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First-principles calculations were used in determining the binding and trapping properties of hydrogen to
point defects in tungsten. Hydrogen zero-point vibrations were taken into account. It was concluded that the
monovacancy can hold up to five hydrogen atoms at room temperature. The hydrogen was found to distort the
self-interstitial atom configuration geometry. The interaction of hydrogen with the transmutation reaction
impurities Re and Os were studied. It was found that the substitutional Re and Os have a negligible effect on
the hydrogen trapping whereas the interstitial Os may increase the hydrogen inventory in tungsten.
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I. INTRODUCTION

Tungsten �W� has been chosen to be used as the divertor
plate material in the next step fusion device ITER.1,2 The
divertor region must withstand high heat and bombardment
by particles escaping the plasma. The benefits of W are its
low sputtering yield and low tritium retention. Hydrogen has
high mobility in W �Ref. 3� but easily congregates in spa-
cious defects with large surface areas, such as grain bound-
aries, dislocations, and voids. Point defects such as mono-
vacancies �V1�, self-interstitial atoms �SIA� and other impu-
rity atoms can also act as hydrogen trapping defects.

In this work, the hydrogen trapping properties to W
monovacancy and SIA are studied using the first-principles
calculations based on density-functional theory �DFT�. Since
the hydrogen atom is a light-mass particle and therefore has
a high vibrational energy compared to the relatively slowly
moving heavy metal atoms, the quantum-mechanical vibra-
tion effects cannot be neglected. Therefore, the hydrogen
binding and trapping energies were obtained by taking into
account the zero-point energies �ZPEs�. In the fusion device
conditions impurities such as rhenium �Re� and osmium �Os�
are formed in bulk W due to the high flux of fusion reaction
neutrons leading to the transmutation of a W atom into Re
and further into Os. Results for the trapping energies of hy-
drogen to a Re and Os impurity atom in W are presented.

Extensive reviews on hydrogen trapping mechanisms in
metals can be found in the literature.4–6 Experimental work
has shown that several trapping sites for H with unequal
energies are either present in W naturally or initiated with
implantations. Various thermodesorption spectrometry �TDS�
studies above room temperature �RT� have revealed hydro-
gen trapping in W defects with release temperatures ranging
from 400 to 1000 K.7–14 Trapped hydrogen concentrations in
W have been intensively measured by ion-beam analysis
methods.12,13,15–19 The perturbed angular correlation �PAC�
technique has been used to determine the number and ener-
getics of trapped H in a W vacancy.20 Results on He trapping
in W vacancy obtained by PAC and TDS are in good agree-
ment with each other.21

II. COMPUTATIONAL DETAILS

The DFT calculations were performed with the Vienna ab
initio simulation package �VASP�.22–24 The electronic ground

state of the studied system was calculated using the
projector-augmented wave25,26 potentials as provided in
VASP. For the volumetric and ionic relaxation, the conjugate
gradient algorithm was used and the energy cutoff was 450
eV. The electron exchange correlation was described with
generalized gradient approximation using Perdew-Burke-
Ernzerhof functionals.27,28 Six outermost electrons of the W
atom were used as valence electrons with �=0.15 eV and
the partial occupancies were integrated with the Methfessel
and Paxton method29 of the first order. The charge density
was represented on a real-space grid of 0.035 Å. A 3�3
�3 k-point mesh was sampled with Monkhorst and Pack
scheme.30 A supercell with 128�1 W atoms was used for
describing the properties of the point defect. The ZPE calcu-
lations were performed allowing harmonic vibrations only
for the H atom.

III. THEORY

The binding energy of the Nth H atom to a point defect
was calculated with

Eb�N� = �E�N − 1� + Esol� − �E�N� + E0� , �1�

where E�N� refers to the total energy of a point defect system
with N hydrogen atoms. Esol is the total energy with a H
atom on the solute site and E0 is the reference energy of bulk
W. If the binding energy calculated with Eq. �1� is positive,
the H-point defect system is more stable than the system
with H separated from it. To obtain reliable binding energy
results, the H atom should not be located in the vicinity of
the defect after detrapping. Equation �1� takes into account
this condition by providing a possibility to consider de-
trapped H by placing it to a solute site.

The quantum-mechanical approximation of the transition
state theory31,32 for reaction rates yields to an activation en-
ergy, which depends on the difference in the particle’s poten-
tial energy on the ground state and on the activated state and
on the difference of the corresponding ZPEs.33 In Eq. �1�, the
energy of trapped H is compared to the energy of the de-
trapped H on the solute site, i.e., the corresponding ZPE-
corrected binding energy yields Eb�=Eb+�ZPE.

The trapping energy is usually approximated as the bind-
ing energy summed with the migration energy of the fastest
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particle, i.e., Etrap=Eb+Em. The ZPE-corrected trapping
energy yields

Etrap� = Eb + Em + �ZPE, �2�

where �ZPE is the ZPE difference between the trapped H
and the detrapped H on the migration barrier.

For vacancy-H detrapping, the Em for H was taken from
the authors’ previous work on hydrogen diffusion in W. Also
the ZPE of H on the solute site �0.265 eV� and on the mi-
gration barrier �0.225 eV�, needed for calculating the Eb� and
Etrap� , respectively, were obtained from the corresponding H
vibrational frequencies.3

IV. RESULTS AND DISCUSSION

A. Hydrogen-monovacancy dissociation

To obtain accurate trapping energetics, the properties of
the W point defects, i.e., the formation and migration ener-
gies, were first validated. The calculated DFT results com-
pared with experiments and other DFT calculations are pre-
sented in Table I. The calculated bcc lattice constant of

3.172 Å agrees well with the experimental value of
3.165 Å. Our results for the vacancy formation and migra-
tion energies agree with the experimental results34 and with
other DFT calculations.35

According to our calculations the lowest energy site for H
in a W monovacancy is the distorted octahedral site �O� �Fig.
1�. There the H atom is bound to its nearest W atom, which
is located outside the monovacancy. Secondary bondings are
with the W atoms at the boundaries of the monovacancy. Due
to the strong H-nearest-neighbor W atom bonding, two H
atoms do not form a H2 molecule in the monovacancy but
stay separated from each other at the opposing distorted O
sites �Fig. 1�. This arrangement corresponds to the ground
states of H. The energetically most favorable positions for
additional H atoms were found to be at the O sites forming
triangle, tetrahedron, square pyramid, and square bipyramid
for 3, 4, 5, and 6 H atoms, respectively �Fig. 2�. The obtained
ZPEs in the vacancy were 0.112, 0.106, 0.151, 0.161, 0.172,
and 0.117 eV per H atom for N=1–6, respectively.

The results of the binding and trapping energies for H in
the W monovacancy are presented in Table I. The Eb values
agree well with the theoretical values recently obtained by

TABLE I. Comparison of the results of DFT calculations with experiments: atomic volume � �Å3�,
vacancy �v�, and interstitial �i� formation energy Ef

v,i �eV�, migration energy Em
v,i �eV�, formation volume � f

v,i

in units of atomic volume, binding energy Eb �eV�, ZPE-corrected binding energy Eb� �eV�, trapping energy
Etrap �eV�, and ZPE-corrected trapping energy Etrap� �eV� of the Nth H atom.

Expt.

DFT

Other Present work

bcc W

� 15.87 15.96

Ef
v 3.68�0.2 a 3.56b 3.34

Em
v 1.78�0.1 a 1.78b 1.71

� f
v 0.62c 0.62

Ef
i �111� 9.06�0.63 d 9.55,b 9.82e 9.86

Em
i �111� 0.005

� f
i 0.6

Vacancy

N Etrap
f Eb

g

Present work

Eb Eb� Etrap Etrap�

1 1.55 1.22 1.28 1.43 1.48 1.60

2 1.38 1.17 1.25 1.41 1.45 1.57

3 �1.1 1.04 1.11 1.22 1.32 1.39

4 1.01 1.00 1.11 1.21 1.28

5 0.92 0.91 1.00 1.12 1.17

6 0.27 0.32 0.47 0.53 0.64

aReference 34.
bReference 35.
cReference 44.
dReference 45, Ef

i determined from the SIAs emerging on the sample surface.
eReference 46.
fReference 20, experiments done on InV2HN systems.
gReference 36.
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Becquart and Domain.36 It can be seen from Table I that the
binding energies for 1 and 2 H atoms in the monovacancy
are almost identical, which can be explained by the H atoms
coupling to the surrounding W atoms �Fig. 1�. Results with
same tendency were obtained in computational studies37 and
experiments performed for hydrogen in a monovacancy in
other metallic matrices �fcc: Pd, Cu, Ni and bcc: Mo, Ta,
Fe�.38–43 According to the reported data, 1 and 2 H atoms are
trapped with identical energies, whereas ensuing H atoms are
bound with lower energies.

In the work by Fransens et al.,20 the H population and
detrapping in W vacancies were measured by PAC �experi-
mental Etrap values in Table I�. There is an excellent agree-
ment for the first trapping energy with PAC and our DFT
calculated Etrap� result. We propose that the discrepancy for
the other energies is due to the fact that Fransens’s Etrap for
the first H atom actually comprises the trapping energies for
both the first and the second H atoms. This means, that 1 and
2 H in W monovacancy are trapped with equal energies as
described above for other metals as well. Consequently,
Fransens’s second Etrap is the trapping energy for the third
�and possibly fourth� H atom in the vacancy, which is in
agreement with the present DFT result.

To compare the DFT trapping energies with the actual
temperatures needed for H to detrap, the equation Etrap� /kTm

2

=� /	 exp�−Etrap� /kTm� can be used.47 � is the particle’s at-
tempt frequency to detrap, 	 is the linear heating rate of the
sample, and Tm is the temperature with the maximum detrap-
ping rate. The � value for H in various V1HN systems was
approximated as a mean value of the DFT calculated H vi-
brational modes. The obtained values varied from 17 to 38
THz for V1H1–6, respectively. According to the Etrap� data pre-
sented in Table I and the corresponding values of �, a heating
rate of 10 K/min results in the maximum release of the sixth
hydrogen atom at 225 K �for comparison, a heating rate of
10 K/s yields to 252 K�. For the fifth hydrogen atom the
corresponding Etrap� and � yield Tm=406 K for 	
=10 K /min. This leads to the conclusion that the W mono-
vacancy can be occupied with maximum of five hydrogen
atoms at RT. Using the same 	, the remaining H detrap from
W monovacancy at 443 K, 482 K, 549 K, and 560 K, respec-
tively. At higher temperatures, the empty W monovacancies
start to diffuse with Em

v =1.7 eV. This is consistent with pos-
itron annihilation studies, whereby the W monovacancies
diffuse at 600–750 K forming clusters with four to ten
vacancies.7,8

B. Hydrogen bonding to W self-interstitial and Re and Os
impurity

The �111� SIA geometry has been deduced to give the
lowest energy for the SIA configuration in the nonmagnetic
transition-metal group 6B.35 Our �111� SIA crowdion forma-
tion energy for W agrees with the other DFT calculations35,46

and with recent experiments.45 Since the �111� SIA is a qua-
siparticle extending over at least three displaced W atoms in
the forward and backward directions, the �111� SIA migra-
tion barrier was calculated with a larger 250+1 W atom
supercell. Large number of experimental results on SIA-
related recovery in bulk W can be found in the literature.48–55

Various results for activation energies, i.e., temperatures for
W SIA migration have been reported, what indicate the com-

FIG. 2. �Color online� Geometries for the lowest-energy sites of
three to six hydrogen atoms in a W monovacancy.
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FIG. 1. �Color online� Top: hydrogen atom in its ground state at
the distorted octahedral site in a W monovacancy. Hydrogen bonds
to its nearest neighbor in the vicinity of the vacancy and to the four
second-nearest neighbors surrounding the vacancy. Bottom: The
charge densities of two hydrogen atoms at their lowest energy states
bonding to their nearest-neighboring W atoms viewed on the �001�
plane.
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plex nature of the SIA energetics. Dausinger and Schultz52

annealed irradiated W samples at temperatures Ta
4.5 K
and reported W recovery at 24 K with corresponding SIA
long-range migration energy of 0.054 eV. Recovery tempera-
tures 10, 14, 30, and 53 K, corresponding to activation ener-
gies of 0.016 eV, 0.021 eV, 0.057 eV, and 0.130 eV, respec-
tively, have been reported by Townsend et al.53 for Ta above
4.2 K. Okuda and Mizubayashi50 have observed W relaxation
peaks at 8 and 27 K �Ta
4 K�. Our DFT result for the SIA
barrier height was Em

i �0.005 eV, which is well below the
majority of the experimental results, except the experimental
results by Tanimoto et al.55 where mobile SIAs below 1.5 K
were observed.

Hydrogen trapping to the �111� SIA was obtained by plac-
ing the hydrogen in the �111� plane in the vicinity of the W
adatom. The cell size was 128+1 W atoms. After relaxation,
the H ground state was found with nearly equal distances of
2.01 Å and 2.02 Å to the SIA and its first nearest neighbor
�1NN�, respectively. The SIA 1NN was displaced perpen-
dicularly from the �111� direction by 0.42 Å. The H atom’s
nearest neighbors were found on the adjacent �111� row at
distances of 1.89 and 1.91 Å. The distorted SIA geometry is
presented in Fig. 3.

It is important to note, that the SIA-H detrapping is domi-
nated by the migration barrier of the SIA since Em

i is much
lower compared to the H migration barrier. Moreover, since
Em

i is vanishing low, it follows that Etrap�Eb and Etrap� �Eb�.
For SIA-H the obtained Etrap� �Eb� of 0.43 eV �Table II� re-
sults in Tm=152 K �	=10 K /min�, which implies that a
SIA does not act as an effective H trapping site near RT.
However, the distortion caused by the presence of hydrogen
might possibly increase the formation of other defect types,

e.g., SIA clusters and SIA loops, that trap hydrogen effi-
ciently. Detrapping of hydrogen from W dislocations at
�450 K has been observed experimentally.17

The mechanical properties of W-Re and W-Re-Os alloys
have been recently studied experimentally.56,57 It has been
shown that the enrichment of W by Re and Os can lead to
ductilization of the W samples. According to our calculations
the effect of the substitutional Re and Os on the hydrogen
trapping in W cannot be determined straight forward �Table
II�. The same issue was demonstrated by the recent experi-
mental studies on deuterium trapping in Re-doped W, which
have indicated that the Re atoms do not act as an active
trapping site for hydrogen.58 However, the results in Table II
show that interstitial metallic impurities can play a role in the
H retention in W. In the presented trapping energies it is
presupposed, that the Em of interstitial Re and Os in W
equals with Em

i for W SIA. As a result, the H trapping energy
to interstitial Os �0.85 eV� corresponds to a release tempera-
ture of �300 K as 	�10 K /min.

To summarize, hydrogen trapping properties to W point
defects have been investigated using DFT calculations. The
trapping energies were calculated taking into account zero-
point vibrations of the H atom. As a result, the W monova-
cancy can act as an H reserve, with no more than five H
atoms at RT. The W SIA geometry gets distorted by the
presence of H. The interstitial Os was found as a possible H
trapping site.
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FIG. 3. The distortion of the �111� SIA produced by the H atom
�light colored sphere� in the presence of the W adatom �larger dark
sphere�. The charge densities are visualized on the background.

TABLE II. DFT results for H binding and trapping energies
�eV� including ZPE corrections. For the Interstitial-H dissociation
Etrap�Eb and Etrap� �Eb� �see text for details�.

Substitutional Eb Eb� Etrap Etrap�

Re −0.09 0.01 0.12 0.17

Os 0.02 0.12 0.23 0.32

Interstitial �111� Eb Eb� Etrap Etrap�

SIA 0.33 0.43 �0.33 �0.43

Re 0.42 0.52 �0.42 �0.52

Os 0.75 0.85 �0.75 �0.85

HEINOLA et al. PHYSICAL REVIEW B 82, 094102 �2010�

094102-4



1 ITER Physics Basis Editors, ITER Physics Expert Group Chairs
and Co-Chairs, and ITER Joint Central Team and Physics Inte-
gration Unit, Nucl. Fusion 39, 2137 �1999�.

2 A. Loarte et al., Nucl. Fusion 47, S203 �2007�.
3 K. Heinola and T. Ahlgren, J. Appl. Phys. 107, 113531 �2010�.
4 C. A. Wert, Hydrogen in Metals II �Springer-Verlag, Berlin, New

York, 1978�.
5 S. Picraux, Nucl. Instrum. Methods 182-183, 413 �1981�.
6 S. M. Myers et al., Rev. Mod. Phys. 64, 559 �1992�.
7 H. Eleveld and A. van Veen, J. Nucl. Mater. 191-194, 433

�1992�.
8 H. Eleveld and A. van Veen, J. Nucl. Mater. 212-215, 1421

�1994�.
9 A. A. Pisarev, A. V. Varava, and S. K. Zhdanov, J. Nucl. Mater.

220-222, 926 �1995�.
10 R. Anderl, R. Pawelko, and S. Schuetz, J. Nucl. Mater. 290-293,

38 �2001�.
11 O. Ogorodnikova, J. Roth, and M. Mayer, J. Nucl. Mater. 313-

316, 469 �2003�.
12 T. Ahlgren, K. Heinola, E. Vainonen-Ahlgren, J. Likonen, and

J. Keinonen, Nucl. Instrum. Methods Phys. Res. B 249, 436
�2006�.

13 K. Heinola, T. Ahlgren, E. Vainonen-Ahlgren, J. Likonen, and
J. Keinonen, Phys. Scr. T 128, 91 �2007�.

14 J. Sharpe, R. Kolasinski, M. Shimada, P. Calderoni, and R. Cau-
sey, J. Nucl. Mater. 390-391, 709 �2009�.

15 R. A. Anderl, D. F. Holland, G. R. Longhurst, R. J. Pawelko,
C. L. Trybus, and C. H. Sellers, Fusion Technol. 21, 745 �1992�.

16 A. A. Haasz, J. W. Davis, M. Poon, and R. G. Macaulay-
Newcombe, J. Nucl. Mater. 258-263, 889 �1998�.

17 S. Nagata, K. Takahiro, S. Horiike, and S. Yamaguchi, J. Nucl.
Mater. 266-269, 1151 �1999�.

18 T. Matsui, S. Muto, and T. Tanabe, J. Nucl. Mater. 283-287,
1139 �2000�.

19 V. Alimov, K. Ertl, and J. Roth, J. Nucl. Mater. 290-293, 389
�2001�.

20 J. R. Fransens, M. S. Abd El Keriem, and F. Pleiter, J. Phys.:
Condens. Matter 3, 9871 �1991�.

21 M. S. Abd El Keriem, D. P. van der Werf, and F. Pleiter, Phys.
Rev. B 47, 14771 �1993�.

22 G. Kresse and J. Hafner, Phys. Rev. B 47, 558 �1993�.
23 G. Kresse and J. Hafner, Phys. Rev. B 49, 14251 �1994�.
24 G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 �1996�.
25 P. E. Blöchl, Phys. Rev. B 50, 17953 �1994�.
26 G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 �1999�.
27 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,

3865 �1996�.
28 Y. Zhang and W. Yang, Phys. Rev. Lett. 80, 890 �1998�.
29 M. Methfessel and A. T. Paxton, Phys. Rev. B 40, 3616 �1989�.
30 H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 �1976�.
31 E. Wigner, Trans. Faraday Soc. 34, 29 �1938�.
32 H. Eyring, Trans. Faraday Soc. 34, 41 �1938�.

33 K. W. Kehr, Hydrogen in Metals I �Springer-Verlag, Berlin, New
York, 1978�.

34 K.-D. Rasch, R. W. Siegel, and H. Schultz, Philos. Mag. A 41,
91 �1980�.

35 D. Nguyen-Manh, A. P. Horsfield, and S. L. Dudarev, Phys. Rev.
B 73, 020101 �2006�.

36 C. Becquart and C. Domain, J. Nucl. Mater. 386-388, 109
�2009�.

37 P. Nordlander, J. K. Nørskov, F. Besenbacher, and S. M. Myers,
Phys. Rev. B 40, 1990 �1989�.

38 F. Besenbacher, B. B. Nielsen, J. K. Nørskov, S. M. Myers, and
P. Nordlander, J. Fusion Energy 9, 257 �1991�.

39 F. Besenbacher, B. B. Nielsen, and S. M. Myers, J. Appl. Phys.
56, 3384 �1984�.

40 S. M. Myers, P. Nordlander, F. Besenbacher, and J. K. Nørskov,
Phys. Rev. B 33, 854 �1986�.

41 S. M. Myers and F. Besenbacher, J. Appl. Phys. 60, 3499
�1986�.

42 S. R. Lee, S. M. Myers, and J. R. G. Spulak, J. Appl. Phys. 66,
1137 �1989�.

43 F. Besenbacher, S. M. Myers, P. Nordlander, and J. K. Nørskov,
J. Appl. Phys. 61, 1788 �1987�.

44 A. Satta, F. Willaime, and S. de Gironcoli, Phys. Rev. B 57,
11184 �1998�.

45 I. M. Neklyudov, E. V. Sadanov, G. D. Tolstolutskaja, V. A.
Ksenofontov, T. I. Mazilova, and I. M. Mikhailovskij, Phys.
Rev. B 78, 115418 �2008�.

46 C. Becquart and C. Domain, Nucl. Instrum. Methods Phys. Res.
B 255, 23 �2007�.

47 F. C. Tompkins, Chemisorption of Gases on Metals �Academic
Press, London, 1978�.

48 R. M. Scanlan, D. L. Styris, and D. N. Seidman, Philos. Mag.
23, 1439 �1971�.

49 R. M. Scanlan, D. L. Styris, and D. N. Seidman, Philos. Mag.
23, 1459 �1971�.

50 S. Okuda and H. Mizubayashi, Phys. Rev. Lett. 34, 815 �1975�.
51 D. N. Seidman, K. L. Wilson, and C. H. Nielsen, Phys. Rev. Lett.

35, 1041 �1975�.
52 F. Dausinger and H. Schultz, Phys. Rev. Lett. 35, 1773 �1975�.
53 J. R. Townsend, M. Schildcrout, and C. Reft, Phys. Rev. B 14,

500 �1976�.
54 K. L. Wilson, M. I. Baskes, and D. N. Seidman, Acta Metall. 28,

89 �1980�.
55 H. Tanimoto, H. Mizubayashi, H. Nishimura, and S. Okuda, J.

Phys. IV 6, 285 �1996�.
56 Y. Nemoto, A. Hasegawa, M. Satou, and K. Abe, J. Nucl. Mater.

283-287, 1144 �2000�.
57 J. He, A. Hasegawa, and K. Abe, J. Nucl. Mater. 377, 348

�2008�.
58 A. Golubeva, M. Mayer, J. Roth, V. Kurnaev, and O. Ogorodni-

kova, J. Nucl. Mater. 363-365, 893 �2007�.

HYDROGEN INTERACTION WITH POINT DEFECTS IN… PHYSICAL REVIEW B 82, 094102 �2010�

094102-5

http://dx.doi.org/10.1088/0029-5515/39/12/301
http://dx.doi.org/10.1088/0029-5515/47/6/S04
http://dx.doi.org/10.1063/1.3386515
http://dx.doi.org/10.1016/0029-554X(81)90715-1
http://dx.doi.org/10.1103/RevModPhys.64.559
http://dx.doi.org/10.1016/S0022-3115(09)80082-2
http://dx.doi.org/10.1016/S0022-3115(09)80082-2
http://dx.doi.org/10.1016/0022-3115(94)91062-6
http://dx.doi.org/10.1016/0022-3115(94)91062-6
http://dx.doi.org/10.1016/0022-3115(94)00613-X
http://dx.doi.org/10.1016/0022-3115(94)00613-X
http://dx.doi.org/10.1016/S0022-3115(00)00622-X
http://dx.doi.org/10.1016/S0022-3115(00)00622-X
http://dx.doi.org/10.1016/S0022-3115(02)01375-2
http://dx.doi.org/10.1016/S0022-3115(02)01375-2
http://dx.doi.org/10.1016/j.nimb.2006.03.025
http://dx.doi.org/10.1016/j.nimb.2006.03.025
http://dx.doi.org/10.1088/0031-8949/2007/T128/018
http://dx.doi.org/10.1016/j.jnucmat.2009.01.195
http://dx.doi.org/10.1016/S0022-3115(98)00072-5
http://dx.doi.org/10.1016/S0022-3115(98)00520-0
http://dx.doi.org/10.1016/S0022-3115(98)00520-0
http://dx.doi.org/10.1016/S0022-3115(00)00169-0
http://dx.doi.org/10.1016/S0022-3115(00)00169-0
http://dx.doi.org/10.1016/S0022-3115(00)00580-8
http://dx.doi.org/10.1016/S0022-3115(00)00580-8
http://dx.doi.org/10.1088/0953-8984/3/49/004
http://dx.doi.org/10.1088/0953-8984/3/49/004
http://dx.doi.org/10.1103/PhysRevB.47.14771
http://dx.doi.org/10.1103/PhysRevB.47.14771
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.49.14251
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.80.890
http://dx.doi.org/10.1103/PhysRevB.40.3616
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1039/tf9383400029
http://dx.doi.org/10.1039/tf9383400041
http://dx.doi.org/10.1080/01418618008241833
http://dx.doi.org/10.1080/01418618008241833
http://dx.doi.org/10.1103/PhysRevB.73.020101
http://dx.doi.org/10.1103/PhysRevB.73.020101
http://dx.doi.org/10.1016/j.jnucmat.2008.12.085
http://dx.doi.org/10.1016/j.jnucmat.2008.12.085
http://dx.doi.org/10.1103/PhysRevB.40.1990
http://dx.doi.org/10.1007/BF01059239
http://dx.doi.org/10.1063/1.333903
http://dx.doi.org/10.1063/1.333903
http://dx.doi.org/10.1103/PhysRevB.33.854
http://dx.doi.org/10.1063/1.337601
http://dx.doi.org/10.1063/1.337601
http://dx.doi.org/10.1063/1.343454
http://dx.doi.org/10.1063/1.343454
http://dx.doi.org/10.1063/1.338020
http://dx.doi.org/10.1103/PhysRevB.57.11184
http://dx.doi.org/10.1103/PhysRevB.57.11184
http://dx.doi.org/10.1103/PhysRevB.78.115418
http://dx.doi.org/10.1103/PhysRevB.78.115418
http://dx.doi.org/10.1016/j.nimb.2006.11.006
http://dx.doi.org/10.1016/j.nimb.2006.11.006
http://dx.doi.org/10.1080/14786437108217013
http://dx.doi.org/10.1080/14786437108217013
http://dx.doi.org/10.1080/14786437108217014
http://dx.doi.org/10.1080/14786437108217014
http://dx.doi.org/10.1103/PhysRevLett.34.815
http://dx.doi.org/10.1103/PhysRevLett.35.1041
http://dx.doi.org/10.1103/PhysRevLett.35.1041
http://dx.doi.org/10.1103/PhysRevLett.35.1773
http://dx.doi.org/10.1103/PhysRevB.14.500
http://dx.doi.org/10.1103/PhysRevB.14.500
http://dx.doi.org/10.1016/0001-6160(80)90043-7
http://dx.doi.org/10.1016/0001-6160(80)90043-7
http://dx.doi.org/10.1051/jp4:1996861
http://dx.doi.org/10.1051/jp4:1996861
http://dx.doi.org/10.1016/S0022-3115(00)00290-7
http://dx.doi.org/10.1016/S0022-3115(00)00290-7
http://dx.doi.org/10.1016/j.jnucmat.2008.03.014
http://dx.doi.org/10.1016/j.jnucmat.2008.03.014
http://dx.doi.org/10.1016/j.jnucmat.2007.01.110

