
Fig. 3 — Schematic illustration of the varia
tion of the hydrogen diffusion constant with 
temperature. Various regimes can be distin
guished as discussed in the text. From Ref. 
2.

atoms will move in Bloch states exten
ding over many unit cells [4], The diffu
sion rate will be given by the band-width 
of the hydrogen bands. The non-adiaba- 
tic coupling to the metal electron-hole 
pair excitations gives rise to a renormali
zation of the band-width calculated from 
the adiabatic potential energy surface
[5] . This renormalization can be describ
ed as a consequence of the "Anderson 
orthogonality catastrophe", namely: the 
conduction electron eigenstate with the 
particle perturbed at one site has an in
finitesimal overlap with the eigenstate 
with the particle in another site. Hopping 
therefore involves infinitesimal electron- 
hole pair excitations and is suppressed.

As the temperature is increased, pho
non assisted tunnelling becomes pos
sible [3]. The thermal motion of the lat
tice may produce a configuration where 
the tunnelling matrix element is larger 
than that of the undistorted lattice. At 
the same time, the tunnelling becomes 
incoherent owing to the fluctuations of 
the phonons. The same thing happens 
with fluctuations in the electron system 
at an even lower temperature, because 
the coupling to the electrons is stronger
[6] , The result is that the life-time of the 
Bloch states decreases with increasing 
temperature. When the temperature be
comes high enough for the coherence 
time   to be shorter than the average 
time between jumps, the motion is com
pletely diffusive with a diffusion cons
tant [6]

D   W2 ren a2 (2)
where Wren is the renormalized bandren
width, and a is the lattice constant.

At even higher temperatures, the hy
drogen atoms behave completely classi
cally moving through the lattice by ther
mally activated over-barrier jumps. Hy
drogen is so heavy and the barriers for 
diffusion so large that this is the domi
nant migration mechanism for most

systems at most temperatures. When 
defects are present, the trapping and 
detrapping of hydrogen can dominate 
the diffusion properties [7], Typical trap
ping energies are of the order 0.5 eV 
(compare the interstitial- and chemi
sorption energies in Fig. 2). Defects can 
therefore increase the apparent activa
tion energy for diffusion considerably.

Crossover to the tunnelling regime 
has been observed at low temperatures 
in three cases [2]:
1 ) for hydrogen in bcc metals,
2) for chemisorbed hydrogen, and
3) for the very light isotope µ + in fcc 

metals.
The first two cases are characterized by 
a low (adiabatic) barrier for diffusion. As 
discussed above, the barrier is conside
rably smaller in the open bcc structure 
than in the more close-packed struc
tures and, outside the surface, the bar-, 
rier is very small for any structure, be
cause the hydrogen atom can find the 
optimum density anywhere in the sur
face unit cell. The last case is characteri
zed by the small mass of µ+, making 
all quantum effects more pronounced. 
Quantum delocalization of hydrogen has 
been observed for hydrogen trapped in 
vacancies in Ni and Pd using channelling 
techniques at very low temperatures. By 
increasing the temperature, the occupa
tion of excited states with a drastically 
different density distribution can be de
tected. The excitation energy involved is 
only of the order 3 meV [8].

At the highest temperatures, the mo
tion of the hydrogen will be liquid-like.
Summary

The extensive experimental and theo
retical studies of hydrogen inside and on 
metals have resulted in a convincing 
physical picture of the interaction. Bin
ding sites, diffusion barriers, lattice re
laxations, interactions with lattice de
fects, and trends in binding energies 
from one metal to another can be under
stood within a simple theoretical model.

In the process, a new description of 
bonding in a metallic medium has been 
developed, based on the concept of a 
unique function relating the energy of a 
given atom to the surrounding electron 
density. The theoretical framework, the 
effective medium theory [8], is capable 
of describing a vast number of systems 
and now forms the basis for classical 
simulations of temperature- and time- 
dependent properties. The hydrogen 
embrittlement process has, for instance, 
been simulated in this way [9].

Particular interest is focussed on the 
hydrogen —- metal system because it 
provides a unique possibility for study
ing the quantum mechanics of a particle

in contact with a heat bath. The theore
tical and experimental development is 
fast. Quantum diffusion has now been 
established experimentally for a number 
of systems and theoretically, new in
sight has been gained into the coupling 
of the hydrogen motion to both phonons 
and electron-hole pair excitations. This 
opens the door to a new detailed under
standing of hydrogen dynamics.
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