
S-1 
 

Supporting Information 

High-Temperature Superconductivity in a Th-H 

System under Pressure Conditions 

Alexander G. Kvashnin, 1,2,* Dmitrii V. Semenok, 1,2 Ivan A. Kruglov, 2,3 Izabela A. Wrona, 4 

Artem R. Oganov, 1,2,3,5* 

1 Skolkovo Institute of Science and Technology, Skolkovo Innovation Center 143026, 3 Nobel 

Street, Moscow, Russia 

2 Moscow Institute of Physics and Technology, 141700, 9 Institutsky lane, Dolgoprudny, Russia 

3 Dukhov Research Institute of Automatics (VNIIA), Moscow 127055, Russia 

4 Institute of Physics, Jan Dlugosz University in Czestochowa, Ave. Armii Krajowej 13/15, 42-

200 Czestochowa, Poland 

5 International Center for Materials Discovery, Northwestern Polytechnical University, Xi'an, 

710072, China 

Corresponding Authors 

*A.G. Kvashnin, E-mail: A.Kvashnin@skoltech.ru 

*A.R. Oganov, E-mail: A.Oganov@skoltech.ru 

  

mailto:A.Kvashnin@skoltech.ru
mailto:A.Oganov@skoltech.ru


S-2 
 

 

Crystal structures of Th-H phases ......................................................................................................... S-3 

Equations for calculating TC ................................................................................................................. S-5 

Electronic properties of Th-H phases.................................................................................................. S-11 

Eliashberg spectral functions for ThH3, Th3H10 and ThH7 phases ...................................................... S-13 

Dependence of TC on the pressure for ThH10 ...................................................................................... S-14 

References ........................................................................................................................................... S-17 

 

  



S-3 
 

Crystal structures of Th-H phases  

Table S1. Crystal structures of predicted Th-H phases. Volume, density and lattice parameters 

and coordinates are given for the lowest pressure value within the stability range.  

Phase 

Pressure 

range, 

GPa 

Volume 

per unit, 

Å3 

ρ, 

g/cm3 
Lattice parameters Coordinates 

𝐶2/𝑚-ThH2 0-15 39.78 9.55 

a = 4.91 Å, b = 5.95 Å, 

c = 3.68 Å, 

β = 132.14° 

Th 

H 

0.000 

0.000 

0.000 

-0.249 

0.500 

0.000 

𝑅3̅𝑚-ThH3 90-100 24.47 15.35 
a = b = 2.96 Å, c = 9.67 Å, 

γ = 120° 

Th 

H 

H 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.500 

0.000 

0.289 

𝐼𝑚𝑚𝑚-Th3H10 10-85 110.16 10.29 
a = 12.98 Å, b = 4.11 Å, 

c = 4.27 Å 

Th 

Th 

H 

H 

H 

H 

-0.331 

0.000 

0.154 

0.083 

-0.232 

0.000 

0.000 

0.000 

0.000 

0.500 

0.500 

-0.254 

0.000 

0.000 

-0.242 

0.000 

0.000 

0.500 

𝑃𝑛𝑚𝑎-ThH4 5-10 44.68 8.77 
a = 6.65 Å, b = 4.23 Å, 

c = 6.35 Å 

Th 

H 

H 

H 

0.263 

0.436 

-0.302 

0.391 

0.250 

-0.018 

0.250 

0.250 

0.094 

-0.156 

-0.242 

0.443 

𝑃321-ThH4 15-85 38.34 10.83 
a = b = 5.96 Å, c = 3.73 Å, 

γ = 120° 

Th 

Th 

H 

H 

H 

0.000 

0.333 

0.355 

0.239 

-0.086 

0.000 

0.667 

0.000 

0.000 

-0.420 

0.500 

0.210 

0.500 

0.000 

0.270 

𝐼4/𝑚𝑚𝑚-ThH4 85-300 27.11 14.46 a = b = 3.00 Å, c = 6.02 Å, 

Th 

H 

H 

0.000 

0.000 

0.000 

0.000 

0.500 

0.000 

0.000 

0.250 

0.364 

𝐶𝑚𝑐21-ThH6 25-90 41.64 9.49 
a = 3.99 Å, b = 6.55 Å, 

c = 6.38 Å 

Th 

H 

H 

H 

H 

H 

0.000 

0.000 

0.000 

0.000 

0.260 

0.000 

-0.346 

-0.086 

0.002 

-0.320 

0.093 

0.201 

-0.347 

0.393 

0.115 

0.029 

0.347 

-0.164 

𝑃21/𝑐-ThH7 85-115 33.94 11.69 

a = 6.09 Å, b = 3.93 Å, 

c = 5.78 Å, 

β = 78.23° 

Th 

H 

H 

H 

H 

H 

H 

-0.204 

0.088 

0.000 

0.303 

0.433 

-0.425 

-0.130 

0.000 

0.224 

-0.257 

0.000 

0.000 

0.000 

0.000 

0.263 

0.088 

0.500 

0.105 

0.147 

-0.387 

-0.373 

𝐼4̅3𝑑-Th4H15 0-10 188.75 8.29 a = b = c = 9.04 Å 

Th 

H 

H 

0.292 

-0.126 

0.875 

0.292 

0.222 

0.000 

0.292 

0.094 

0.250 

𝐹𝑚3̅𝑚-ThH10 100-300 38.48 10.45 a = b = c = 5.22 Å 

Th 

H 

H 

0.000 

0.250 

-0.377 

0.000 

0.250 

-0.377 

0.000 

0.250 

-0.377 

It can be seen from Fig. S1a that 𝑅3̅𝑚-ThH3 phase has a layered structure, where Th atoms 

occupy (0,0,0) positions and hydrogen atoms are in between thorium layers. Coordination 

number of thorium in this structure equals to 14 and distance between Th and H (d(Th-H)) equals 
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to 2.1 Å at 90 GPa (see Fig. S1a). The shortest distance between hydrogen atoms in the layer is 

1.8 Å, so they do not form a chemical bond in 𝑅3̅𝑚-ThH3. Layered structure of 𝑅3̅𝑚-ThH3 

phase directly impacts on the electronic properties. Flat bands are seen in the ГA, LM and 

KH directions, which are perpendicular to the layers. The electronic density at Fermi level 

mainly comes from thorium atoms (red bands in Fig. S1a). The crystal structure of 𝐼𝑚𝑚𝑚-

Th3H10 phase contains 12-coordinate thorium atoms in the bcc arrangement (with Th-H distance 

of 2.28 Å at 10 GPa) and hydrogen atoms laying along the [1,0,0], [0,1,0] and [0,0,1] planes (see 

Fig. S1b). ThH4 phase has orthorhombic lattice with thorium atoms in (0,0,0) positions. Each 

thorium atom is surrounded by 12 hydrogen atoms (see Fig. S1c). The H-H distance varies from 

1.57 to 1.65 Å. 

 

Fig. S1. Crystal structure, phonon density of states, electronic band structure and density of states 

for predicted a) 𝑅3̅𝑚-ThH3, b) 𝐼𝑚𝑚𝑚-Th3H10 c) 𝐼4/𝑚𝑚𝑚-ThH4 and d) 𝑃21/𝑐-ThH7.  
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Equations for calculating TC 

Calculations were made using the Eliashberg equations which take the following form (on the 

imaginary axis)1: 

*
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(S1) 

 

 

 

 

(S2) 

where: ϕn – the order parameter function, Zn - the wave function renormalization factor, θ(x) -  

Heaviside function, ωn =π·kBT·(2n-1) - the n-th Matsubara frequency, β = kBT, μ* - Coulomb 

pseudopotential, ωc - the cut-off energy (ωc = 3Ωmax, Ωmax – maximum frequency in α2F(ω)). The 

electron-phonon pairing kernel: 

max 2

2 2

0

( )
( ) 2

F
z d

z
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The Eliashberg equations have been solved for 2201 Matsubara frequencies, starting from T0 = 

10K (below this temperature, the solutions are not stable). The methods discussed in the papers2–

4 were used during the calculations. 

The full form of the order parameter and the wave function renormalization factor on the real 

axis was obtained through analytical extension of the Eliashberg equations solutions from the 

imaginary axis, using the formula: 
1

1 2
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where X{∆; Z}, r = 50. The values of pj and qj parameters were selected in accordance with the 

principles presented at work5. The obtained results allow to calculate dimensionless parameter 

RC (relative jump of the specific heat), using the formula below: 

)(

)()(

C

N

C

N

C

S

C
TC

TCTC
R


  (S5) 

Because of strong-coupling and retardation effects, parameter RC (3.21 for ThH10 at 100 GPa) 

differs significantly from BCS theory prediction, in which the constant value is equal to 1.436.  

 

Physically Zm=1 determines approximate ratio of the renormalized electron mass (me
*) to the 

electron band mass (me). The wave function renormalization factor on the real axis (see 

Supporting Information) allows the precise calculation of the renormalized electron mass (me
*) 

using the formula 𝑚𝑒
∗ = 𝑅𝑒[𝑍(𝜔 = 0)] ∙ 𝑚𝑒. The renormalized highest mass of the electron 

corresponds to the critical temperature, but the exact values are presented in the Table 2. 
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Fig. S2. The wave function renormalization factor on the imaginary axis for the selected values 

of temperature (𝐹𝑚3̅𝑚-ThH10 at 100 GPa, the first 100 values of m).  

 
Fig. S3. The superconducting order parameter on the imaginary axis for the selected values of 

temperature (𝐹𝑚3̅𝑚-ThH10 at 200 GPa, the first 100 values of m). 
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Fig. S4. The wave function renormalization factor on the imaginary axis for the selected values 

of temperature (𝐹𝑚3̅𝑚-ThH10 at 200 GPa, the first 100 values of m). 

 
Fig. S5. The temperature dependence of the maximum value of the order parameter in 𝐹𝑚3̅𝑚-

ThH10 at 200 GPa. The lines are obtained by Eq. 8.  
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Fig. S6. The order parameter on the real axis in 𝐹𝑚3̅𝑚-ThH10 at 100 GPa for the selected values 

of temperature (µ∗=0.1). In addition, the Eliashberg function (grey) was added as the background 

(multiplied by 40 for easier comparison).  

Table S2. Parameters of superconductive state in several hydrides at optimal pressures and 

μ*=0.1. For the cuprates and pnictides all values were obtained experimentally.  

Compound SC gap, meV TC, K 

ThH10  52 241 

LaH10
8 68 286 

YH10
8 77 326 

H3S
9 42.7 203 

BiH6
10 18.1 100 

PH3
11 14.5 81 

YH3
12 8.4 45.9 

H3Se13 28.4 131 

MgH6 
14 106.6 420 

YBa2Cu3O7-y
15 34 92 

NdBa2Cu3O7
16 30 95 

Bi2Sr2Ca2Cu3O10+y
17 45 111 

SmFeAsO0.9F0.1
18 15 44 

Ba0.6K0.4Fe2As2
19 12 37 
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Fig. S7. The wave function renormalization factor in 𝐹𝑚3̅𝑚-ThH10 at 100 GPa on the real axis 

for the selected values of temperature (µ∗= 0.1). Instability of the solution at T = 10 K.  

 

Table S3. Parameters of superconducting state of 𝐹𝑚3̅𝑚-ThH10 at 100-300 GPa. Here γ is 

Sommerfeld constant, μ* is 0.1 (0.15). All calculations were done within Eliashberg formalism.  

Parameter 
𝐹𝑚3̅𝑚-ThH10 

100 GPa 200 GPa 300 GPa 

λ 2.50 1.35 1.11 

ωlog, K 1073.1 1627.1 1775.3 

TC, K 241 (220) 225 (197) 201 (174) 

Δ(0), meV 52 (47) 42 (36) 38 (32) 

HC(0), T 71 (65) 51 (44) 39 (33) 

γ, mJ/mol·K2 11 6.4 5.2 
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Fig. S8. Upper panel: the dependence of the thermodynamic critical field in 𝐹𝑚3̅𝑚-ThH10 at 100 

GPa on the temperature. Lower panel: the free energy difference between the superconducting 

state and the normal state as a function of the temperature. The negative values of ∆F prove the 

thermodynamic stability of the superconducting state. For the lowest temperature, that was taken 

into account, the free energy difference equals 3281.35 meV2 and 2724.56 meV2 for μ* = 0.1 and 

μ* = 0.15 respectively. 

 
Fig. S9. The specific heat of the superconducting state (CS) and the normal state (CN) as a 

function of the temperature in 𝐹𝑚3̅𝑚-ThH10 at 100 GPa. 
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Electronic properties of Th-H phases  

 

Fig. S10. Electronic density of states of C2/m-ThH2 at 0 GPa. DOS(EF) = 0.35 states/unit/eV 

 

 

Fig. S11. Electronic densities of states of Pnma-ThH4 and P321-ThH4 at 5 and 50 GPa, 

respectively. 
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Fig. S12. Electronic density of states of Cmc21-ThH6 at 50 GPa. 
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Eliashberg spectral functions for ThH3, Th3H10 and ThH7 phases 

 

Fig. S13. Eliashberg function α2F(ω) of 𝑅3̅𝑚-ThH3 at 100 GPa 

 

Fig. S14. Eliashberg function α2F(ω) of 𝐼𝑚𝑚𝑚-Th3H10 at 10 GPa 

 

Fig. S15. Eliashberg function α2F(ω) of I4/mmm-ThH4 at 85 GPa 
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Fig. S16. Eliashberg function α2F(ω) of 𝑃21/𝑐-ThH7 at 100 GPa 

Dependence of TC on the pressure for ThH10  

Here we describe a detailed analysis of pressure dependence of TC of ThH10 phase. Fig. S14 

shows the electronic DOS of ThH10 calculated at 100, 200 and 300 GPa. All the data for analysis 

are summarized in Table S4. It is clearly seen from both Table S4 and Fig. S14 that the density 

of states at Fermi level decreases linearly with pressure for ThH10. 

Table S4. Calculated data for in 𝐹𝑚3̅𝑚-ThH10 supercell.  

ThH10 

P, GPa Cell volume, A3 
Nf, 

states/unit/eV 
ωlog ,K λ TC (A-D)*, K ln[TC/ωlog] 

100 248.8 0.61 1073.1 2.50 221.1 -1.579 

200 205.4 0.53 1627.1 1.35 182.6 -2.187 

300 183.2 0.48 1775.3 1.11 155.4 -2.436 

*Full Allen-Dynes (eq. (1)) 
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Fig. S17. Electronic densities of states of ThH10 as a function of pressure. Fermi level is set to 

zero. Inset shows zoomed region from -0.5 to 0.5 eV for better view of DOS at Fermi level. 

Results for ThH10 show linear dependence of logarithmic frequency on pressure which can be 

well described by the following formula:  

𝛾 = (
𝜕 𝑙𝑛(𝜔)

𝜕 𝑙𝑛(𝑉)
)

𝑇

,  (S6) 

where γ is the Grüneisen parameter, showing only small dependence on pressure and for most 

materials equal to ~1-1.5. 

Calculated gradient of the critical temperature dependence 𝑑𝑇𝐶 𝑑𝑃⁄  for ThH10 phase is negative 

as for the majority of metals and equals to −3.85 ∙ 10−5 K/atm at 100 GPa. This value is similar 

to values for low-TC superconducting metals like Hg, Ga, Bi-II20. This value is also similar to 

that of CaH6 phase from Ref.21 where the 𝑑𝑇𝐶 𝑑𝑃⁄ = −3.34 ∙ 10−5 K/atm. Similarity of pressure 

dependence of TC for ThH10 with other metals opens a new way of using the well-known 

empirical equation for low-TC superconductors:  

−𝑙𝑛 (
𝑇𝐶

𝜔𝑙𝑜𝑔
) = 𝐶𝑣−𝜑, 𝐶 > 0 (S7) 

with constant C and φ calculated earlier for non-transition metals (φ = 2.5±0.6)22,23. From 

calculated data (interpolation of 𝑙𝑛[𝑇𝑐/𝜔𝑙𝑜𝑔]  function by 𝑎 × 𝑣𝑏 law) we can directly determine 

the coefficients φ = 1.446, C = 4650.1 (R2 = 0.98), see Table S4. 

Using the modified McMillan equation (see eq. (2)) we derived the dependence of the EPC 

coefficient on the pressure as: 



S-16 
 

𝑇𝐶 =
𝜔𝑙𝑜𝑔

1.2
𝑒𝑥𝑝 (

−1.04(1 + 𝜆)

𝜆 − 𝜇∗ − 0.62𝜆𝜇∗
) 

𝑙𝑛 (
𝑇𝐶

𝜔𝑙𝑜𝑔
) = 𝑙𝑛 (

1

1.2
) + (

−1.04(1 + 𝜆)

𝜆 − 𝜇∗ − 0.62𝜆𝜇∗)|
𝜇∗=0.1

→ 0.1823 +
1.04(1 + 𝜆)

0.938𝜆 − 0.1
= 𝐶𝑣−𝜑 

(S8) 

As a result, we obtained the following equation: 

𝜆(𝑃) = 0.1066 ×
𝐶𝑣−𝜑 + 10.22

𝐶𝑣−𝜑 − 1.291
 (S9) 

For better comparison we summarized the obtained data in the Table S5 and show it in Fig. S14. 

Table S5. Comparison of numerical and analytical results for ThH10  

P, GPa TC (A-D), K TC (eq. (S7)), K λ (QE) 
λ (eq. (S9))  

(μ* = 0.1, φ(McM) = 1.35)* 

100 221.1 219.4 2.50 2.29 

200 182.6 187.9 1.35 1.47 

300 155.4 141.2 1.11 1.03 

*φ(McM) – is φ based on modified McMillan equation for TC.  
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