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Here we report targeted high-pressure synthesis of two novel high-TC hydride superconductors, P63/
mmc-ThH9 and Fm3m-ThH10, with the experimental critical temperatures (TC) of 146 K and 159–161 K
and upper critical magnetic ﬁelds (lHC) 38 and 45 Tesla at pressures 170–175 Gigapascals, respectively.
Superconductivity was evidenced by the observation of zero resistance and a decrease of TC under
external magnetic ﬁeld up to 16 Tesla. This is one of the highest critical temperatures that has been
achieved experimentally in any compound, along with such materials as LaH10, H3S and HgBa2CaxCu2O6+z. Our experiments show that fcc-ThH10 has stabilization pressure of 85 GPa, making this
material unique among all known high-TC metal polyhydrides. Two recently predicted Th-H
compounds, I4/mmm-ThH4 (>86 GPa) and Cmc21-ThH6 (86–104 GPa), were also synthesized. Equations
of state of obtained thorium polyhydrides were measured and found to be in excellent agreement with
the theoretical calculations. New phases were examined theoretically and their electronic, phonon,
and superconducting properties were calculated.
Keywords: Thorium hydrides; USPEX; High pressure; Superconductivity; X-ray diffraction

Introduction
Hydrogen is the ﬁrst, simplest, and most common chemical element in the Universe. The transition of molecular hydrogen to
the metallic atomic phase at high pressures was calculated for
the ﬁrst time in 1935 by Wigner and Huntington [1], with later
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estimations [2–4] showing that such metallization takes place
only at very high pressures (450–550 GPa), which have not been
technically achievable for a long time. In 2004, Ashcroft [5]
proposed that atomic hydrogen-rich phases with properties
similar to pure atomic metallic hydrogen might form at lower
pressures when hydrogen is combined with other elements.
Theoretical calculations [6–8] show that the stoichiometry
(the amount of hydrogen in a compound) of metal hydrides
stable at ambient conditions (e.g., Th4H15 [9,10]) is not
sufﬁcient to produce the unique properties of metallic hydrogen,
1369-7021/Ó 2019 Elsevier Ltd. All rights reserved. https://doi.org/10.1016/j.mattod.2019.10.005
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FIGURE 1

(a) Photograph of M2 sample after heating at 88 GPa. The heating point is shown by an arrow. (b) Crystal structure of I4/mmm-ThH4 at 90 GPa. (c) Le Bail
refinement for bct-Th and I4/mmm-ThH4 after the second heating at 152 GPa; (d) Le Bail refinements of XRD pattern measured from the points where only I4/
mmm-ThH4 was observed at 152 GPa.

such as the high-TC superconductivity [11]. New chemical
compounds which possess excess of hydrogen and unexpected
structures and stoichiometries, and can only be synthesized
at high pressures, are required to reach the high-TC
superconductivity.
Room-temperature superconductivity has been an unattainable dream and subject of speculative discussions for a long time.
However, the theoretical prediction of a high-temperature superconductor H3S [12] followed by the experimental conﬁrmation
[13,14] has opened a new chapter in high-pressure physics the study of superconducting hydrides. Recently predicted
high-TC superconducting hydrides of thorium [15], actinium
[16], lanthanum, and yttrium [6], and experimental conﬁrmation of record high-TC superconductivity in LaH10 at 250–260 K
[17,18] and successful synthesis of PH3 [19,20] and previously
predicted LaH10 [21], CeH9 [22,23], UH7, and UH8 [24], YH6

[25] motivated us to perform an experimental investigation of
the Th-H system with a view to synthesize fcc-ThH10, which
was predicted to be a remarkable high-TC superconductor [15].
According to our previous predictions, it should be stable at pressures above 80 GPa [15], the lowest known stabilization pressure
among the high-TC superconducting hydrides reported to date,
and may have a TC up to 241 K and critical magnetic ﬁeld
HC = 71 T [15] at 100 GPa, which makes the synthesis of this
material very intriguing. Thus, the main goal of this study is
the experimental synthesis of Fm3m-ThH10 as a promising superconducting material [15]. The experimental high-temperature
synthesis was performed by a short laser ﬂash (200–500 ms)
accompanied by the dissociation of ammonia borane, which
leads to the generation of hydrogen with subsequent synthesis
of higher hydrides as ﬁrst demonstrated in the synthesis of
LaH10 [17].
37
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FIGURE 2

(a) Comparison of XRD patterns of M2 sample at 152 GPa before and after heating. The formation of ThH9 is observed. New peaks are highlighted by the
asterisks (*). The inset shows experimental XRD image obtained with the incident X-ray wavelength of 0.3738 Å; Le Bail refinements of P63/mmc-ThH9 and
ThH4 at (b) 152 GPa and after the (c) third and (d) forth cycles of heating at 168 GPa (M2 sample). Red circles are experimental data; black line is the fit; green
line shows residues.

Results and discussions
We prepared three samples, designated M1, M2, and M3. In this
work we gradually increased the amount of hydrogen in the synthesized hydrides. In M2 sample, Th was loaded into a sublimated ammonia borane (AB) in the diamond anvil cell (DAC)
and compressed to 98 GPa (see Table S2 in Supporting Information for details). The heating of M2 sample to 1800 K, performed
at a single point by two 18 W laser pulses of 0.3 s, induces a pressure drop of 10 GPa which was measured by the Raman shift of
diamond. The product was a mixture of bct-Th, P321-ThH4,
and I4/mmm-ThH4 (Supporting Information Fig. S1). The two
obtained tetrahydrides were predicted previously [15]. It is interesting to note that at the pressure of 100 GPa the hydrogen content in the compound increased just by 5% compared to cTh4H15, which is stable at normal conditions.
Due to unsatisfactory results of the ﬁrst heating, the applied
pressure was increased to 152 GPa. A subsequent heating to
1400 K by ﬁve laser pulses of 0.3 s with the power of 50 W
led to the decrease in pressure to 148 GPa. The products were
metallic thorium and I4/mmm-ThH4, as seen from the X-ray
diffraction pattern (Fig. 1c). Measurements taken at several
points of the sample show only I4/mmm-ThH4 (Fig. 1d), sometimes with X-ray reﬂections of bcc-W from the gasket (Supporting
Information Fig. S3). During an additional heating of M2 sample,
we synthesized a new compound, P63/mmc-ThH9, which was
38

predicted previously [15] as a metastable phase. We performed
a comprehensive theoretical and experimental analysis of its stability and superconducting properties.

Synthesis of P63/mmc-ThH9
One more step of laser heating of M2 sample was performed at
152 GPa by using four laser pulses of 0.3 seconds with the power
of 60 W, which raised the temperature of M2 sample to 2000 K
at each ﬂash. The XRD patterns of M2 sample after heating show
the progressive formation of a new phase (Fig. 2a) at those points
of the sample where only I4/mmm-ThH4 was observed previously. New reﬂections were assigned to an unexpected hexagonal
P63/mmc-ThH9 phase, which forms during the ThH4 + 2.5H2 ?
ThH9 reaction. The details of its crystal structure and experimentally reﬁned lattice parameters are shown in Supporting Information Tables S1 and S4, respectively. According to our predictions
the thorium atoms here occupy the 2d Wyckoff position (1/3,
2/3, 3/4) in the hexagonal cell. The hydrogen atoms form an
H28 cage around each Th atom with the Th-H distances from
2.11 Å to 2.18 Å. Simultaneously with the formation of this
phase, the width and asymmetry of ThH4 peaks increased, possibly related to the I4/mmm ? Fmmm-ThH4 phase transition
(Fig. 2b, Fig. S28b in Supporting Information). This orthorhombic modiﬁcation of ThH4 is found to be isenthalpic with I4/
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mmm-ThH4 at this pressure, and to have a lower enthalpy at
lower pressures.
To synthesize higher thorium hydrides, we increased the pressure in M2 sample to 168 GPa and heated it by two laser pulses of
0.5 s with the power of 65 W, which raised the temperature to
2100 K at each ﬂash. After the heating, the pressure in the sample
rose by 4 GPa. The XRD patterns show the absence of any
phases other than ThH9 and ThH4 (Fig. 2c). However, the
ThH4/ThH9 ratio changed during the heating and the amount
of ThH9 went up (see Fig. 2d, Fig. S28 in Supporting Information). The samples with signiﬁcant predominance of ThH9 were
obtained by applying a series of laser heatings. The weight fractions of the ThH4 and ThH9 phases in the mixture were calculated from the Rietveld reﬁnement to be 40.8(4)% and 59.2
(7)% respectively (Fig. S18 in Supporting Information). ThH9
was found to be isostructural with the previously predicted P63/
mmc-UH9 [24]. The shortest H-H distance in ThH9 is smaller than
that in UH9 and equals 1.123 Å at 100 GPa and 1.099 Å at
150 GPa, compared to 1.144 Å at 100 GPa and 1.127 Å at
150 GPa for UH9.
Our experiment with M2 sample showed that multiple laser
heatings and higher pressure of the experiment lead to the formation of higher hydrides from the lower ones using NH3BH3
as a source of hydrogen. However, the ﬁrst step of laser heating
performed at the relatively low pressure of 88 GPa precluded

the synthesis of thorium superhydrides because of the formation
of a mixture of lower hydrides, mainly I4/mmm-ThH4. We also
found that overheating the samples above 2200 K led to a
destruction of the diamond anvil cell, while heating to lower
than 1400 K was inefﬁcient and resulted in mixtures of hydrides
with a low H-content.

Stability and physical properties of P63/mmc-ThH9
P63/mmc-ThH9 was found to be a thermodynamically metastable
phase in our previous calculations, therefore, we did not study its
physical properties [15]. Having observed this phase experimentally, here
we calculate
its
zero-point energy
as
R
hxdx and ﬁnd that it leads to the staU ZPE ðV; T Þ ¼ 1=2 g ðxðV ÞÞ
bilization of ThH9 (Fig. 3a). Similar stabilization was found for
the recently studied C2/m-Ca2H5 [26] and high-TC superconducting LaH10 [17,18].
The crystal structure of P63/mmc-ThH9 is similar to that of the
previously predicted and synthesized CeH9 [17] which can be
explained by the similarity of electronic structures of Ce
(4f15d1) and Th (6d2) atoms. Zero-point energy plays a crucial
role in stabilizing ThH9 at pressures above 105 GPa (Fig. 3a). This
lower limit of thermodynamic stability of ThH9 is in excellent
agreement with our experimental data. The study of the dynamical stability of ThH9 at different pressures shows the absence of
imaginary phonon frequencies at 100 GPa and 150 GPa (Fig. 3d

FIGURE 3

(a) (left) Thermodynamic convex hull of the Th-H system with and without the zero-point energy (ZPE) contribution at 150 GPa. (right) Magnified region near
ThH9 and ThH10 showing that ThH9 is stabilized by the zero-point energy. (b) Band structure of P63/mmc-ThH9 at 150 GPa. Contributions of hydrogen and
thorium are shown in red and blue, respectively. (c) Electronic DOS of P63/mmc-ThH9 at 100 GPa and 150 GPa shown energy ranges ±10 eV and ±1 eV around
the Fermi level. (d) and (e) Phonon density of states (shown in green, in a.u.), Eliashberg a2F(x) function (in black), and superconducting parameters of P63/
mmc-ThH9 at 100 GPa and 150 GPa.
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and e and Supporting Information Fig. S21), which is consistent
with our experiments. At pressures below 100 GPa, ThH9
becomes dynamically unstable. Under the studied conditions,
all thorium hydrides are metallic in both experiment and theory.
The calculated band structure at 150 GPa shows the predominant contribution of hydrogen near the Fermi level (red color
in Fig. 3b), which lies in an almost ﬂat “valley” of the density
of states.
We calculated the Eliashberg a2F(x) function at 100 GPa and
150 GPa to ﬁnd the critical temperature (TC) and critical magnetic ﬁeld (HC), shown in Fig. 3d and e. At 150 GPa, ThH9 has
a high electron–phonon coupling (EPC) coefﬁcient k = 1.73 and
a high logarithmic frequency xlog = 957 K, giving the predicted
TC = 123–145 K. Calculated superconducting parameters are
summarized in Table 1.
We estimated the critical magnetic ﬁeld and the jump in the
speciﬁc heat for ThH9 (see Table 1). The calculation of the upper
critical magnetic ﬁeld gives l0HC(0)  39 T at 150 GPa. The estipﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mated coherence length nBCS = 0:5 h=peH C is 30 Å. The isotopic
coefﬁcient for P63 =mmc-ThH9 at 150 GPa is 0.48 using m* = 0.1 in
Allen–Dynes (A–D) formula (Table 1) in the harmonic approximation, and TC(ThD9) is 89–104 K. TC of ThH9 slightly increases
with pressure (dTC/dP = +0.06–0.1 K/GPa), while for Fm3mThH10, the opposite dependence was predicted [15]. Extrapolation of these data to experimentally studied pressure point –
170 GPa leads to predicted interval of 125–147 K for TC and
32–36 T for l0HC(0) which coincides well with the experiment
(see Section 2.4).

Synthesis of Fm3m-ThH10 and Fm3m ? Immm phase
transition
ThH10 was predicted to be stable and have an extremely high TC
[15]. Here we used M3 sample (Supporting Information
Table S2), with the increased initial pressure of 170 GPa, heating
it to 1800 K by four laser pulses of 0.3 s each, which induced an
increase in pressure to 183 GPa. Analysis of the measured X-ray
diffraction pattern of the entire sample area showed that the
sample consisted of only Fm3m-ThH10 (Fig. 4a), theoretically
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TABLE 1

Calculated parameters of the superconducting state of P 63 =mmc-ThH9 at
100 GPa and 150 GPa using Allen–Dynes (A–D) formula. Here c is the
Sommerfeld constant, the values are given at l* equal to 0.15–0.1, b is
the isotopic coefficient.
Parameter
k
xlog, K
b
TC (A–D), K
TC (P63 =mmc-ThD9), K
D(0), meV
l0HC(0), T
DC/TC, mJ/molK2
c, mJ/molK2
RD = 2D(0)/kBTC

P63 =mmc-ThH9
100 GPa

150 GPa

2.15
728
0.47–0.48
118–138
85–99
31.2–35.2
37–41
25.8
8.69
5.11–5.24

1.73
957
0.47–0.48
123–145
89–104
29.6–33.9
33–37
19.3–19.9
7.52
4.74–4.89

predicted and studied earlier [15]. The XRD pattern also contained reﬂections from the tungsten gasket because of the relatively small size of the sample and chamber, 20 lm. By the
subsequent stepwise reduction of pressure in M3 sample from
183 GPa to 85 GPa (Fig. 4b), we measured the equation of state
of Fm3m-ThH10 (Fig. 6) and found the lower limit of stability
of this phase. The experimental lattice parameters of this phase
are shown in Table S5 (see Supporting Information). At a pressure
close to the theoretically predicted lower limit of its stability
(85 GPa [15]), we observed broadening and splitting of ThH10
XRD peaks accompanying the Fm3m ? Immm-ThH10 phase transition (see Supporting Information, Fig. S27). Immm-ThH10
(a = 5.304(2) Å, b = 3.287(1) Å, c = 3.647(2) Å, V = 74.03 Å3) is
the closest in energy metastable modiﬁcation of ThH10 that
appears in experiments at pressures below 100 GPa. An additional signal observed at 2h = 7.455° was caused by the decomposition of ThH10 producing P63/mmc-ThH9.
Cubic hydrogen-rich phase Fm3m-ThH10 was the main goal of
this study due to its predicted superconductivity with TC up to
241 K [15] at 90–100 GPa. This is also in agreement with phonon

FIGURE 4

(a) Le Bail refinement of Fm3m-ThH10 and bcc-W at 183 GPa. Experimental data are shown in red, fitted line and residues are shown as black and green lines,
respectively. Rietveld refinement for ThH10 is given in Fig. S19 (Supporting Information). (b) Experimental XRD patterns of Fm3m-ThH10 in the pressure range
of 183–85 GPa.
40
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FIGURE 5

Observation of superconductivity in (a) ThH10 and (b) ThH9. The temperature dependence of the resistance (R) of thorium superhydride was determined in a
sample synthesized from Th + NH3BH3. The resistance was measured with four electrodes deposited on a diamond anvil on which the sample was placed (the
right panel inset) at excitation current 100 lA. The resistance near the zero point is shown in a smaller scale in the insets; (c) dependence of resistance on
temperature under external magnetic field at 170 GPa; (d) dependence of the critical temperature (TC) of the ThH10 and ThH9 on magnetic field.

calculations, which prove its dynamical stability down to
85 GPa (Fig. S25 in Supporting Information). ThH10 is
structurally similar to the already predicted cubic decahydrides
ScH10 [27,28], YH10 [6], LaH10 [17,18,21], and AcH10 [16].
The shortest H–H distances in these materials form the
sequence dmin(AcH10) < dmin(ThH10) < dmin(LaH10) at 150 GPa
(1.07 Å < 1.119 Å< 1.164 Å).

Measurements of superconducting properties of ThH10 and
ThH9
To measure the temperature of the transition of thorium hydride
to the superconducting state, a cell which we denote M1 with
diamond anvils and Ta/Au electrodes was prepared. We used
the anvils with a 50 mm central culet beveled to 300 mm at 8.5°.
Four Ta electrodes (200 nm) with gold plating (80 nm) were
sputtered onto the piston diamond. We used a composite gasket
consisting of a tungsten ring and MgO epoxy mixture insert for
isolating the electrical leads.
A 1 mm-thick thorium sample was sandwiched between the
electrodes and AB in the gasket hole 20 mm in diameter. The pressure in the cell was increased to 179 GPa. Heating of the sample

was performed by pulses of a Nd:YAG infrared laser with the
wavelength k = 1.064 lm, power of 35–40 W, and duration of
0.4 s. Raman spectra indicated the absence of the formation of
any by-products (Fig. S29 in Supporting Information). The pressure in the chamber reduced to 174 GPa after laser heating
(Fig. S30b in Supporting Information). The temperature dependence of the resistance is shown in Fig. 5. After the measurement,
the cell was transferred to a synchrotron to conﬁrm the structure
of the hydride. The Le Bail reﬁnement for the sample is shown in
Fig. S31a (see Supporting Information).
We found that depending on the synthesis pressure, two different groups of superconducting transitions with TC of 159–
161 K (ThH10, Figs. 5a and S31b in Supporting Information)
and 146 K (ThH9, Fig. 5b) can be observed, where the electrical
resistance decreased sharply to zero (from 60 mX to 1–10 lX).
The superconducting nature of the transitions was veriﬁed by
their dependence on the external magnetic ﬁeld in the range
0–16 Tesla. Fig. 5c shows that the applied magnetic ﬁeld of
m0H = 4.1 T reduces the onset of the superconducting transition
by 10 K. Starting from 8 T a new resistance step appears,
Fig. 5c. This step may be well explained by impurities of
41
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FIGURE 6

Equations of state of polyhydrides synthesized in this work in comparison
with theoretical predictions and previously published data from Ref. [39].

hcp-ThH9 (see Fig. S30a, Supporting Information) which has
lower HC and |dH/dTC| = 0.36 T/K, and cannot be distinguished
from the transition in fcc-ThH10 in weaker magnetic ﬁelds due
to proximity-induced superconductivity [29].
Extrapolation of the temperature-dependent upper critical
ﬁelds m0HC2(T) by linear function (dotted and dashed lines in
Fig. 5d) yields about 64 and 53 T for fcc-ThH10 and hcp-ThH9,
respectively. The use of Werthamer–Helfand–Hohenberg
(WHH) model [30] simpliﬁed by Baumgartner et al. [31] gives
the values of 45 T (ThH10) and 38 T (ThH9) (Fig. 5d).
It is interesting to compare the experimentally obtained values with theoretical calculations based on the Bardeen–Coope
r–Schrieffer and Migdal–Eliashberg theories. Superconductivity
of thorium decahydride in the harmonic approximation was
studied before [15] and the critical temperature was found to
be in the range 150–183 K at 200 GPa (the Allen–Dynes formula
[32], l* = 0.15–0.1). Linear interpolation to 174 GPa gives TC in
the range 160–193 K (calculations done at 174 GPa give 167–
183 K), in a good agreement with the measured value of 161 K.
However, more rigorous theoretical values of Tc, obtained by
solving Eliashberg equations, are signiﬁcantly higher, 206–227 K.
Calculations of the electron–phonon interaction in cubic
ThH10 at 174 GPa yield k = 1.75, xlog = 1520 K, and l0HC2(0)
= 38 T, the latter being slightly lower than experimentally found
value (45 T, WHH model, Fig. 5d), but much lower than the
Clogston–Chandrasekhar paramagnetic limit (when magnetostatic polarization energy exceeds Cooper pairs condensation
pﬃﬃﬃ
energy) D0 = 2 (359 T) [33]. Estimation of the average Fermi
velocity VF  4.12  105 m/s makes it possible to calculate the
London penetration depth kL  136 nm, coherence length
nBCS = 29 nm, and lower critical magnetic ﬁeld l0HC1 = 0.024 T.
The critical current density (JC = eneVL), evaluated by Landau criterion for superﬂuidity [34] V L ¼ min eðppÞ ﬃ hDk0F , was calculated to
be 3.16  108 A/cm2, much higher than in H3S [13]. The
calculated Ginzburg–Landau parameter [35] is over 46, which is
typical for II type superconductors.
42

By decompressing M2 sample from 168 GPa to 86 GPa and further down until its destruction (cracking, Supporting Information Fig. S4a), we studied the equation of state of I4/mmmThH4 and P63 =mmc-ThH9 and obtained the previously predicted
low-symmetry thorium hexahydride Cmc21-ThH6 [15] (Supporting Information Fig. S4). Le Bail reﬁnements of observed
hydrides are shown in Figs. S7–S9 in Supporting Information.
The experimental equations of state (Fig. 6) of the synthesized
thorium hydrides are in close agreement with theoretical predictions [15].
Experiments of this study can be used to assess the predictive
power of the evolutionary algorithm USPEX [36–38], which was
used to predict thorium polyhydrides [15]. Here, we synthesized
thorium decahydride ThH10 along with thorium hexa- and
tetrahydrides (Cmc21-ThH6, P321- and I4/mmm-ThH4), which
were predicted before [15]. Also, hcp-ThH9, a new superconductor
with TC of 146 K, was synthesized. Thus, the experiment proves
reliability of the USPEX predictions.
The example of the Th-H system, together with the Ce-H, U-H
and La-H systems, shows that the lower bound of stability of
metal polyhydrides shifts toward lower pressures when going
down the Periodic Table. Increasing the complexity to ternary
(A-B-H) systems might lead to further lowering of the synthesis
pressure and further increase of TC. Theory is set to play a leading
role in the study of such systems.

Conclusions
The high-TC superconductors Fm3m-ThH10 and new P63/mmcThH9, as well as three other previously predicted polyhydrides,
Cmc21-ThH6, P321-ThH4, and I4/mmm-ThH4 were synthesized,
conﬁrming earlier theoretical predictions [15]. Predicted lower
bound of dynamical stability of ThH10 (80 GPa) is in excellent
agreement with the experimentally determined value
(85 GPa), i.e., fcc-ThH10 has a unique combination of high
superconducting TC (159–161 K at 175 GPa) and critical magnetic ﬁeld l0HC(0) of 45 Tesla, and the stability pressure, which
is much lower than that of other high-TC hydrides. The measured
parameters of the superconducting state of hcp-ThH9 include TC
of 146 K, the upper critical magnetic ﬁeld l0HC(0) of 38 Tesla,
and the superconducting gap of 35 meV. In addition, we experimentally observed pressure-driven phase transitions in ThH4
(P321 ? I4=mmm ? Fmmm) and ThH10 (Fm3m ? Immm). The
rich observed chemistry of the Th-H system agrees with our theoretical predictions [15]. Stable and metastable phases predicted
using the USPEX method can serve as a good guide for an experimental synthesis. The experiments performed will have a strong
impact on our understanding of high-pressure chemistry of
metal hydrides, bringing us closer to attaining roomtemperature superconductivity at high and, hopefully, ambient
pressures.

Methods
Experiment
To perform this experimental study, three diamond anvil cells
(DACs) were loaded. The diameter of the working surface of diamond anvils was 280 microns, they were beveled at an angle of
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8.5° to form a culet of 50 lm. The data on these DACs are shown
in Supporting Information Table S2. X-ray diffraction patterns of
all samples in diamond anvil cells were recorded at ID27 synchrotron beamline at the European Synchrotron Radiation Facility (Grenoble, France) with the use of a focused (1.7  2.3 lm)
monochromatic X-ray beam of 33 eV (k = 0.3738 Å) and a
Perkin-Elmer area detector placed at a distance of 364.12 mm
from the sample. The exposure time was 30–100 s. CeO2 standard was used for the distance calibration. The X-ray diffraction
data were analyzed and integrated using Dioptas software package (version 0.4) [40]. The full proﬁle analysis of the diffraction
patterns and the calculation of the unit cell parameters were performed in JANA2006 program [41] using the Le Bail method [42].
The heating of the samples was done by pulses of Nd:YAG infrared laser with the wavelength k = 1.064 lm, power of 18–40 W,
and duration of 300–500 ms. Temperature measurements were
carried out using the decay curve of black body radiation within
the Planck and Wien formulas at the laser heating system of ID27
beamline ESRF. The exact position of the heating spot was determined by an optical ﬂash of a heated material detected by a CCD
camera. The applied pressure was measured by the edge position
of the Raman signal of diamond [43] using Acton SP2500 spectrometer with PIXIS:100 spectroscopic-format CCD. The pressure
measurements were made using the Raman signals of a DAC. In
the experimental X-ray images, the reﬂections from the BNH
compounds are absent because of their amorphous state and
weak X-ray scattering from light atoms.

Theory
The equations of state of the predicted ThH4, ThH6, ThH9 and
ThH10 phases were calculated using density functional theory
(DFT) [44,45] within the generalized gradient approximation
(Perdew–Burke–Ernzerhof functional) [46], and the projectoraugmented wave method [47,48] as implemented in the VASP
code [49–53]. Plane wave kinetic energy cutoff was set to
500 eV and the Brillouin zone was sampled using C-centered kpoints meshes with resolution 2p  0.05 Å1. Obtained dependences of the volume on pressure were ﬁtted by the 3rd order
Birch–Murnaghan equation [52] to determine the main parameters of the EOS, namely V0, K0 and K0 , where V0 is the equilibrium
0

volume, K0 is the zero-pressure bulk modulus and K0 its pressure
derivative. Fitting was done using the EOSﬁt7 program [53]. We
also calculated phonon densities of states of studied materials
using the ﬁnite displacements method (VASP and PHONOPY
[54,55]).
Calculations of superconducting TC were carried out using
QUANTUM ESPRESSO (QE) package [56]. Phonon frequencies
and electron–phonon coupling (EPC) coefﬁcients were computed using density-functional perturbation theory [57],
employing plane-wave pseudopotential method and Perdew–Bu
rke–Ernzerhof exchange–correlation functional [46]. In our ab initio calculations of the electron–phonon coupling (EPC) parameter k, the ﬁrst Brillouin zone was sampled using 4  4  4 qpoints mesh, and a denser 24  24  24 k-points mesh (with
Gaussian smearing and r = 0.025 Ry, which approximates the
zero-width limit in the calculation of k). TC was calculated from
the Eliashberg equations [58] which were solved by iterative selfconsistent method for the imaginary part of the order parameter

D(T, x) (superconducting gap) and the renormalization wave
function Z(T, x) [59] (see Supporting Information). More
approximate estimates of TC were made using the Allen–Dynes
formula [32].
Our calculations show that all found thorium hydrides are
diamagnetic and are thermodynamically stable at conditions
where experiments found them. As the new unexpected phase
P63/mmc-ThH9 has not been studied before, we performed additional calculations of its electronic, phonon and superconducting properties in the pressure range 100–200 GPa.
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