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Superconductivity of Hydrides

A. P. Drozdov et al., Nature (2019)

M. Einaga et al., Nature Physics (2016)

Metal hydrides for hydrogen storage

M+Hn ↔ MHn

• M = Ti, Fe, Mn, Ni, Cr etc. that can react with H2 in a reversible reaction.

• The forward reaction is slightly exothermic. To release hydrogen, a small

amount of heat must be supplied.

• H2 is stored at a modest pressure and release at ambient pressure.

Physical  & 
thermodynamic 

properties
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➢ Disadvantages:

• Heavy, not suitable for portable storage.

• Hard to handle the uranium hydride. (due to its

radioactivity and high pyrophoricity with

oxygen)

➢ Advantages:

• Low equilibrium pressure (< 0.1 Pa) at room

temperature for less tritium loss;

• Low release temperature (400~450 ℃) that can

reduce the permeation loss of tritium through

containment;

• Fast gas uptake/release rate that is desired for

emergency use;

Properties of Uranium hydride
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➢ Difficuties in investigation:

• Complex behaviors of 5f electronic states;

• Limited experimental data on physical

properties of uranium compounds, such as,

phase diagram, magnetic properties and

phonon dispersions.

A. Banos et al., Corrosion science (2018)

α-UH3 β-UH3

Zhang et al., Journal of Alloys and Compounds (2014)

Zhang et al., Journal of Nuclear Materials （2012）
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Shock compression

➢ Fast

➢ Non-equilibrium

➢ Structural phase transition may exist

Golubkov et al. Combustion, Explosion, and Shock Waves (2021)

S. P. Marsh, Lasl Shock Hugoniot Data (1980)

➢ Experiment shock compression data of UH3 are

available for pressure up to 35 GPa.



• Computational method：

• First-principles molecular dynamics（FPMD)
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Hugoniots
• The Rankine-Hugoniot equation:

𝐸1 − 𝐸0 + 1/2  𝑉1 − 𝑉0 𝑃0 + 𝑃1 = 0

𝑉1 = 𝑉0(1 − Τ𝑢𝑝 𝑢𝑠)

𝑃1 − 𝑃0 = 𝜌0𝑢𝑠𝑢𝑝

• Electronic structures: PCF, DOS, ELF

• Physical properties: Electrical

conductivity (𝜎), thermal

conductivity (𝜅), and optical

reflectivity

2×2×2 cubic supercell

• FPMD details

• NVT ensemble; pressure range up to 200 GPa;

• Starting at 𝜌0=11.12 g/cm3 (α-UH3 ) and 𝜌0=11.33 g/cm3

for α-UD3 at 300 K;

• Time steps of 0.8 fs; 8000 steps totally

• The final 4000 steps equilibrated for property calculations

• GGA and GGA+U with Ueff = 2 and 4 eV (Ueff = U – J)
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Hugoniots
FIG. (a-b) Principal Hugoniot of UH3 and UD3 calculated 

with DFT+U method where Ueff= 0, 2, and 4 eV, respectively. 

(c) Normalized molar volumes of hydrides and deuterides as 

a function of pressure along the Hugoniot curve. (d) The 

velocity of the shock wave front versus the particle velocity. 

➢ UH3 and UD3 have a similar equation of state along 

the Hugoniot;

➢ The pressure is higher with a larger Ueff for the same 

density;

➢ Standard PBE calculations are more reasonable in this 

study according to the experimental Hugoniot. 

➢ The behavior of UH3 (UD3) under shock compression 

is similar to that of TiH2, which might be associated 

with their similar cubic structures.
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Atomic structure FIG. Pair-correlation functions for U-U (blue

line), U-H (orange line), and H-H (green line)

along the principal UH3 Hugoniot.(a) (b) (c)

(d) (e) (f)

➢ (a)→(b): Peaks are clearly split and

most peak values decrease slightly;

➢ (b)→(d): Peaks are lowered and

broadened. In (d), peaks of H-H vanish.

The first peak of U-H at about r=2.1 Å
is obviously higher than other U-H

peaks; The first U-U peak at 3.36 Å for

𝜌 =14.68 g/cm3 moves to 2.5 Å
suddenly.

➢ (d)→(f): Peaks of U-U vanish

gradually; No peak at the equilibrium

distance of the hydrogen molecule at

0.75 Å.
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FIG. Electron density of states of α-UH3 along the principal
Hugoniot (blue solid line). The red dashed line shows the
Fermi-weights 𝑓(𝜀 − 𝜇) for corresponding temperatures.

Density of states & Fermi weight

(a) (b)

(c) (d)

(e) (f)

➢ (a)→(b): The electrons are relatively localized in the

energy range of -10 ~ 15 eV ;

➢ (b)→(e): The DOS peak near the Fermi level is

broadened, DOS gaps disappear due to the

disordered structure after dissociation, which causes

the energy levels to be continuous.

➢ (e)→(f): The shape of DOS is almost unchanged but

slightly smoothed and the Fermi weight change

obviously due to the increase in temperature.
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FIG. The electron localization functions (ELF) of (1 0 0) plane of α-UH3

along the principal Hugoniot. The uranium and hydrogen atoms are denoted

by blue and white balls, respectively.

Electron localization function (ELF)

➢ U and H atoms are bonded ionically;

➢ H atoms deviate from the equilibrium 

position and show liquid-like feature in 

Fig. 6(d), while U atoms deviate from the 

equilibrium position in Fig. 6(e) at a 

higher density and temperature. 
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FIG. The real part of the dynamic electrical conductivity along the 

principal Hugoniot.

Dynamic electrical conductivity • The Kubo-Greenwood formula :

• 𝜎1 𝜔 =
2𝜋

3𝜔Ω
σ𝒌𝑊 𝒌 σ𝑗=1

𝑁 σ𝑖=1
𝑁 σ𝛼=1

3 ൣ

൧

𝑓 𝜖𝑖,𝒌 −

𝑓 𝜖𝑗,𝐤 × Ψ𝑗,𝒌 ∇𝛼 Ψ𝑖,𝒌
2
𝛿 𝜖𝑗,𝒌 − 𝜖𝑖,𝒌 − ℏ𝜔

• 𝜎𝑑𝑐 = 𝐿11 = lim
𝜔→0

𝐿11 𝜔

• 𝜅𝑒 = 𝐿22 −
𝐿12𝐿21

𝐿11

➢ Drude-like shape in the low-frequency

regime with the maximum located at zero

frequency that is classical for liquid metals ;

➢ The curve of 𝜎1 𝜔 becomes smoother due

to the distortion of the atomic structure and

the temperature-induced broadening of the

Fermi-Dirac distribution function, which lead

to continuous density of states
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FIG. (a) The dc conductivity along the principal Hugoniot. 

(b) The electrical thermal conductivity along the principal 

Hugoniot. 

Transport properties

➢ According to 𝜎𝑑𝑐 , the status of α-UH3

could be devided into three period:

• 1) P < 12 GPa;

• 2) 12 GPa ~ 66 GPa;

• 3) P > 66 GPa.

➢ 𝜅𝑒shows a similar trend with 𝜎𝑑𝑐 for the

pressures below 66 GPa ;

➢ For P > 66 GPa, 𝜅𝑒 obeys the

Wiedermann-Franz law, 𝐿 =
𝜅𝑒

𝜎𝑇
=

𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡, the dramatic increase should

be owing to the huge temperature increase

from 1015 K to 5257 K.
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Reflectivity
• Kramers-Kronig relation :

𝜎2(𝜔) = −
2

𝜋
𝑃 0׬

∞ 𝜎1(𝜈)𝜔

𝜈2−𝜔2 𝑑𝜈 ; 𝜀(𝜔) = 𝜀1 𝜔 +

𝑖𝜀2 𝜔

𝜀1 𝜔 = 1 −
𝜎2 𝜔

𝜔𝜀0
; 𝜀2 𝜔 =

𝜎1 𝜔

𝜔𝜀0
;

𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛: 𝑛 𝜔 + 𝑖𝑘 𝜔

𝑛 𝜔 =
1

2
𝜀(𝜔) + 𝜀1 𝜔 ; 𝑘 𝜔 =

1

2
𝜀(𝜔) − 𝜀1 𝜔

𝑟(𝜔) =
[1−𝑛 𝜔 ]2+𝑘 𝜔 2

[1+𝑛 𝜔 ]2+𝑘 𝜔 2

➢ The reflectivities corresponding to

different wavelengths become closer

under compression.
FIG. (a) Reflectivity as a function of photon energy for different UH3

densities along the principal Hugoniot. (b) Optical reflectivity of shocked

UH3 for wavelengths 404 (purple square), 808 (orange circle), and 1064 nm

(red triangle) along the Hugoniot.

(b)
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• The variation of structures and properties under shock compression can be generally divided into

three periods: the density increase of solid crystal that dominated by pressure increase (<12GPa),

bond dissociation process caused by both pressure and temperature increase (12~66 GPa), and the

activity increase of dense fluid atoms dominated by temperature increase (66~193GPa).

• The structure of U atoms is not dissociated below 66 GPa according to the PCF. No hydrogen

molecule forms which implies that U is excellent in stable storage of hydrogen under shock

compression up to 66 GPa.

• Experimentally measurable dc conductivity, electrical thermal conductivity, and optical

reflectivity are all associated with the structural change, providing several ways to probe the

dynamic compression process.
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FIG. The energy per atom (left panel) and the pressure along the

Hugoniot curve (left panel) obtained from first-principles MD

simulations with different particle numbers and k-points meshes.
FIG. The electronic pressure and ionic 

pressure for UH3 at different densities 

along the Hugoniot curve.

Convergence test for EOS



18

FIG. The real part of the dynamic electrical conductivity

along the principal Hugoniot curve calculated with

different ΔE values. Data have been averaged over 5

uncorrelated MD configurations.

FIG. Dc conductivity versus k-mesh density

for densities along the principal Hugoniot.

The calculations were performed with

different ΔE. The pink shaded area indicates

the convergence of 𝜎𝑑𝑐.

Convergence test for K-G formula
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https://github.com/dvknyazev/GreeKuP

GreeKuP (GREEnwood-KUbo Program) code

https://www.vasp.at/
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