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ABSTRACT: New stable phase thorium decahydride Fm3̅m-ThH10, a high-
temperature superconductor with TC up to 241 K (−32 °C), critical field HC up
to 71 T, and superconducting gap Δ0 of 52 meV at 80−100 GPa, is predicted by
evolutionary algorithm USPEX. Another phase, P21/c-ThH7, is found to be a
superconductor with TC of 62 K. Analysis of the superconducting state was
performed within Eliashberg formalism, and HC(T), Δ(T), and TC(P) functions
with a jump in the specific heat at critical temperature were calculated. Several
other new thorium hydrides were predicted to be stable under pressure, including
ThH3, Th3H10, ThH4, and ThH6. Thorium (which has s2d2 electronic
configuration) forms high-TC polyhydrides similar to those formed by s2d1

metals (Y−La−Ac). Thorium belongs to the Mg−Ca−Sc−Y−La−Ac family of
elements forming high-TC superconducting hydrides.
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■ INTRODUCTION

Recent outstanding experimental observation of previously
predicted1 superconductivity in LaH10+x by Drozdov et al.

2 and
Somayazulu et al.3 with record temperatures of 215−260 K
(150−192 GPa) inspired us to search for new high-TC
superconductors in the Th−H system.
Thorium is a weakly radioactive element, its most stable

isotope 232Th having a half-life of 14 billion years. Thorium
belongs to the actinide series, but its physical and chemical
properties are mainly dictated by 6d electrons, similar to
transition metals Ti, Hf, or Zr.4 Bulk thorium has a face-
centered cubic structure at normal conditions (Fm3̅m space
group) in contrast to other elements of the actinide series5 and
is a weak conventional (phonon-mediated) type-I super-
conductor with TC of 1.374 K5,6 and critical magnetic field
HC of 15.92 mT.7,5 Theoretical calculations of the electron−
phonon coupling (EPC) have been reported to be in good
agreement with experimental data.8−10 The chemistry of
actinides and their compounds is a relatively unpopular
topic, but many potentially interesting materials can be
discovered there. Here, we show that unique high-temperature
superconductors are predicted among thorium hydrides.
Thorium reacts with hydrogen to form hydrides ThH2 and

Th4H15, the latter being the first known superconducting
hydride at ambient pressure, with superconducting TC of 7.5−

8 K.11,12 Thorium hydrides are chemically active and sensitive
to air and moisture.13 The stability and electronic properties of
ThH2 and Th4H15 were studied theoretically.14,15 Investiga-
tions of superconducting properties of hydrides and deuterides
of thorium with H or D to metal atom ratios of 3.6 to 3.65
revealed the absence of the isotope effect,16 because of either
strong anharmonic contribution or non-phonon pairing
mechanisms.
Recent experimental and theoretical studies show some of

the hydrogen-rich hydrides forming under pressure to be high-
temperature superconductors.1,17−25 Hydrogen sulfide stands
out among the rest. Using the evolutionary algorithm
USPEX,26−28 H3S in the trigonal R3m and cubic Im3̅m phases
was predicted at high pressures (above 110 GPa) to be a high-
temperature superconductor with TC reaching 191−204 K at
200 GPa for the Im3̅m phase.19 Experimental work29

confirmed the existence of superconducting H3S with TC of
203 K at 155 GPa, and its crystal structure was confirmed to be
Im3̅m.22,30 Recent predictions of high-temperature super-
conductivity in lanthanum, yttrium, actinium, and uranium
hydrides (LaH10 and YH10,

1 AcH10,
31 and UH7 and UH9

25)
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and subsequent experimental syntheses of the predicted
LaH10+x,

32 UH7,
25 CeH9,

33 CrH2, and Cr2H3
34 show that

transition-metal hydrides are extremely promising. Thus, we
decided to perform a systematic evolutionary search for new
phases in the Th−H system under pressure. As we show below,
one of the new hydrides is predicted to be a unique high-
temperature superconductor.

■ COMPUTATIONAL METHODOLOGY
In this work, we used methodology similar to our previous
work (e.g., ref 31). For predicting new Th−H phases, we used
the evolutionary algorithm USPEX,26−28 which is a powerful
tool allowing prediction of all thermodynamically stable
compounds of given elements at a certain pressure. We
performed variable-composition searches in the Th−H system
at pressures 0, 50, 100, 150, and 200 GPa. The first generation
consisting of 120 structures was produced using random
symmetric and random topological generators, whereas all
subsequent generations contained 20% random structures and
80% were created using heredity, softmutation, and trans-
mutation operators. Here, evolutionary searches were
combined with structure relaxations using density functional
theory (DFT)35,36 within the Perdew−Burke−Ernzerhof
functional (generalized gradient approximation)37 and projec-
tor-augmented wave method38,39 as implemented in the VASP
code.40−42 Kinetic energy cutoff for plane waves was 600 eV.
The Brillouin zone was sampled using Γ-centered k-point
meshes with a resolution of 2π × 0.05 Å−1.
To determine the stability field of the predicted phases, we

performed additional calculations of their enthalpies with
increased precision in the considered pressure range but with a
smaller pressure increment (5−10 GPa) and recalculated the
thermodynamic convex hull (Maxwell construction) at each
pressure. The thermodynamically stable phase has lower Gibbs
free energy (or, at zero Kelvin, enthalpy) than any phase or
assemblage of phases with the same net composition. Stable
structures of elemental Th and H at each pressure were taken
from our USPEX calculations and elsewhere.43−45

Calculations of superconducting TC were carried out using
the Quantum ESPRESSO (QE) package.46 This methodology
was used in our previous work.31 Phonon frequencies and EPC
coefficients were computed using density-functional perturba-
tion theory,47 plane-wave pseudopotential method, and the
Perdew−Burke−Ernzerhof exchange-correlation functional.37

We found that 120 Ry is a suitable cutoff energy for the plane
wave basis set. Calculated electronic properties (band structure
and electronic density of states [DOS]) by VASP and QE of
predicted thorium hydrides demonstrated good consistency.
Phonon densities of states calculated using both finite-
displacement method (VASP and PHONOPY48,49) and
density-functional perturbation theory (QE) showed perfect
agreement.
Eliashberg equation50 was solved to calculate critical

temperature TC. This approach is based on the Fröhlich
Hamiltonian
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where c+ and b+ are creation operators of electrons and
phonons, respectively. The QE package was used to calculate
matrix elements of electron−phonon interaction gk + q, k
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where uq is the displacement of an atom with mass M in the
phonon mode q,j. Within the framework of Gor’kov and
Migdal approach,51,52 the correction to the electron Green’s
function Σ (k)⃗ = G0

−1(k,⃗ ω) − G−1(k,⃗ ω) caused by the
interaction can be calculated by taking into account only the
first terms of the expansion of the electron−phonon
interaction in ωph/EF. As a result, it will lead to integral
Eliashberg equations.50 These equations can be solved by the
iterative self-consistent method for the real part of the order
parameter Δ(T, ω) (superconducting gap) and the renorm-
alization wave function Z(T, ω)53 (see Supporting Informa-
tion). We successfully used this approach in our previous
work.31

In our ab initio calculations of the EPC parameter λ, the first
Brillouin zone was sampled using a 6 × 6 × 6 q-point mesh and
a denser 24 × 24 × 24 k-point mesh (with Gaussian smearing
and σ = 0.025 Ry, which approximates the zero-width limits in
the calculation of λ). In addition to the full solution of
Eliashberg equations, more approximate Allen−Dynes and
modified McMillan formulas were also used to calculate TC.
The Allen−Dynes formula has the form54
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whereas the modified McMillan equation has the form with
f1 f 2 = 1.
The EPC constant (λ), logarithmic average frequency (ωlog),

and mean square frequency (ω2) as defined as:

∫λ ω
ω

ω=
ω a F2 ( )

d
0

2
max

(3)

and

i
k
jjj

y
{
zzz

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

∫

∫

ω
λ

ω
ω

α ω ω

ω
λ

ω
ω

ω ω

=

=

ω

ω

F

a F

exp
2 d

( ) ln( ) ,

1 2 ( )
d

log
0

2

2
0

2
2

max

max

(4)

and μ* is the Coulomb pseudopotential, for which we used the
widely accepted lower and upper bound values of 0.10 and
0.15, respectively. Calculated critical temperature for Th4H15 at
0 K was found to be 6 K, which nicely agrees with experimental
data from refs 11 and 12.
Sommerfeld constant was calculated as:

γ π λ= +k N
2
3

(0)(1 )2
B

2

(5)

and was used to estimate the upper critical magnetic field and
the superconductive gap in Fm3̅m-ThH10 at 100−300 GPa by
applying the well-known semiempirical equations of the BCS
theory (see eqs 4.1 and 5.11 in ref 55), which work
satisfactorily for TC/ωlog < 0.25 (see Table S3):
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■ RESULTS
The pressure−composition phase diagram (see Figure 1) was
drawn to show pressure ranges of stability of all predicted
thorium hydrides. As shown in Figure 1, our calculations
correctly reproduce the stability of ThH2 and Th4H15 and
predict eight new stable phases, namely, R3̅m-ThH3, Immm-
Th3H10, Pnma-ThH4, P321-ThH4, I4/mmm-ThH4, Cmc21-
ThH6, P21/c-ThH7, and Fm3̅m-ThH10.
Detailed information on crystal structures of the predicted

phases is summarized in Table S1 (see Supporting
Information). It is clearly seen from our calculations that at
the pressure of 5 GPa, the new semiconducting Pnma-ThH4
phase becomes stable, whereas increasing pressure leads to a
phase transition to semiconducting P321-ThH4 at 15 GPa.
Further increase of pressure leads to the P321 → I4/mmm
phase transition at 85 GPa. At 10 GPa, the Immm-Th3H10
phase becomes thermodynamically stable and remains stable
up to 85 GPa. The Cmc21-ThH6 phase appears on the phase
diagram in the pressure range of 25−90 GPa. The R3̅m-ThH3
phase is stable in a narrow pressure range from 90 to 100 GPa.
At pressures higher than 100 GPa, only three phases are stable,
namely, I4/mmm-ThH4, P21/c-ThH7, and Fm3̅m-ThH10.
Importantly, among the known high-TC superconducting
hydrides, such as LaH10,

1 YH10,
1 and AcH10,

31 thorium
decahydride is unique because of its lowest stabilization
pressure of 100 GPa, compared to 150 GPa for LaH10

1 (and
experimentally synthesized at 170 GPa32), 250 GPa for YH10,

1

and 200 GPa for AcH10.
31 The I4/mmm-ThH4 and Fm3̅m-

ThH10 phases are stable at least up to 200 GPa, whereas P21/c-
ThH7 is unstable at pressures above 115 GPa, and at higher

pressures only I4/mmm-ThH4 and Fm3̅m-ThH10 remain
thermodynamically and dynamically stable at pressures up to
at least 300 GPa.
It is important to note that three of the predicted Th−H

phases are semiconductors (yellow color in Figure 1) with the
DFT band gaps around 0.6−0.9 eV; note that a systematic
underestimation of band gaps by DFT calculations is well-
known. The rest of predicted phases R3̅m-ThH3, Immm-
Th3H10, I4/mmm-ThH4, P21/c-ThH7, and Fm3̅m-ThH10 are
metallic and superconducting. The crystal structure of ThH10
is shown in Figure 2. Thorium atoms occupy large 24-

Figure 1. Pressure−composition phase diagram of the Th−H system. Yellow, blue, and green indicate semiconducting, normal metallic, and high-
TC superconducting phases, respectively.

Figure 2. (Top left) Crystal structure, (top right) partial phonon
DOS, (bottom) electronic band structure and DOS for predicted
Fm3̅m-ThH10 at 100 GPa. Colors in phonon DOS correspond to
colors of atoms in the drawing of the crystal. Crystal structures of
predicted phases were visualized using VESTA software.57

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b17100
ACS Appl. Mater. Interfaces 2018, 10, 43809−43816

43811

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b17100/suppl_file/am8b17100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b17100/suppl_file/am8b17100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b17100/suppl_file/am8b17100_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b17100


coordinated voids in the sodalite-type framework of hydrogens.
In P21/c-ThH7 each thorium atom has irregular coordination
by hydrogen atoms (see Figure S1d in the Supporting
Information). Thorium coordination number is remarkably
high (23); distances are in the range of 2.03 to 2.23 Å at 100
GPa. We observe high DOS at the Fermi level, which also
should be favorable for superconducting properties (see Figure
S1d in the Supporting Information).
Phonon calculations confirmed that none of the newly

predicted phases have imaginary phonon frequencies in their
predicted ranges of thermodynamic stability (see Figure 2 and
Figure S1). Calculated partial phonon densities of states of
Fm3̅m-ThH10 show the presence of three major contributions.
Two peaks at ∼5 THz correspond to vibrations of thorium
atoms inside the hydrogen cage. The next sets of peaks (shown
in Figure 2, green color) correspond to vibrations of hydrogen
atoms located between the hydrogen cubes (H1 type with H−
H distance of 1.297 Å). The high-frequency region
corresponds to hydrogen atoms in the cubes (H2 type, blue
color) with a H−H distance of 1.149 Å. Structures of R3̅m-
ThH3, Immm-Th3H10, I4/mmm-ThH4, and P21/c-ThH7 phases
are shown in Figure S1 (see Supporting Information).
Calculated superconducting properties of thorium hydrides

are given in Table 1. The following new phases are metallic
and potentially superconducting: R3̅m-ThH3, Immm-Th3H10,
I4/mmm-ThH4, P21/c-ThH7, and Fm3̅m-ThH10. For Fm3̅m-
ThH10 at 100 GPa, the EPC coefficient (λ = 2.50) and eq 1 as
well as numerical solution of the Eliashberg equation were
used for calculating TC. Our calculations indicate that the
α2F(ω) Eliashberg function of ThH10 at 100 GPa has Nb-type
behavior with two “hills”. For this type of α2F(ω) function, the
numerical solution of the Eliashberg equations may be
approximated by the Allen−Dynes formula, using which we
obtained Tc values in the range 194−221 K (depending on the

exact μ* value). Such high values of EPC coefficient and TC
related to vibrations of hydrogen atoms (see Figure 2).
For the most interesting superconducting hydride, Fm3̅m-

ThH10, accurate numerical solutions of Eliashberg equations
were found at pressures 100, 200, and 300 GPa for μ* = 0.1
and 0.15 (see Table 1 and Supporting Information). In Figure
3a, the form of the order parameter for selected values of
temperature (on the imaginary axis) is shown. The super-
conducting order parameter always takes the largest value for
m = 1. The maximum value of order parameter decreases when
the temperature rises and finally vanishes at the critical
temperature (see Figure 3b), and this can be reproduced with
the help of the phenomenological formula
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where the value of parameter k = 3.33 for ThH10 was estimated
on the basis of the numerical results of Δm=1(T). In the
framework of BCS theory, parameter k has a constant value,
the same for all compounds: kBCS = 3.58

The high values of the wave function renormalization factor
(Z) are related to the significant strong coupling effects. The
function of order parameter on the real axis, for selected values
of temperature, is presented in Figure S3 (see Supporting
Information). It should be noted that the function takes
complex values; however, only the real part is nonzero for low
frequencies, which means infinite lifetime of Cooper pairs.58

For higher frequencies, damping effects become significant,
which is related to phonon emission and absorption.
Complicated dependence of Re[Δ(ω)] and Im[Δ(ω)] for
higher frequencies (especially at T = T0) are related to the
shape of the Eliashberg function, which has been drawn in
Figure S3. Both the real and imaginary parts approach zero at

Table 1. Predicted Superconducting Properties of Thorium Hydrides

phase P, GPa λ Nf states, A
3 Ry ωlog, K TC (McM),a K TC (A−D),a K TC (E),a K

R3̅m-ThH3 100 0.11 0.42 1664 ∼0 ∼0 ∼0
Immm-Th3H10 10 0.48 0.48 379 3.8 (1.2) 3.9 (1.2) 3.9 (1.2)
I4/mmm-ThH4 85 0.36 0.28 1003 2.97 (0.5) 3.0 (0.5) 3.0 (0.5)
P21/c-ThH7 100 0.84 0.23 1192 61.4 (43.4) 64.8 (45.3) 62 (46)
Fm3̅m-ThH10 100 2.50 0.215 1073 176.8 (160.3) 221.1 (193.9) 241.2 (220)

200 1.35 0.227 1627 166.3 (139.4) 182.6 (150.5) 228 (205)
300 1.11 0.23 1775 144.2 (114.2) 155.4 (121.4) 201 (174)

aTC values are given for μ* = 0.1, whereas TC in brackets are for μ* = 0.15. TC was calculated using Allen−Dynes (A−D), McMillan (McM)
equations, and numerical solution of Eliashberg equation (E).

Figure 3. (a) Superconducting order parameter on the imaginary axis for the selected values of temperature calculated at μ* equals 0.1 and 0.15 for
Fm-3m-ThH10 at 100 GPa. (b) Temperature dependence of the maximum value of the order parameter. Lines are obtained using eq 8.
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the critical temperature, which is related to the disappearance
of superconducting properties. From the physical point of
view, the most important is the value corresponding to zero
frequency, because it specifies the superconducting energy gap
and allows one to calculate the value of ratio RΔ = 2Δ(0)/
kBTC (where Δ(0) = Re [Δ(ω = 0)]T = T0

), which is a universal
constant of BCS theory (3.53, compare with Table 2).

The free energy difference between the superconducting and
normal state has been calculated using the formula55
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where ZS and ZN are the wave function renormalization factors
for superconducting and normal states, respectively, and Nf =
ρ(0) is the electronic DOS at the Fermi level.
As a result, the maximum value of the superconducting gap

is calculated to be 52 meV (see Table 2, Figure 3, and Table

S2), which exceeds that for H3S (43 meV59). This value for
ThH10 is lower than that for LaH10, YH10,

1 and MgH6.
60 The

thermodynamic cr i t i ca l fie ld was computed as

π= −ΔH F8 ( )c and equals 64−71 T, which is close to the
experimental values for hydrogen sulfide H3S at 150 GPa (HC
= 60−80 T),29 but much higher than that for MgB2 (8 T). A
jump in the specific heat at superconducting transition was
calculated using ΔC(T) = − T • d2ΔF/dT2 and equals 7.93 J/
(mol·K) (see Figure S6 in the Supporting Information).
For P21/c-ThH7 at 100 GPa, we find a much lower EPC

coefficient of 0.84, resulting in a much lower (but still high) TC
in the range of 46−62 K (see Table 1). At the same time, R3̅m-
ThH3 cannot be considered as a superconductor because of
the very low EPC coefficient of 0.11 leading to TC close to 0 K.
The calculated TC of the low-pressure metallic Immm-Th3H10
phase is 4 K and is caused by weak electron−phonon
interaction (λ = 0.48, ωlog = 380 K, see Table 1). The I4/
mmm-ThH4 phase shows a low TC of ∼3 K, along with weak
EPC coefficient (λ = 0.36).
It is interesting that metal atoms in the predicted high-

temperature superconducting hydrides of lanthanum and
yttrium (LaH10 and YH10),

1 actinium (AcH10),
31 scandium

(ScH9),
56 and thorium (ThH10) contain almost empty d- and

f-shells. Sc, Y, La, and Ac are all d1-elements; close neighbors of
d0-elements, for example, are Mg(MgH6)

61 and Ca(CaH6).
62

Now, one can see that a d2-element (Th) forms the same
sodalite-like cubic ThH10 and has a remarkably high TC of
∼241 K. These facts allow us to formulate a rule that d1- and
d2-metals as well as d0-metals from II group with a minimal
number of f-electrons will be the most promising candidates
for discovering high-temperature superconductors.
As Fm3̅m-ThH10 is stable in a wide range of pressures, we

determined the main parameters responsible for super-
conducting properties as a function of pressure (see Figure
4). We calculated the Eliashberg spectral function α2F(ω) as a

Table 2. Parameters of Superconducting State in Fm3 ̅m-
ThH10 at 100 GPa

parameter value (μ* = 0.1) value (μ* = 0.15)

TC, K 241.2 220.0
Δm=1(T0),

ameV 52.0 46.7
me*,

cTC 3.63me
b 3.73me

b

HC(T0),
a T 71 64.5

ΔC/TC, mJ/(mol·K2) 32.9 32.9
γ,dmJ/(mol·K2) 11.1 11.0
RΔ = 2Δ(0)/kBTC 5.0 4.9

aHere, T0 = 10 K (initial temperature, below this temperature
solutions are not stable). bme is electron band mass. cme* is
renormalized electron mass. dγ is the Sommerfeld constant.

Figure 4. (a) Eliashberg function α2F(ω) at pressures from 100 to 300 GPa, (b) ωlog and EPC coefficient λ, (c) critical transition temperature (TC)
of Fm3̅m-ThH10 as a function of pressure.
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function of pressure (see Figure 4a). One can note that
increasing pressure leads to shifting of the α2F(ω) function to
higher frequencies. The EPC coefficient decreases with
pressure, whereas ωlog increases (see Figure 4b).
It can be seen from Figure 4c, that the dependence of TC of

ThH10 on pressure is monotonic and nonlinear and can be
described by eq S7. The EPC coefficient calculated using
analytical eq S9 also decreases nonlinearly with pressure. These
results can be analyzed by the well-known empirical formula

for low-TC superconductors63,64
i
k
jjj

y
{
zzz− = >

ω
φ−Cv Cln , 0TC

log
,

where v is the unit cell volume (see Supporting Information
for details). The computed average pressure coefficient
dTC(E)/dP = −0.20 K/GPa (μ* = 0.1) is lower than that
for CaH6 (−0.33 K/GPa).62

Theoretically predicted LaH10
1 (with the same structure

type as our ThH10) was recently synthesized experimentally,32

which lends further confidence in structure prediction
methods. This material possesses a unique combination of
very high Tc and relatively low pressure of synthesis.

■ CONCLUSIONS
We studied the Th−H system using the global optimization
algorithm USPEX to predict new superconducting thorium
hydrides, exploring pressures up to 200 GPa. Two new
remarkable superconducting polyhydrides were predicted,
namely, Fm3̅m-ThH10 and P21/c-ThH7. Fm3̅m-ThH10 is
predicted to be superconducting with TC in the range of
220−241 K at 100 GPa, a superconducting gap of 47−52 meV,
a thermodynamic critical magnetic field of 64−71 T, and a
specific heat jump ΔC(TC)/TC equal to 32.9 mJ/(mol·K2) at
100 GPa. ThH10 is one of the highest-TC superconductors
discovered so far. This study completes the investigation of a
series of high-TC superconducting hydrides MgH6, CaH6,
ScH9, YH10, LaH10, and AcH10. Thus, a reasonable step after
exhausting all promising binary hydrides is to pay more
attention to systems of higher complexity, primarily to ternary
A−B−H systems.
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