Cs—Ba-La-Hf-Ta

Available data on superconducting properties of the predicted or
synthesized metal hydrides from period 6 of Mendeleev’s Table are
shown in Fig. 4 and Table 5. Shamp et al. [58] predicted several Cs-H
compounds, namely CsH; and CsH; 4, presumably stable at 150 GPa, but
their superconducting properties were not studied. Machine learning
approach [51], validated by AIRSS calculations, led to prediction of
possible low symmetry CsH; with T¢ up to 90 K at 100 GPa, which is
close to our neural network (ML) results (65 K, Fig. S30). In the Ba-H
system, BaHg displays the maximum value of T = 31-38 K at 100 GPa
[2], whereas LaH; displays T¢ = 286 K at 210 GPa [22]. In the Hf-H
system, only HfH, is known with T¢ of 13 K at 260 GPa [59] (Fig. 4). In

Table 5

Predicted binary hydrides and their maximum critical temperatures, period 6.
Hydride (Pressure, GPa) A Diog, K maxT¢, K
BaHg (100) 0.77 878 38 [43]
LaH,;, (210) 3.41 848 286 [22]
LaH;, (170) - - 250-260 [6,7]
HfH, (260) 0.87 - 13 [59]
HfH,0 (250) 2.77 677 234 [55]
TaHg (300) 1.56 1151 136 [60]
New predicted compounds
HfH,4 (300) 0.93 1138 76
BaH;, (135) 2.64 927 214
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the Ta-H system, Fdd2-TaHg was predicted to have Tc = 136 K at 300
GPa [60]. A sharp drop in maxT at Hf (Fig. 4), similar to Zr (Fig. 3),
indicates the lack of data about the possible superconducting poly-
hydrides in the Hf-H system.

The data from our evolutionary searches for Hf-H phases at different
pressures are shown in Supporting Information Fig. S6. The obtained
data show the existence of novel higher hafnium hydrides, Amm2-
Hf3H,3 at 100 GPa with T = 43 K, and C2/m-HfH,, at 300 GPa with
Tc = 76 K (Supporting Information Fig. S25). Remarkably, more recent
research of Xie et al. [55] points to possible stability of P6;/mmc-HfH;,
with A = 2.77 and T¢ = 234 K at 250 GPa in accordance with proposed
the maxT:(N4) dependence.

The results for P4/mmm-BaHg obtained in Ref. [43] show quite low
Tc. According to the logic of this work, Ba-H system should contain
hydrides with a higher T¢, such as BaH;q and BaH;,, as it is for the
other alkaline-earth elements. Barium is the closest neighbor of the La-
H system with the record high-T¢ superconductor LaH;, [6,7], and it is
reasonable to expect remarkable superconducting properties in barium
hydrides. Indeed, preliminary experimental results [62] confirm the
existence of a pseudo-cubic BaH;,, stable at pressures over 80GPa, with
the predicted by our neural network maxT, of 214 K (Fig. 4).

The stability of the Fdd2-TaHg phase (maxT. = 136 K at 300 GPa) is
also questionable. Zhuang et al. [60] performed calculations using
ELocR code and a limited integer set of possible TaH, compositions
with n = 1-6. However, such a high pressure may cause Fdd2-TaHg to
be expelled from the convex hull by other compounds. Actually the
comparison with the neighboring systems V-H, Nb-H, and Hf-H shows
that maxTc(Ta-H) should lie in the range of 40 to 90 K. The recent
experimental investigation of the Ta-H system did not show the pre-
sence of any higher tantalum hydrides, only TaH_3 and TaH_, were
found [61]. Recalculation of Ta-H system done by Li et al. [63] in-
dicated that P2;/c-TaHs with maxT. 23 K (100 GPa) is the most stable
Ta-polyhydride at moderate pressures.

3.4. Lanthanoids and actinoids

Higher hydrides of lanthanoids are of particular interest because the
theoretically predicted LaH;o [22] is the highest-T¢ superconductor
confirmed experimentally [6,7]. Peng et al. [64] conducted a theore-
tical study of lanthanoid hydrides, looking in particular at the forma-
tion of clathrate cages composed of the H atoms. Assuming REH,
(n = 8-10) to be thermodynamically stable, T was estimated at ~56 K
at 100-200 GPa for Ce and Pr [64]. Our calculations for P63;mc-CeHg,
found T¢ not exceeding 51 K. Recent theoretical predictions and ex-
perimental synthesis of CeHg by Salke et al. [65] show that P6;/mmc-
CeH, should have . = 2.30, wyy = 740 K, and T¢ = 117 K at 200 GPa
(using Allen-Dynes formula and assuming p* = 0.1 as usual). Pre-
liminary measurements of superconducting properties in the Ce-H
system confirmed the predicted T of CeHg to be 100-110 K in the
pressure range of 110 to 140 GPa [62], while for PrHy [14], NdHg [15]
and UH; [62] - no superconducting transitions above 10 K were found.

To gain a more precise insight into the superconductivity of lan-
thanoid hydrides, we performed variable-composition evolutionary
searches for thermodynamically stable compounds and crystal struc-
tures in almost all these systems. The obtained data are presented in
Supporting Information Tables S1, S3-5.

According to the calculated results, most of the lanthanoid hydrides
have a low EPC parameter (\) and are weak superconductors (even
neglecting magnetism). The critical temperatures display a monotonic
decrease as the f-shell is getting filled, with the maximum T¢ displayed
in lanthanum and cerium hydrides (Fig. 5). Moving from the light to
heavy lanthanoids, we observe vanishing of superconductivity for hy-
drides of metals with half-filled d- and f-shells (Mn - d°, Re - d°, Eu—f”,
Am — f7), and then gradually increase in a “secondary wave” of su-
perconductivity upon further filling of the d- and f-shells. We think this
is because of the known stability of half-filled d- and f-shells, making
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Fig. 5. Maximum critical temperature (maxT¢) in
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these atoms exactly opposite of the electronically labile atoms amen-
able to high-T¢ superconductivity.

The significant difference between the structures of hydrides of d-
and f-elements is shown in Supporting Information Tables S4 and S5.
The “pure” d-elements (Y, La, Ac, and Th) tend to form higher hydrides
with cubic crystal structure, such as XH;o, with XHs, clathrate cages.
Adding two or more f-electrons leads to changes in the crystal structure:
the cubic XHg motif becomes predominant for the hydrides at 150 GPa.
As long as the f-shell is filled sequentially within a certain range, the
situation does not change much, as illustrated by the series
of stable polyhydrides: Fm3m-PaHg, Fm3m-UHg, Fm3m-NpHg, and
Fm3m-AmHg.

The new effect - the formation of a unique layered structure with
hydrogen nonagons (9-cornered polygons) - was observed in erbium
hydride Pém2-ErH;s (Supporting Information Table S5). The closest
analog with a similar crystal structure is P6m2-AcH;¢.[24] The hy-
drogen nonagons have not been observed in any other superhydrides
considered above. Lutetium, despite having one d-electron and a com-
pletely filled f-shell, is not an analog of the d’-elements Sc-Y-La-Ac
because contribution of f-orbitals to the electronic structure of Lu hy-
drides is still significant. . LuH;3 contains molecular fragments and is a
semiconductor like many other hydrides of heavy lanthanoids and ac-
tinoids.

An increase in the number of f-electrons in actinoid hydrides also
has an adverse effect on their superconductivity. We investigated the
Pa-H, Np-H, Am-H, and Cm-H systems in addition to the already studied
Ac-H [24], Th-H [23], and U-H [10] systems (Table 6) to confirm that
maxT decreases as the number of f-electrons grows. The dependence of
maxT¢ on the number of outer electrons is shown in the inset in Fig. 5.
Pr (4f°65%) and Pa (5f°6d"7s%) have the same total number of d- and f-

Table 6

Parameters of superconductivity of the newly predicted metal hydrides. The
critical temperatures were calculated using the Allen-Dynes formula [67] with
u* = 0.1.

Phases P,GPa A\ Wiog, K T, K N(Ep), uoHe, T A, meV
eV fu Tt

C2/m-TiH14 200 0.81 1063 54 0.87 12 8.8
Immm-KH,; o 150 1.34 1301 148  0.40 27 27.9
C2/m-CaH;, 150 2.16 1074 206  0.62 55.7 45
P2,/c-ZrHy6 200 1.19 852 88 0.75 41.7 16.2
Amm2-Hf;H;3 100 1.10 497 43 0.33 6.4 7.6
C2/m-HfHq4 300 0.93 1138 76 0.37 11.3 12.8
P4/nmm-FrH;* 100 1.08 745 64 0.15 6.4 11.3
C2/m-RaH;,* 200 1.36 998 116  0.51 22 23
I14/mmm-BaH;, 135 2.66 927 214 0.30 43 49

* See Supporting Information for details.

12 13 14 15 16 17

electrons, but T¢(Pa-H) > T¢(Pr-H) [66], because more localized f-
electrons suppress superconductivity more than d-electrons (see details
in the statistics section of Supporting Information).

The hydrides of actinoids allow us to suggest that the critical tem-
perature decreases as the total number of d- and f-electrons grows. The
highest critical temperature among the hydrides of actinoids, 251 K,
belongs to the Ac-H system. It starts the sequence of critical tempera-
tures decreasing monotonically in the Ac-Th-Pa-U-Np-Am series as the
total number of d- and f-electrons increases. The data obtained for the
newly predicted metal hydrides are summarized in Table 6.

All lanthanoids were combined in a single group because of their
similar physical and chemical properties (electronic structure, atomic
radii, electronegativity, etc.). For light lanthanoids, the crystal struc-
tures and compositions of pressure-stabilized hydrides are also similar
(Fig. 6). The unexpected result is the extremely strong dependence of
the superconducting critical temperature on the number of d + f
electrons. Despite the same structure and seemingly the same stabili-
zation pressure of the metallic hydrogen sublattice of Fm3m-PrHg,
Fm3m-NdHg, and Fm3m-TmHg, they have completely different A, T¢
and Nr (Supporting Information Tables S7 and S8) even in non-mag-
netic calculations. This clearly shows the crucial importance of the
lanthanoid atom in superconductivity — i.e. that lanthanoid hydrides
should not be considered as analogs of metallic hydrogen.

Physical meaning of the maxT¢(Nq+¢) dependence can be explained
starting from the idea of electron doping of hydrogen sublattice. As the
number of d- and f-electrons of the lanthanoid atom increases, charge
transfer to hydrogen (as measured by Bader charges) decreases (see
[17]), and decrease of the number of electrons in the H-sublattice
contributes to weakening superconductivity. Note that so far we re-
ferred to non-magnetic calculations (and indeed, most hydrides con-
sidered so far are non-magnetic). If magnetic ordering appears (as, e.g.,
in neodymium hydrides [15]), superconductivity may be completely
suppressed. This will only strengthen our conclusions and the depen-
dence of maxTc on the nature of the metal atom.

Using the data from Refs. [15,18,21,22,37,38,62-66,68-73] for the
La-H, Y-H, Ca-H, K-H, Ac-H, Th-H, and Sc-H systems, the dependence of
maxT¢ on the number of hydrogen atoms n in the XH, compounds was
determined (Fig. 6a). The highest maxT. values were achieved in
compositions with n = 6...12 and particularly n = 10 (Y, La, Th, Ac).
Further growth of n (>12) often leads to the formation of molecular
hydrides with low T¢. As molecular hydrogen transforms to monoa-
tomic at > 500 GPa, such stoichiometries can also be very high-T¢ su-
perconductors at pressures above molecular dissociation.

The Ashby plot of maxT¢ versus pressure (Fig. 6b) helps to identify
the superconducting metal hydrides with the highest T, and lowest
stabilization pressure. From these two criteria, the best superconductors
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hydrides, calculated using the Allen-Dynes formula. (b) Ashby plot of the
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are HgBa,Ca,;Cuz0g [74], ThH;, CaHe, LaH; and YH; . The expected
critical temperature increases with pressure, probably reaches the
maximum at 200-250 GPa, and then decreases. Seemingly, the pressure
range from 100 to 250 GPa is required to achieve Tc > 200 K in metal
hydrides.

The highest T¢ values usually correspond to transfer of ~0.3 elec-
tron per H-atom [64]. For example, it is 0.33e in CaHg and MgHg, 0.30e
in YH;o and LaH; o, 0.40e in ThH;,. These additional electrons weaken
H-H bonds and this amount of electrons is sufficient for breaking H,
molecules while keeping weak H-H bonds (recall that any electrons
added to the H, molecule occupy the antibonding orbital; also recall
that molecular H,-groups in polyhydrides are unfavorable for high-Tc
superconductivity). Looking at the highest-Tc superconductors, which
are in the YH;o-LaH;o-AcH;, series, the electronic density of states at
the Fermi level (N(Ep)) is 10-12 states/Ry/cell, or 0.3-0.5 states/Ry/
A3, or ~1 state/Ry/H-atom at 200-250 GPa. A deviation from this
value results in a sharp decrease in the superconducting properties
(Fig. 7a and Supporting Information Table S7).

The geometric profile of the distribution of superconducting prop-
erties of metal hydrides in a part of Mendeleev’s Table is shown in
Fig. 7b. The region of highest Tc values runs along the “lability belt”
between 2nd and 3rd groups, and is slanted towards 4th group for
heavier elements.

The distribution of the EPC coefficients A and logarithmic average
frequencies wyg over Mendeleev’s Periodic Table, corresponding to
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Fig. 7. (a) Maximum predicted T¢ versus the electronic density of states at
Fermi level for the studied hydrides. (b) The distribution of maxT¢ of metal
hydrides in the left part of Mendeleev’s.

maxT¢ of the studied hydrides, is shown in Fig. 8. While the highest
value of wyog are predictably concentrated in the area of light elements,
distribution of A coincides with that of maxT¢: the maximum values
belong to the hydrides from the d° and d* belts (Fig. 8a). This is not
surprising because the record superconductivity is almost always as-
sociated with anomalously high A values. The distribution of wjeg
(Fig. 8b) reaches the maximum for hydrides of light elements (H-Be-Li-
Mg). It is well known that light elements tend to undergo the same
transitions as heavier elements, but at higher pressures (here, >200-
300 GPa).

According to the obtained data and proposed rules, the most pro-
nounced superconducting properties could be expected for hydrides of
the elements located at the boundary between blocks of the Periodic
Table (s-p, s-d, p-d, d-f).

4. Conclusions

Detailed analysis of both obtained and available reference data
enabled us to propose the rules rationalizing superconductivity of metal
hydrides over Mendeleev’s Table. Using our rule of electronic lability,
we questioned and successfully corrected previous results on K-H, Zr-H,
Hf-H and Ti-H systems. New hydrides were also predicted in Mg-H, Sr-
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hydrogen were taken from Refs. [75,76]; the data for Na-H were estimated using our neural network. .(c) Mendeleev's Table with already studied binary hydrides.
The maximum values of Tc were calculated using ab initio or were predicted by the developed neural network (marked by *).

H, Ba-H, Cs-H and Rb-H systems. Our main conclusions are:

e Most of the high-temperature superconducting metal hydrides are
concentrated in the “lability belt” of Mendeleev’s Table. The metals
forming the high-T¢ hydrides are: Sc-Y-La-Ac (d” belt), Mg-Ca-Sr-Ba-

Ra (d° belt), and Th (s?d?). These elements are electronically labile,
i.e. their orbital populations should be sensitive to atomic environ-
ment, giving rise to strong electron-phonon coupling;

e Maximum values of T¢ are achieved when the number of electrons
transferred from metal atoms is ~0.3e per hydrogen atom. The
electronic density of states at the Fermi level N(Ef) of the highest-Tc
superconducting hydrides is ~1 state/Ry/H-atom.

o The superconducting properties of hydrides greatly diminish as the
number of d- and f-electrons increases. In particular, the critical
temperatures of lanthanoid and actinoid hydrides decrease almost
monotonically with increasing number of f-electrons.

e Optimal hydrogen content in superconductors corresponds to

XHjo+2 composition which can be formed at pressures of about
150-250 GPa. If the composition or/and the level of electron doping
deviate from the optimal values, the superconductivity parameters
decrease.

e The pressure required for the stabilization of hydrides decreases
going down the Periodic Table. For actinoids, the pressure of 50 GPa

is enough to stabilize superconducting polyhydrides, like UH, and
PaHg.
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