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Volume comparison for storage

C-based economy -> CO2, Global Warming, dirt
H-based economy -> H2O – clean, but several 

challenges
Interaction with hydrogen, H2 storage









Metal hydrides – not all metals absorb H

Decisive is energy balance…
1. H bonding decreases energy
2. Volume expansion increase energy – work 
against elastic forces …several % to 60 % -
powder
3. Disruption or weakening of existing bonds 
increases energy
4. Also dissociation of H2 molecule plays a role

What are 
impacts on 
electrons?
2. Volume 
expansion
1. H bonding



Periodic potential – Bloch wave functions, 
itinerant states

But inner shells retain the localized, atomic 
wave functions

Two forms of description are mutually incompatible – how about the 5f states?

The most interesting phenomena are at the crossover (verge of localization) –
qualitatively new cooperative phenomena
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Only small amount of electrons (in the range kBT around the 
Fermi surface) affect properties as specific heat, susceptibility, 
resistivity…

kp 

Free electrons in k-space

Fermi gas – not too bad approximation 

Free (non-intearcting) electrons + Fermi-Dirac statistics



switchable mirrors
Strongly electropositive Y has 1*4d electron + 2*5s electrons

hcp CaF2 Hex.

YH0-0.23 YH1.8-2.1 YH2.75-3.0



Spin-spin exchange interaction between atoms mediated by
RKKY (Ruderman-Kittel-Kasuya-Yoshida) interaction 
spin polarization of conduction electrons
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-4f metals, 4f intermetallics



Material TC (K)

Co 1403

Fe 1043

Ni 631

Gd 293

GdNi2 79

GdNi 64

GdCl3 2.2

SmCo5 993

Nd2Fe14B 585

Magnetic ordering temperatures of several ferromagnets

d-metals: small magnetic moments 
but strong interaction – 3d band

4f-metals: large moments from 
Hund rules, but 4f states deep 
inside atoms – how they interact? 

GdH2 – 21 K

GdH3 – 3.3 K



Gradual filling of 5f states……6d states remain 
with low occupancy…also 7s

How the 5f states look like?

But we are interested in....The Actinides



Actinides – 5f states
2 distinctly different parts of the series

5f

6d,7s

Transition metals

Lanthanides
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U*N(EF) > 1   spontaneous splitting…….

Stoner criterion

N(EF) can be measured!!!

Magnetic moments and their order can arise also in band case – exchange
interactions cause unequal occupancy of states with different spin

Sub-bands with 
opposite spins

Exchange 
interactions –
repulsion of 

electrons with the 
same spin is lower 
than for opposite 

spins
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Polar character of 
bonding –H likes to suck 
electrons from 
electropositive elements

Photoelectron 
spectroscopy
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Robust 
ferromagnetism
Suppression of 
5f-6d
hybridization??

Charge transfer 
to H?
6d, 7s yes
5f no

Increase of 
atomic radius 
between H and 
H-

H : 0.032 nm
H- :  0.1 nm



superconductivity

Magnetism – atoms cannot be too close together

Hill limit

-UH3

-UH3



H2 attacks U breaking it into 
fine pyrophoric powder

(detrimental for devices)

Can be U used to store H2?
Yes...works very well

For Tritium

Can be H2 used to tune 
Properties of U?

Yes!!!

U forms UH3. Pressure 
of H2 at 700 K – 1000 mbar

at 300 K – 10-4 mbar
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Uranium – 3 allotropic 
phases

  

structure orthorhombic tetragonal cubic (bcc)
density 19.07 g/cm3 18.17 g/cm3 17.94 g/cm3

shortest U-
U distance

2.837 Å 2.889 Å 3.067 Å

temperature below 942 K 942-1049 K 1049-1408 K

‐U stable with respect to irradiation, corrosion, hydrogen.. Low enriched U nuclear fuel
But ‐ what are low‐T electronic properties ??

Can be stabilized by > 18 at.% Mo
how about less Mo 
and ultrafast cooling?



‐UH3

dU‐U = 330 pm

Ferro- TC = 165 -170 K,  = 0.9 B

Trzebiatowski et al. 1952

‐UH3

dU‐U = 360 pm 

Ferro- or para ? Either TC = 165 -170 
or 0

Lawson et al. 1991

-U
a = 416 pm

a = 664 pma = 352 pm



superconductivity

Magnetism – atoms cannot be too close together

Hill limit

-UH3

-UH3



-UH3

D = 10-20 nm

UH3 –
ferromagnet 
with TC = 165 
K
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Increase of ordering T 
in antiferromagnet



Synthesis of films by sputter deposition

• U and Mo targets with voltage 
independently controlled

• Thoriated W heated filament for stabilizing 
plasma

• Ar gas (10-3 mbar) , variable concentration 
of H2

• Si wafer or fused silica substrates
• Purity monitored by O-1s (XPS) and O-2p

(UPS) lines



Combined with BIS

BE (eV)
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BIS shows the s-o splitting for U 
metal. It is smeared in UH3 due to 
spin-up and spin-down splitting.  
More spectral weight at higher 
energies…6d states. 



UH2 film

CaF2

Pt



HRTEM

Ultrananocrystallinity 
with high anisotropy 
means a non-collinear 
ferromagnetism with 
random distribution of 
easy magnetization 
directions



232
232

232

‐UH3 233 pm – all closest U atoms

UH2 232 pm – all closest U atoms

-UH3
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U-6d
U metal

U-6d 
UH3

U-6d 
UH3

U - 5f
    U metal
         

rU =156 pm
rH =  37 pm

rH =  76  pm in UH3
or UH2
On the way to H

-

Polar bonding in metallic state

Identical 
tetrahedra 
..as molecules..
which 
determine TC



-UH3

D = 10-20 nm

x (alloying concentration)
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D = 2-3 nm

Doping by 
Mo or Zr

5f band 
ferromagnets?

(U1-xZrx)H3



U + H2

U

UH8 and other 
hyper-hydrides

-UH3

crystalline
TC = 165 K Nano-

crystalline
TC = 165 K
(+Mo)
TC = 200 K

-UH3
TC = 165 K

(+Zr)
TC = 185 K

UH2



Maximum TC values found universally for the T concentrations
12-15 at.% suggest that 1/8 (i.e. 0.125) of the U atoms can be 
safely replaced still maintaining H atoms stable inside the 
tetrahedra. H-U ratio increases. U electropositive.
U-H interaction plays a dominant role!



Conclusions:

In U-H there is evidence for a charge transfer towards H, 
similar to e.g. pnictides.

In U-H, partial depletion of 6d and 7s states (5f band 
remains at EF) may lead to strong magnetism, 
normally negatively affected by the 5f – 6d
hybridization.  Strong magnetism and partial 
localization despite short U-U spacings

Robust ferromagnetism opens an avenue for thin-film 
devices (Giant magnetoresistance, large exchange 
bias)

Old publications can be seen from a new perspective….combined 
physics-chemistry view brings benefits
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