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1. Background

Superconductivity of Hydrides
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Metal hydrides for hydrogen storage

Physical &
4 thermodynamic
properties
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M + H, & MH,
M =Ti, Fe, Mn, Ni, Cr etc. that can react with H, in a reversible reaction.

The forward reaction is slightly exothermic. To release hydrogen, a small
amount of heat must be supplied.

H, is stored at a modest pressure and release at ambient pressure.



1. Background

2U + 3H2 A 2UH3

92 238.029

» Disadvantages:

: « Heavy, not suitable for portable storage.
Uranium
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Actinides e j radioactivity and high pyrophoricity with
oxygen)
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1. Background

» 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-UH, B-UH, of
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1. Background

.
URANIUM HYDRIDE

Shock compression
» Fast

» Non-equilibrium

» Structural phase transition may exist
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Average p, = 10.920 g/cm®.

10.920 2.766 .416 12.585 .0778 12.833
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10.820 2.747 424 12.719 0774 12.913
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» Experiment shock compression data of UH, are
available for pressure up to 35 GPa.
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2. Method

« Computational method: :
~ — ¢ Electronic structures: PCF, DOS, ELF

* First-principles molecular dynamics (FPMD)

« The Rankine-Hugoniot equation: * Physical properties: Electrical

— Hugoniots -

(Ey—Ey)+1/2(Vy —=Vy)(Py +P,) =0 conductivity (o), thermal
Vi =Vo(1 —up/uy) conductivity (x), and optical
Py — Py = poust, = - reflectivity
‘—

 FPMD details
* NVT ensemble; pressure range up to 200 GPa;
2>2>2 cubic supercell  « starting at py=11.12 g/cm? (a-UH, ) and py=11.33 g/cm3

" for a-UD, at 300 K;
« Time steps of 0.8 fs; 8000 steps totally

« The final 4000 steps equilibrated for property calculations
« GGAand GGA+U withU4=2and 4 eV (U =U —J)




3. Results

Hugoniots
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FIG. (a-b) Principal Hugoniot of UH; and UD, calculated
with DFT+U method where U= 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.

» UH; and UD, have a similar equation of state along
the Hugoniot;

» The pressure is higher with a larger U for the same
density;

» Standard PBE calculations are more reasonable in this
study according to the experimental Hugoniot.

» The behavior of UH; (UD3) under shock compression
Is similar to that of TiH,, which might be associated
with their similar cubic structures.



3. Results

Atomic structure FIG. Pair-correlation functions for U-U (blue
line), U-H (orange line), and H-H (green line)
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3. Results

Density of states & Fermi weight
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FIG. Electron density of states of a-UH; along the principal
Hugoniot (blue solid line). The red dashed line shows the
Fermi-weights f (e — u) for corresponding temperatures. 10



3. Results

Electron localization function (ELF)

p =11.12 g/lem?, T=300 K p =14.68g/cm?, T=490 K

(b) P =12:85g/em’, =366 K
N

» 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.

FIG. The electron localization functions (ELF) of (1 0 0) plane of a-UH,
along the principal Hugoniot. The uranium and hydrogen atoms are denoted
by blue and white balls, respectively. 11



3. Results

Dynamic electrical conductivity
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FIG. The real part of the dynamic electrical conductivity along the
principal Hugoniot.

» Drude-like shape
regime with the maximum located at zero
frequency that is classical for liquid metals ;

o (w) = —Zk W (k) Y-

fex)] x |<‘Pj,k|Va|‘Pi,k>| 6 (Ej,k — €k — hw)

Ogc = Ly = (Ll_rPO Ly (w)

in the

The Kubo-Greenwood formula:

1[f(61 k) -

low-frequency

» The curve of o,(w) 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

12



3. Results

Transport properties

(@) g (b) | » According to gy, the status of o-UH;
3 could be devided into three period:
Y « 1)P<12 GPg;
g
TU « 2)12 GPa ~ 66 GPa;
G 4
e, « 3)P>66 GPa.
:%2 » Kk.shows a similar trend with o4, for the
pressures below 66 GPa ;
0 | ] 0 | ]
0 200 0 200 > Fo_r P > 66 GPa, k, obeys Kethe
P (GPa) P (GPa) Wiedermann-Franz ~ law, L =—=
Constant, the dramatic increase should
FIG. (a) The dc conductivity along the principal Hugoniot. be owing to the huge temperature increase
(b) The electrical thermal conductivity along the principal from 1015 K to 5257 K.

Hugoniot.



3. Results

Reflectivity
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FIG. (a) Reflectivity as a function of photon energy for different UH,
densities along the principal Hugoniot. (b) Optical reflectivity of shocked
UH, for wavelengths 404 (purple square), 808 (orange circle), and 1064 nm
(red triangle) along the Hugoniot.

» Kramers-Kronig relation :

o, (w) = ——Pfooil(v)w dv; e(w) = g(w) +
igy(w)
e1(@) = 1-"22 6y(w) = 22,

optical refraction: n(w) + ik(w)

n(w) = Zle(@)] + &) ; k(w) =
= le(@)] = & ()

_ [1-n(@)]*+k(w)?
(@) = @) @)

» The reflectivities corresponding to
different wavelengths become closer
under compression.

14



4. Conclusions

. 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.

15
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Appendix

Convergence test for EOS
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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 UH, at different densities
along the Hugoniot curve.
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Appendix

Convergence test for K-G formula
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FIG. The real part of the dynamic electrical conductivity
along the principal Hugoniot curve calculated with
different AE values. Data have been averaged over 5
uncorrelated MD configurations.
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FIG. Dc conductivity versus k-mesh density
for densities along the principal Hugoniot.
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the convergence of g, -



Packages

https://www.vasp.at/

GreeKuP (GREEnwood-KUbo Program) code
https://github.com/dvknyazev/GreeKuP
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