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Stability and clusterization of hydrogen-vacancy complexes ina-Fe: An ab initio study

Yoshitaka Tateyama and Takahisa Ohno
Computational Materials Science Center, National Institute for Materials Science (NIMS-CMSC), 1-2-1 Sengen, Tsukuba,

Ibaraki 305-0047, Japan
~Received 20 January 2003; published 14 May 2003!

By means ofab initio supercell calculations based on the density-functional theory, we have investigated
stability of hydrogen-monovacancy complexes (VHn) and their binding preferences ina-Fe. We have found
that VH2 is the major complex at ambient condition of hydrogen pressure, which corrects the conventional
model implying the VH6 predominance. It is also demonstrated that monovacancies are not hindered from
binding by the hydrogen trapping in the case of VH2 predominance. Besides, the presence of hydrogen is found
to facilitate formations of line-shaped and tabular vacancy clusters without the improbable accumulation.
These anisotropic clusters can be closely associated with the fracture planes observed in experiments on
hydrogen embrittlement in Fe-rich structural materials such as steel. The present results should suggest impli-
cations of hydrogen-enhanced vacancy activities to microscopic mechanism of hydrogen embrittlement in
those materials.
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I. INTRODUCTION

Hydrogen effects on vacancy properties in metals att
considerable attention in various points of view. Fundam
tally, several new phenomena have been recently obse
under hydrogen-rich conditions.1–4 Large volume contraction
under high hydrogen pressure was found in some metals
cluding a-Fe.1,2 This universal phenomenon was explain
by an idea of superabundant vacancy formation induced
hydrogen. Enhancement of interdiffusion at the junction
two metals3 was attributed to the difference of the hydroge
enhanced stabilization of vacancy crucial for the diffusi
process. A superlattice of hydrogen-vacancy comple
(VmHn) was observed in the x-ray analysis.4 Nevertheless,
the underlying interactions between solute hydrogen and
cancy in metals have not been fully understood yet.

In technological viewpoints, vacancy contributions to h
drogen embrittlement, hydrogen-induced degradation of
chanical properties, have been an interesting issue espec
in Fe-rich materials such as steel.5 Tensile experiments with
hydrogen charging showed that the susceptibility of stee
hydrogen embrittlement increases with the amount of str
trap sites for solute hydrogen.6 It was then suggested tha
those sites correspond to some point defects like vacanc7

However, no clear~quantitative! characterization has bee
provided on the defect states and their interactions with
drogen. Therefore, the effects of vacancy-related proce
have been still argued in spite of the plausibility.

The presence of some widely accepted models8 also
seems to prevent extensive discussion on the vacancy co
butions. As the universal models for hydrogen embrittleme
lattice decohesion,9,10 hydrogen-enhanced localize
plasticity11–14 ~HELP! and so on were already evolve
These models essentially rely on the elastic effect of inter
tial hydrogen, universal for various materials.8 Consequently,
they tend to be applied to a lot of materials without exam
nation of the hydrogen concentration. Yet, their applicat
to materials highly endothermic for hydrogen is still a mat
of discussion.
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In this context, establishment of quantitative understa
ing of hydrogen-vacancy interactions ina-Fe is quite indis-
pensable for further discussion of the microscopic mec
nism of hydrogen embrittlement in those Fe-rich materia
The knowledge obtained in such investigations will be
great use for control of material properties by changing
drogen condition.

The nature of hydrogen-vacancy complexes ina-Fe, in
fact, was extensively examined in terms of plasma-wall
teraction in fusion reactors, not hydrogen embrittleme
over a decade ago. Implantation-annealing experiments h
revealed some hydrogen trapping energies of vacancies15,16

Then, a model on multiple trapping of hydrogen in
monovacancy16,17 was proposed in conjunction with the re
sults of the effective-medium theory18 ~EMT! calculations.
This model has been referred as a settled one to date2,19

However, we should point out that the model itself still i
volves several inconsistencies.

In general, there are six sites possible to trap hydroge
a monovacancy of a bcc metal. They are located near o
hedralO sites adjacent to the vacancy20 as shown in Fig. 1.
The experiments imply two characteristic states on the
drogen trapping of monovacancy ina-Fe. The energies trap
ping a hydrogen atom from an interstitial site were estima
to be 0.63 and 0.43 eV with the help of a transport mode16

The EMT calculations, on the other hand, gave the re
that the hydrogen trapping energies for the VH and V2
formations are about 0.8 eV, while those of VH3–VH6 are
estimated between 0.45 and 0.55 eV.16,17 From these results
it was concluded that the experimental 0.63-eV state co
sponds to hydrogen trapping for VH and VH2, while the
0.43-eV state for VH3–VH6.16,17 Since the heat of solution
for interstitial hydrogen ina-Fe is 0.29 eV,21 this conclusion
implies that all of the six sites in the monovacancy are e
thermic for hydrogen. Namely, hydrogen in the VH6 com-
plex is energetically favorable than that in the H2 molecule
in vacuum. Thus VH6 is regarded as the most major compl
at ambient condition of hydrogen pressure.2,17,19

However, one can see a distinct difference in the abso
©2003 The American Physical Society05-1
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values of hydrogen trapping energies between the exp
ment and the EMT calculations. Besides, the deduced m
implies significant decrease of the monovacancy forma
energy in a-Fe by trapping six hydrogen atoms. The d
crease corresponds to the sum of heats of solution
VH–VH6 formations, which is estimated to be 1.43 eV a
cording to the above assignments.17 Since the experimenta
monovacancy formation energy is about 1.6–2.0 eV,22,23 this
energy decrease leads to a serious increase of vacancy
centration even at ambient pressure of hydrogen gas
room temperature, whereas such extreme vacancy forma
has not been reported at the condition as yet.

The model of the VH6 predominance at ambient conditio
will also affect the binding properties of vacancies. Conce
ing divacancies ina-Fe, it was reported from the empirica
potential analysis that̂100& divacancy@Fig. 2~a!#, a mono-
vacancy occupying a second nearest-neighbor site of
other, is energetically most favorable.24 With respect to the
VH6 binding, it is naively expected that the^100& divacancy
reduces the number of hydrogen trap sites and forces an
cess hydrogen atom to go out of the vacancy and occup
interstitial site. This is likely to increase the total energy
the system, which makes the vacancy binding energetic
unfavorable in the presence of hydrogen. Thus the stab
of VHn largely affects the binding preference and finally t
defect behaviors in the materials.

In order to elucidate the nature of hydrogen-vacancy co
plexes ina-Fe, thus, more precise examinations should
still indispensable. However, experimental approaches to
ute hydrogen ina-Fe are quite limited owing to the ex
tremely low solubility of hydrogen. In this context, comp
tational approach with accuracy would be a most promis
tool to address the problem.

In this paper, we investigate the stability and bindi
properties of VHn in a-Fe by means ofab initio calculations
based on the density-functional theory~DFT!.25,26Zero-point
motion energy of hydrogen, which is also important in t

FIG. 1. Schematic view of a hydrogen-monovacancy comp
VH1 in bcca-Fe. The transparent cube at the body center expre
the monovacancy. Gray spheres show Fe atoms and the black o
hydrogen. Six open circles located at the face centers of the c
lattice are octahedralO sites. Each hydrogen atom is located ne
the correspondingO site. The distance between them is referred
d throughout this paper.
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study of hydrogen, is evaluated by Schro¨dinger equation
with adiabatic potential. The results provide a different
sight into the fundamental nature of VHn complexes ina-Fe,
which can explain various experimental results in contras
the previous calculations.16,17 We then examine the energe
ics of vacancy clusters beyond divacancy in the presenc
hydrogen in a-Fe. Finally, we discuss the relevance
vacancy-related processes to hydrogen embrittlement in
rich materials from a microscopic viewpoint.

This paper is organized as follows: In Sec. II, we fir
describe the method and conditions we have used in the
culations. Some detailed formulations of the energetics
hydrogen-vacancy complexes are also presented. In Sec
we examine vacancies without hydrogen ina-Fe, mainly to
demonstrate the accuracy of our calculations. We then inv
tigate the stability of hydrogen-monovacancy complexes
their binding preferences ina-Fe. Application of the
vacancy-related processes to the hydrogen embrittlem
mechanism in Fe-rich materials is also discussed. A summ
of the present findings is presented in Sec. IV.

II. CALCULATION DETAILS

Our electronic state calculations are based on DFT.25,26

Compared to EMT used in the previous calculations, D
can equivalently deal with various chemical states such
covalent, ionic, as well as metallic bonds. Among seve
types of DFT-basedab initio calculation methods, we use
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FIG. 2. Schematic views of~a! ^100& and ~b! ^111& divacancies.
5-2



d
re
ca
s
an
d

s
f
is
R
n
n

fe
e

al
y
in

5
o

se
e-
d
ul

o
,

te

s

e
of

en

the
ure,
uld

be

y

be

e
rgy
ncy
nds
the

ll is
the

, so
me
ce
ther

tal
ent

-
he

itial

n-
re
e

ex

al

t.
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method employing plane-wave basis set along with pseu
potential technique.27 This method has an advantage that
laxed atomic configurations as well as electronic states
be easily and accurately calculated. For defect propertie
3d transition metals where localized electronic states
atomic relaxations are important, the method we employe
most suitable.

In this study, we use theab initio codeSTATE developed
by Morikawaet al.28 to carry out electronic state calculation
and structure optimizations. We utilize an ultraso
pseudopotential.29 The cutoff energies of plane-wave bas
for wave functions and augmented charge are 25 and 289
respectively. A spin-polarized generalized gradie
approximation30 ~GGA! is used for the exchange-correlatio
energy. GGA is known to be essential to obtain the bcc
romagnetic phase as the ground state of iron at z
pressure.31 Taking spin polarization into account is cruci
for the vacancy stability ina-Fe, since the monovacanc
formation energy is found to vary with the magnetic state
the previous studies.22,32

Most of our calculations use a supercell consisting of
bcc sites, aiming at accurate estimation of point defect pr
erties. We use 27k points for integration of full Brillouin
zone~FBZ! of the supercell. This is equivalent to making u
of about 1500 points for FBZ of the bcc primitive cell. Pr
liminary calculations to fix this condition will be describe
below. These conditions give lattice constant (2.85 Å), b
modulus ~152 GPa!, and magnetic moment (2.24mB) of
pure a-Fe, in good accordance with the results
experiments33 and other accurate calculations with GGA34

as shown in Table I.
Energies of hydrogen-vacancy complexes are calcula

by means of formulations in the supercell scheme.35 In this
scheme, monovacancy formation energy is formulated a

E1V
F 5e~1,0,V!2

N21

N
e~0,0,V0!. ~1!

Throughout this paper,N is the number of lattice sites in th
supercell, ande(NV ,NH ,V) denotes the calculated energy
the supercell involvingNV vacancies andNH hydrogen at-
oms at the cell volumeV. The volumeV0 means the equilib-

TABLE I. Lattice constanta0 (Å), bulk modulusB0 ~GPa!, and
magnetic momentM0 (mB per atom! of purea-Fe obtained in our
ab initio calculations with the results of other calculations and
periments~Ref. 33! Calculated heat of solution for interstitial~sol-
ute! hydrogenEs ~eV/H! is also compared with the experiment
values.

Our calculations Other calculations Exp

a0 (Å) 2.85 2.86,a 2.76b 2.86
B0 ~GPa! 152 155,a 235b 168
m0 (mB per atom! 2.24 2.32,a 2.05b 2.22
Es ~eV/H! 0.34 0.29c

aReference 34; GGA results.
bReference 34; LDA results.
cReference 21.
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rium one of the supercell for the perfect lattice. This is oft
expressed asNV0, whereV0 is the equilibrium atomic vol-
ume in the perfect lattice.

There are several manners to deal with the volumeV of
the supercell containing a monovacancy, depending on
targets to be examined. In terms of enthalpy at zero press
H1V

F (p50), the relaxed volume to the given pressure sho
be used. In this case, the vacancy formation volume can
obtained by the following formulation:

V1V
F 5V2~N21!V0 . ~2!

The relaxation~contraction! volume due to the monovacanc
formation is expressed asV02V1V

F . These quantities are
inherent properties of the monovacancy, and thus should
independent of the supercell size.

If the supercell is large, the ratio of the relaxation volum
to the total one becomes quite small. In this case, ene
change caused by the volume relaxation due to the vaca
formation can be negligible, since the elastic energy depe
on the volume ratio, not the absolute volume. Thus
constant-volume manner fixing the supercell volume toV0
5NV0 becomes reasonable if a large enough superce
used. In the present conditions, the energy changes by
volume relaxations are found too small as described later
that we primarily use the results within the constant-volu
manner in the following discussion. Note that local latti
relaxations essential for defect properties are, on the o
hand, carried out in all of the present calculations.

Following these formulations, we have defined the to
energy of arbitrary hydrogen-vacancy complex at ambi
condition of hydrogen pressure~chemical potential!. The to-
tal energy of VmHn at the supercell volumeV, E(m,n,V), is
expressed as

E~m,n,V!5e~m,n,V!2
N2m

N
e~0,0,V0!2

n

2
eH2 , ~3!

whereeH2 is the total energy of H2 molecule in vacuum. The
monovacancy formation energyE1V

F described above corre
sponds toE(1,0,V). This expression is easily extended to t
case of finite chemical potential of H2 molecule (mH2) as
follows:

E~m,n,V;mH2!5E~m,n,V!2
n

2
mH2 . ~4!

The hydrogen-trapping~binding! energy for VmHn ,
which is defined as the energy gain by trapping an interst
hydrogen atom into a vacancy site to form VmHn , is ex-
pressed as follows:

Etrap~m,n!5$E~m,n21,V8!1E~0,1,V1!%

2$E~m,n,V!1E~0,0,V0!%, ~5!

whereE(0,1,V1) denotes the total energy of the system co
taining one interstitial hydrogen atom. Although there a
several volumes in this formulation, which leads to som

-
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YOSHITAKA TATEYAMA AND TAKAHISA OHNO PHYSICAL REVIEW B 67, 174105 ~2003!
complications in the calculations, negligible energy variat
to the volume change clears off such difficulties.

As the interstitial hydrogen state ina-Fe, we suppose a
hydrogen atom located at a tetrahedral~T! site. As is known,
the ground state of interstitial hydrogen ina-Fe has been stil
a matter of discussion, since a delocalized state tunne
among some potential minima was suggested to
possible.19 We have extensively examined this problem a
concluded the hydrogen localized around aT site to be the
ground state, which will be described elsewhere in deta36

Zero-point motion energy for such hydrogen at aT site has
been calculated by means of the Schro¨dinger equation with
an adiabatic potential evaluated byab initio calculations. The
resultant energy is 0.20 eV/H.

Heat of solution for the interstitial hydrogen state is c
culated as the energy difference from that of H2 molecule in
vacuum. In conjunction with hydrogen atom energy in ourab
initio calculations and the experimental dissociation ene
of H2 molecule,37 we have obtained 0.32 eV/H of the heat
solution. This is in good agreement with the experimen
value of 0.29 eV.21

Regarding zero-point motion energies for VHn com-
plexes, we found that those in VHn(n51 –4) are very simi-
lar ~0.135–0.145 eV/H!. Potential curvature perpendicular
the nearby$100% plane increases withn, while oscillation
energy along the parallel directions becomes small. Base
these results, we employ 0.14 eV/H, the average so far,
zero-point motion energies of all the complexes. In pract
we add 0.14n to e(m,n,V) in Eq. ~3!, which almost cancels
out the zero-point motion energy of (n/2) H2 molecules
~0.14 eV/H! included in the last term of Eq.~3!. It is found
that this approximation does not affect the conclusions.

In the exploration of binding possibility of VHn com-
plexes, we examine two types of divacancies, monovac
cies aligned in thê100& and in thê 111& directions. This is
because it was reported that the former is the most stable
the latter is the next in the early work on vacancies ina-Fe
using classical potentials.24 Their schematic views are show
in Fig. 2.

III. RESULTS AND DISCUSSION

A. Vacancies without hydrogen

First, we have calculated vacancy properties without
drogen in order to search optimal calculation conditions a
evaluate the energy convergence. Here we calculate e
tronic states in metallic systems, so that dependence of e
gies on thek-point density in the calculation is one issue
be checked. The total energy of perfect lattice and sev
vacancy formation energies with respect to the effect
number ofk points for FBZ of the bcc primitive cell (Nk

0) are
shown in Table II. TheDEtot indicates that the convergenc
for the perfect lattice is achieved aroundNk

05432. The va-
cancy formation energies seem to be converged in the s
condition within an error of 0.1 eV, whereas the relative s
bility of the two divacancies is not converged yet. Thus
employ theNk

051458 condition, namely, a 54-sites superc
with 27k point. These data clearly show that a more sev
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condition is necessary for convergence of defect-rela
energies than the case of perfect lattice.

Comparison with respect to the supercell size is anot
matter of concern. The vacancy formation energy (V5V0),
enthalpy at zero pressure~relaxedV), and the formation vol-
ume are listed in Table III, where the results of 54-site a
128-site supercells are shown. The difference in the abso
energies is found to be about 0.1 eV. This does not a

TABLE II. Representative energies ofa-Fe calculated in the
Ns-site supercell withNk k points. The number ofk points in the
bcc primitive cell corresponding to each condition is expressed
Nk

0 . DEtot ~eV/atom! is total energy of perfect lattice compared
that in the 54-site supercell with 27k points which we mainly
used in this study. The formation energies of monovacancyE1V

F ,
^100& divacancyE2V,100

F , and ^111& divacancyE2V,111
F are also

shown in eV.

Ns Nk Nk
0 DEtot E1V

F E2V,100
F E2V,111

F

54 1 54 20.108 2.37 4.56 4.37
128 1 128 0.046 1.85 3.62 3.59
54 8 432 20.007 2.02 4.01 4.00
128 8 1024 20.005 2.10 3.96 4.02
54 27 1458 0 2.00 3.85 3.92
54 64 3456 20.004 2.04 3.91 3.97

TABLE III. Formation energies without volume relaxationEX
F

~eV!, enthalpies for the relaxed volume at zero pressureHX
F ~eV!,

and formation volumesVX
F(/V0) in a-Fe calculated by use of a

54-site supercell (27k points! and a 128-site one (8k points!. Note
that all the present results take local lattice relaxations into acco
The results of previousab initio calculations ~LSGF-LDA,
FPLMTO-LDA, PWPP-GGA! are also listed. Details of those ca
culations are described in the text. Experimental results are
shown.

EX
F HX

F VX
F

X ~eV! ~eV! (/V0)

V
54-site 2.00 2.00 0.86
128-site 2.10 2.09 0.80
LSGF-LDAa 2.25 0.55
FPLMTO-LDAb 2.76
PWPP-GGAc 1.95 0.90
Expt.d 1.6–2.0 0.95

V2^100&
54-site 3.85 3.84 0.65
128-site 3.96 3.95 0.70

V2^111&
54-site 3.92 3.91 0.74
128-site 4.02 4.01 0.72

aReference 32.
bReference 38.
cReference 39.
dReferences 22 and 23.
5-4
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STABILITY AND CLUSTERIZATION OF HYDROGEN . . . PHYSICAL REVIEW B67, 174105 ~2003!
binding preference of the two monovacancies as well as r
tive stability between the two divacancies. Regarding the
mation volume, the relative magnitude is not changed by
supercell size. Thus convergence even on the divaca
properties is achieved in the 54-site supercell with 2k
points, which allows us to examine binding behaviors
monovacancies.

The effects of volume relaxation have also been check
Energy reduction by the volume relaxation are found to
within 0.01 eV for both monovacancies and divacancies
the present conditions. This demonstrates that the size
54-site supercell is sufficiently large, and allows us to disc
the present problems with the constant-volume manner.

Finally, we make a comparison with results of other c
culations and experiments. Calculations using locally s
consistent Green’s function32 ~LSGF! and full-potential lin-
ear muffin-tin orbital38 ~FPLMTO! methods rather
overestimate the monovacancy formation energy and un
estimate the formation volume. This is mainly ascribed
their way that only volume relaxation was included. Als
local-density approximation~LDA ! has some contribution
On the other hand, inclusion of local lattice relaxation a
use of GGA gave much better formation energy a
volume,39 where theab initio method using plane-wave bas
with pseudopotentials~PWPP!, equivalent to ours, is used
These again ensure that our investigation taking local lat
relaxation into account and using GGA is quite reasona
for the present targets.

B. Stability of hydrogen-monovacancy complexes

Hydrogen trapping energies for VHn are shown in Fig. 3
with the EMT and experimental results. Note that the EM
results involve the zero-point motion effects of hydrogen
well as ours. We found that the VH6 formation has almos
zero in the trapping energy. The energies for VH and V2

FIG. 3. Calculated hydrogen trapping energies ina-Fe ~filled
circles!. The open circles and arrows show the results of EMT c
culations and experiments, respectively. The energies at a inters
site ~origin! and in H2 molecule in vacuum at ambient condition a
shown by horizontal broken and solid lines, respectively. The2

energy minus the VHn one corresponds to the heat of solution at t
H trapping from vacuum into VHn21 forming VHn .
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formations are about 0.60 eV, which correspond to
0.63-eV state in experiments. Also, the experimental 0.43
state is regarded as VH3 formation, because the trapping e
ergy is 0.40 eV in our calculations. Agreement between
trapping energies and experimental values is quite go
compared to the EMT results.16,17

The heat of solution for VHn , which is the energy com-
pared to H2 molecule in vacuum at ambient condition, su
gests that VH and VH2 are completely exothermic for hydro
gen and almost zero is VH3. On the other hand, the VH4 and
VH5 formations are slightly endothermic, and the sixth h
drogen in VH6 has no energy gain at the trapping from
interstitial site. These indicate that VH2 is the major complex
at ambient condition owing to the large negative heat of
lution for hydrogen, and slight increase of chemical poten
of H2 may lead to an increase of the VH3 population. This
conclusion is in good agreement with the experimental
servation that the 0.63-eV state exists even at ambient c
dition, while the 0.43-eV state appears with increase of
planted hydrogen isotopes.16 It is also consistent with the
observation of 0.46 eV of hydrogen-trapping energy af
quenching from high H pressure.2 Hence our calculations
well explain the experiments quantitatively as well as qua
tatively, in contrast to the conventional model based on
EMT results. In consequence, it is demonstrated that the
jor complex in a-Fe at ambient condition of hydroge
chemical potential is VH2, not VH6 as believed to date.

Hydrogen effects on vacancy concentration~formation!
are also very interesting. The formation energy of VHn is
defined as the monovacancy formation energy minus the
of heats of solution for VH1–VHn . At ambient condition of
hydrogen pressure, the VH2 formation energy is 1.51 eV in
our calculations. This does not lead to an unrealistic la
amount of vacancy formation resulting from the conve
tional model as described above. We should point out that
VH2 formation energy is lower than the monovacancy fo
mation without hydrogen by about 0.5 eV at ambient con
tion. According to Boltzmann statistics at 300 K, this ener
reduction leads to a 107 times increase of vacancy density b
trapping two hydrogen atoms. Thus enhancement of vaca
formation in the presence of hydrogen is still very rema
able. This result is a clear evidence of enhancement of
cancy formation by ‘‘hydrogen trapping’’ suggested by Fuk
and co-workers.1,2

What determines the stability of VHn? We first examine
the problem in terms of the electronic states of VHn . Figure
4 shows densities of states~DOS! in the V and VH2 com-
plexes. The DOS of VH2 indicates that a new state appea
below the 4s band of purea-Fe by trapping hydrogen atom
in monovacancy. Partial electron density of these new st
clearly indicates Fe 3d-H1s hybridization as shown in Fig
5. This hybridization is responsible for the large hydrog
trapping energies for VH2 ~and VH! formation through the
termination of broken Fe bonds.

The new state has a bonding character mainly consis
of H 1s orbital and is doubly occupied by electrons. Th
indicates electron transfer to the region around the hydro
atoms from the neighbor Fe. The resulting negativ
charged hydrogen atoms repel each other. The repulsive
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YOSHITAKA TATEYAMA AND TAKAHISA OHNO PHYSICAL REVIEW B 67, 174105 ~2003!
teraction seems to become more dominant with increas
the number of trapped hydrogenatoms. This can explain
abrupt decrease of hydrogen trapping energies for VHn(n
>3). Consequently, the competition between hybridizat
and Coulombic repulsion makes VH2 the major complex at
ambient condition. These results demonstrate that the E
method is not adequate to the present system, becau
mainly deals with hydrogen interaction with delocaliz
states~e.g., Fe 4s) of electrons.18

FIG. 4. Density of states for up- and down-spins in the V a
VH2 complexes ina-Fe. New states clearly appearing in the VH2

are pointed by black arrows. The energy origin is set to the Fe
energy.
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This view is supported by change of hydrogen positio
depending on the number of hydrogen atoms in the mono
cancy. The distances between hydrogen atoms and the c
spondingO sites in each VHn complex are shown in Fig. 6
We found that the distances do not alter between VH a
VH2, suggesting that the hybridization effect prevails
these complexes. Atn>3, on the other hand, the distanc
gradually decreases withn. This agrees with the explanatio
that the repulsion effect becomes effective in those co
plexes.

i

FIG. 6. Distances between hydrogen atoms and the corresp
ing O sites in the VHn complexes ina-Fe. Closed and open circle
show the maximum and minimum distances. Owing to the la
symmetry breaking, the differences among the distances are lar
the VH3 and VH5 complexes.
gy
s
te
ly
are

H
ity
FIG. 5. ~Color! Atomic configurations and
partial charge densities of the minimum-ener
structure of VH2. Yellow and red spheres expres
Fe and H atoms, respectively, while the whi
diamond indicates a vacancy. For visibility, on
Fe atoms and bonds surrounding the vacancy
shown. The three-dimensional~3D! isosurfaces
around H show the partial charge density (r
50.004) of the new states appearing with the
trapping. Orange 2D contours express the dens
(r50 – 0.002) on the~010! plane through the H
atoms, which clearly demonstrate Fe 3d–H 1s
hybridization.
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STABILITY AND CLUSTERIZATION OF HYDROGEN . . . PHYSICAL REVIEW B67, 174105 ~2003!
When a hydrogen atom is put at the substitutional posit
in the examinations of VH stability, we found that the hydr
gen relaxes to the equilibrium position without any barri
We also put H2 molecule in the vacancy. But H2 dissociates
and moves to the equilibrium positions. This suggests tha
the vacancy cluster is small, H2 molecule could not survive
in the cluster. So, the previous models on hydrogen e
brittlement where accumulated H2 pressure expands th
voids leading to crack initiation may be questionable in
initial stage.

Our results can be also compared with those in the exp
ment using high hydrogen gas pressure. According to S
imoto and Fukai,40 compressive H2 pressures of 1 and 2 GP
at 500 K approximately correspond to H2 chemical potentials
mH2 of 0.56 and 0.72 eV, respectively. Using these pot
tials, we have calculated the formation energies of VHn at
these H2 pressures, which are shown in Fig. 7. The res
clearly indicates that negative formation energy is realiz
between 1 and 2 GPa in H2 pressure. This is in excellen
agreement with the observation of superabundant vaca
formation in a-Fe at 1.7 GPa of H2 pressure.2 In such a
pressure region, VH5 and VH6 become the major complexe

C. Hydrogen effects on vacancy clusterization

We next investigate binding preference of VHn complexes
in a-Fe. The binding energy~energy gain at the binding! of
two VHn complexes is calculated by means of followin
formulation:

Eb5E~2,2n,V8!1E~0,0,V0!22E~1,n,V!. ~6!

Each term in the right-hand side of the formulation is ind
pendently calculated with the corresponding relaxed volu
(V or V8), in principle. However, owing to the convergenc

FIG. 7. Total energies of VHn in several chemical potential
~pressures! of hydrogen gas. The potentialsmH250,0.56, and 0.72
eV correspond to 0, 1, and 2 GPa of H2 pressures. Between 1 and
GPa, negative vacancy formation energy is realized, which is
good agreement with the experimental observation of supera
dant vacancy formation at the H2 pressure of 1.7 GPa.
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of the present supercell size as described above, we prim
use the constant-volume manner. The results are liste
Table IV.

In the case without hydrogen (n50), binding energies to
the ^100& and^111& divacancies are calculated to be10.15
and10.08 eV, respectively. Unfortunately, no experimen
data are available for comparison. However, the same r
tive stability and similar energy difference for the two div
cancies were obtained in the recentab initio calculations
with the VASP code as well.39 Thus the preference tô100&
divacancy may be regarded as the conclusion in terms oab
initio GGA calculations. Note that, surprisingly, the stud
using classical Johnson’s potential over three decades
came to the same conclusion.24

As described in Sec. I, the binding of VH6 complexes is a
matter of concern. We have calculated two binding mann
one is the formation of V2H12, and V2H11 ~with an intersti-
tial hydrogen atom escaping from the cluster! is the other.
The results have clarified that both these processes are
getically unfavorable, as previously expected. Therefore,
lowing the conventional model based on the VH6 predomi-
nance at ambient condition, one might have conclud
that the vacancy binding is unfavorable in the presence
hydrogen.

However, the present finding of the VH2 predominance
leads to the opposite conclusion. The V2H4^111& formation
by binding two VH2 complexes is found to have a bindin
energy of10.18 eV, thereby being energetically favorab
~Table IV!. Thus we can conclude that the vacancy binding
preferred in the presence of hydrogen at ambient condit
Furthermore, the binding energy is larger than those with
hydrogen~e.g.,10.15 eV), so that the presence of hydrog
is likely to slightly facilitate~or not to suppress at least! the
binding processes. The minimum-energy configuration of

in
n-

TABLE IV. Calculated binding energies of VHn complexes in
a-Fe. Positive energy indicates that the binding is energetic
favorable. The energies for the rigid as well as relaxed Fe latt
are listed, where hydrogen positions are fully relaxed in both ca
The former energy reflects the electronic~chemical! contribution to
the binding, while the difference between the two energies in
same system reveals the effect of local lattice relaxation.

Reactants Products Eb ~eV!

Relaxed Fe lattice
2 V V2^100& 10.15
2 V V2^111& 10.08
2 VH2 V2H4^100& 20.06
2 VH2 V2H4^111& 10.18
2 VH6 V2H12̂ 100& 22.60
2 VH6 V2H11̂ 100&

1Interstitial H 20.57

Rigid Fe lattice
2 V V2^100& 10.21
2 V V2^111& 10.19
2 VH2 V2H4^100& 20.06
2 VH2 V2H4^111& 10.27
5-7
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YOSHITAKA TATEYAMA AND TAKAHISA OHNO PHYSICAL REVIEW B 67, 174105 ~2003!
drogen atoms in the V2H4 complex shows that orientation
of the hydrogen pairs in both VH2 constituents are aligned i
the same direction. This suggests that the atomic config
tion of VH2 ~Fig. 5! can be a directional unit to the formatio
of larger VnH2n clusters@Fig. 8~a!#.

Based on these results, we explore the larger cluster
mations. Here we divide the binding energy of each vaca
cluster into the contributions from the electronic rearran
ment and from the local lattice relaxation. The former
obtained by calculating the energy without any lattice rel
ation, namely in the rigid Fe lattice. The difference betwe
this energy and the fully-relaxed one corresponds to the lo
lattice relaxation effect. We show the binding energies
some clusters in the rigid lattice in Table IV as well.

Without hydrogen, electronic contributions of the bindin
energies are about10.2 eV~10.19 or10.21 eV!, while the
local lattice relaxation effects are roughly20.1 eV~20.06 or
20.11 eV!. Accordingly, the former positive contribution o
the electronic rearrangement at the binding is found m
dominant. This intrinsic preference of the binding impli
that the total binding energies for Vn cluster at arbitraryn
will be also positive.

We also found that the lattice relaxation effects primar
make a difference betweenV2^100& andV2^111&. Examina-
tion of the local lattice relaxations indicates that theV2^100&
cluster has larger relaxation around the binding region. T
seems responsible for more increase of the binding ene
namely decrease of the total energy. These indicate th
cluster allowing larger lattice relaxation, namely a mo
compact~spherical! cluster, is energetically favorable in th
case without hydrogen as shown in Fig. 8~b!. The same con-
clusion was obtained in Ref. 24 for Vn with largen.

If the ^111& binding is predominant, formation of large

FIG. 8. Schematic view of probable vacancy cluster configu
tions. ~a! The light gray cube denotes monovacancy without
while the dark one indicates the directional VH2 unit where the
black plane expresses H occupation near the plane. A probable
figuration without H is shown in~b!. A line-shaped, a tabular$110%
as well as a tabular$100% VH2 clusters probable in the presence
hydrogen are shown in~c–e!, respectively.
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clusters of the VH2 complexes seems likewise energetica
favorable in terms of the context that the electronic con
bution ~involving hydrogen relaxation in this case! for the
^111& binding (10.27 eV) overcomes the lattice relaxatio
effect. On the other hand, there is another characteristi
the clusterization of VH2. The energy gain by Fe-H hybrid
ization in the VH2 formation is 0.5 eV/H2. If a hydrogen
atom in a VH2 complex loses its site at the binding, th
energy loss of 0.25 eV/H for the Fe-H bonding is expected
the binding energy. Since this energy is larger th
10.18 eV, the loss of hydrogen sites finally leads to t
negative binding energy. As a consequence, this Fe-H
bridization is also predominant in the energetics of (VH2)n .

These considerations indicate that VH2 complexes are
likely to favor not only line clusters along thê111& direc-
tions but also tabular ones along$110% or $100% plane as
shown in Fig. 8, so as to keep the hydrogen sites as we
the ^111& binding networks. Thus we have found that th
presence of hydrogen will induce anisotropic clusterizatio
of vacancies ina-Fe. This finding will be crucial for under-
standing various phenomena induced by hydrogen as we
more active applications such as control of internal defe
by hydrogen.

D. Potential vacancy contributions to hydrogen embrittlement

Our present findings of the hydrogen effects on vaca
properties in a-Fe will present not only a fundamenta
progress in defect physics but also a breakthrough to el
date microscopic mechanism of hydrogen embrittlemen
Fe-rich materials. Here we discuss possible implications
the hydrogen-enhanced vacancy activities~HEVA! in the hy-
drogen embrittlement phenomena.

The anisotropic vacancy clusterization induced by hyd
gen can be directly linked with anisotropy observed in s
eral fracture experiments. The$110% clusters are the first rea
sonable theoretical evidence of the enhancement of frac
along these slip planes of bcc metals experimenta
observed.41,42 Since^111& are slip directions of bcc metals
the vacancy rows along these directions can be conne
with the dislocation motions, which is also likely to contrib
ute to fracture along the slip planes. On the other hand,
$100% tabular clusters directly lead to the void formation
crack nucleation on these cleavage planes ofa-Fe. This is
also consistent with fractures on these planes observe
some experiments.42

Moreover, the hydrogen-induced decrease of vacancy
mation energy will be associated with the experimentally o
served enhancement of dislocation mobility in the prese
of hydrogen as the elastic shielding mechanism based
interstitial hydrogen.12–14 Several dislocation motions suc
as cutting or jog climb-up are known to be accompanied
vacancy formations. In particular, the cutting motions are
great importance in a region with a high dislocation dens
such as the region ahead of a crack tip. The formation ene
decrease could be regarded as falloff of activation ener
for such dislocation motions, so that it may contribute
increase of the dislocation mobility experimental
observed.41,43

-
,

on-
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STABILITY AND CLUSTERIZATION OF HYDROGEN . . . PHYSICAL REVIEW B67, 174105 ~2003!
In addition to the consistent explanations of experimen
results, the HEVA has some advantages to the atomic-s
mechanism of hydrogen embrittlement in Fe-rich mater
compared with the interstitial hydrogen effects dominan
discussed to date. As described in Sec. I, whether conce
tions of interstitial hydrogen in highly stressed regions ah
of a crack tip are sufficient for the propagation has been
a long-standing issue in the endothermic materials. On
contrary, the vacancy-related processes provide a scen
that large (107 fold! increase of the concentration may occ
without improbable accumulation of hydrogen.

Hydrogen-induced anisotropic vacancy clusters give
clear view to ‘‘material thinning,’’ an ambiguous conce
used to date in the mechanisms with interstitial hydrog
Compared to the preference of isotropic vacancy cluster
the case without hydrogen, the hydrogen trapping indu
vacancy clusters with tabular shapes. This hydrogen effec
the shape of vacancy clusters can be closely related
hydrogen-enhanced generation of microcracks that are
planar voids.

We discuss the processes in the monovacancy forma
and clusterization more intensively. For the former proce
Frenkel-pair formations have considerably high activat
energies.44 Thus monovacancy formations accompanyi
with dislocation motions as well as near surface regions
more probable processes. Regarding the clusterization,
lescence of vacancies generated in distant regions is ra
unlikely, since vacancy migration is suppressed by the
drogen trapping.45 In this respect, the relationship with dis
location motions that can directly introduce combined v
cancy rows is of great importance for microcrack generat
in highly deformed regions away from the surface.

Summarizing these results and considerations, HE
through HEVA is expected to be a promising mechanism
hydrogen embrittlement in Fe-rich materials. Owing to t
relation with dislocation, the adsorption-induced dislocat
. A
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emission46 through HEVA might be also probable. In order
establish what microscopic effects are crucial, fair compa
son between interstitial hydrogen and hydrogen-vaca
complex is still indispensable, which is now under stud
Nevertheless, our present results strongly suggest
hydrogen-enhanced fracture through vacancy processe
expected to be more relevant to the microscopic mechan
of hydrogen embrittlement in Fe-rich materials.

IV. CONCLUSIONS

In conclusion, we have examined energetics of stabi
and clusterization of hydrogen-vacancy complexes ina-Fe,
by means ofab initio supercell calculations. We have pre
sented theoretical evidences of the hydrogen-enhanced
cancy formation ina-Fe, suggested in experiments. In pa
ticular, we have demonstrated a new stability of t
hydrogen-monovacancy complexes, which corrects the c
ventional model frequently referred to date. Besides,
have predicted hydrogen-enhanced anisotropic vacancy c
terization based on our extensive calculations. These res
are robust evidences for the relevance of vacancy-rela
processes to the atomic-scale mechanism of hydrogen
brittlement in Fe-rich materials, which have hardly been d
cussed as yet. Although further clarifications of hydrog
effects are still necessary, this point of view may be of gr
use for full understanding of the whole mechanism in tho
materials.
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