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Ab initio calculations of defects in Fe and dilute Fe-Cu alloys
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Point defects in Fe and dilute FeCu alloys are investigated byab initio calculations based on density
functional theory. The relaxed vacancy and interstitial and substitutional Cu atom formation energies are
determined as well as some migration energies. The binding energies of various Cu containing defects believed
to play an important role in the embrittlement of pressure vessel steels under radiation are calculated and
discussed. The results are consistent with a Cu transport via a vacancy mechanism. The introduction of a Cu
atom decreases the energy difference between the^110& dumbbell and thê111& dumbbell configurations, and
should make the dumbbell rotation motion easier. Theab initio results are compared to the figures obtained
with empirical interatomic potentials. The convergence of the results with the simulated system size is exam-
ined.

DOI: 10.1103/PhysRevB.65.024103 PACS number~s!: 61.72.Ji, 71.15.Mb, 71.20.Be
ll
e
ity
. I
oi
b
e

tt
ls
o

stu

b

e

r
f

er
th

ia
nv

cy
e
n
-

th
ou

on
ti

ct
in

sev-
role

al-
u-

ed
e-
le-
uce
ion
se in

y
at-

f-

n-
We
tials
ent
e

ell
or

nd
and
s of
nal
Fe.
r to
nd
tion
I. INTRODUCTION

Point defects~vacancies and interstitials! directly affect
the kinetics and thermodynamics of metals and intermeta
alloys and it is thus very important to develop a good und
standing of their properties, i.e., their structure and mobil
as well as the interactions they can have with impurities
the case of radiation damage studies, knowledge of p
defect properties is a crucial issue, not always availa
through experimental means. For instance, the displacem
cascades induced by the interaction of neutrons with ma
result in the formation of many vacancies and interstitia
the evolution of which affects the mechanical properties
the materials. Furthermore, radiation damage has been
ied using atomic scale simulations~molecular dynamics and
Monte Carlo methods! with empirical interatomic potentials
for a long time; however the results are greatly affected
the potential used in the calculations,1 and it is necessary to
validate the potentials, in particular the point defect prop
ties they predict.

However, experimental data on point defects are sca
even for Fe which has been extensively studied because o
technological importance. Indeed it is not so easy to exp
mentally determine precisely atomic quantities such as
formation energy of a single vacancy or that of an interstit
Furthermore, these quantities are affected by the local e
ronment~for instance, the impurities! of the defect which is
very difficult to probe. The controversy over the vacan
migration energy in Fe~see results on the monovacancy b
low! is a typical example of the influence of environme
and the role of impurities.Ab initio calculations have there
fore an important role to play. Theab initio point defect
calculations have been mostly dedicated to the study of
vacancy in pure elements, mainly nonmagnetic. To
knowledge, there have been almost noab initio calculations
of the vacancy migration energy or the interstitial formati
energies, for which accurate atomic relaxations are essen
0163-1829/2001/65~2!/024103~14!/$20.00 65 0241
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Only a fewab initio studies have been devoted to the effe
of interstitial impurities; see, for instance, the study of Mo
Yb metal2 or Fe in hcp metals.3

In the nuclear industry, pressure vessel steel contains
eral elements; among them copper seems to play a key
in embrittlement under irradiation. In this context, FeCu
loys are studied experimentally as well as by computer sim
lations as model alloys.

We present in this work results obtained for the relax
formation, migration, and binding energies of various d
fects, presumed to play an important role in the embritt
ment of power reactor steels. Because point defects ind
large lattice strain, the precise computation of the format
energies necessitates large supercells. Despite the increa
computational power, it is still very difficult to simulate b
ab initio supercells containing more than a few hundred
oms.

The ab initio calculations were performed using two di
ferent methods~see computational procedures! which com-
bination allows us to give a good estimate of the fully co
verged property despite limitations of the supercell size.
have also used molecular statics and semiempirical poten
designed to simulate FeCu alloys with supercells of differ
sizes~up to a few thousand atoms! to assess the convergenc
of the calculations with supercell size.

For some defects, the influence of the superc
relaxation—full relaxation as opposed to constant volume
ionic relaxation—is examined.

The paper is organized as follows: First, we present a
discuss briefly the relative phase stabilities in pure Fe
pure Cu. We then examine the structure and energetic
simple point defects in Fe and calculate the substitutio
energy and the migration energy of a single Cu atom in
We then calculate some binding energies which appea
play a crucial role in the formation of the Cu precipitates a
the Cu-rich objects observed to form under neutron radia
in FeCu alloys as well as in pressure vessel steels.4,5
©2001 The American Physical Society03-1
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II. METHODOLOGY

A. Ab initio calculations

Ab initio calculations based on density functional theo6

~DFT! have now demonstrated their capability to tre
enough atoms for investigating a large field in materi
science.7 Our calculations have been performed using
Vienna ab initio simulation packageVASP.8–10 The calcula-
tions were performed in a plane-wave basis, using fully n
local Vanderbilt-type ultrasoft pseudopotentials to descr
the electron-ion interaction.11 Exchange and correlation wer
described by the Perdew-Zunger functional,12 adding a non-
local correction in the form of the generalized gradient a
proximation~GGA! of Perdew and Wang.13 All the calcula-
tions except when mentioned in the text were done in
GGA. The pseudopotentials were taken from theVASP li-
brary. For Fe, six 3d electrons are considered as valen
ones together with two 4s ~the reference state is more pr
cisely 3d6.24s1.8). For Cu, 11 valence electrons are used: o
4s and ten 3d ~reference 4s13d10). The energy cutoff for the
plane-wave basis set used throughout this work was 350
for atomic and cell relaxation calculation and 240 eV f
relaxation of the atomic position at constant volume. T
supercell approach with periodic boundary conditio
~PBC’s! was used to simulate point defects as well as p
phases. Brillouin zone~BZ! sampling was performed usin
the Monkhorst-Pack scheme.14 For the pure element calcula
tions, where small supercells can be used, the converg
within 1 meV per atom with respect to the discrete BZ sa
pling was achieved using ak point density around 6000Va

whereVa is the Fe atomic volume. Forces were compu
using the method derived by Feynman.15 Volume and ions
relaxations were performed using the standard conjug
gradient algorithms implemented in theVASP code. During
the relaxation runs, the BZ integration was achieved usin
Methfessel-Paxton smearing ofs50.2 eV,16 and once the
relaxation was completed, accurate total-energy calculat
were performed without smearing using the tetrahed
method.17 In order to calculate local quantities such as t
local density of states or the local magnetic moment, i
necessary to introduce atomic radii to proceed to local p
jections on some orbitals (s, p, andd). The values adopted
throughout this work are the recommended ones, 1.302
1.312 Å for Fe and Cu, which correspond approximately
their atomic radii. The defect calculations were also p
formed at constant volume, thus relaxing only the atom
position in a supercell dimensioned with the equilibrium l
tice parameter for Fe. This allows one to use a smaller pla
wave cutoff radius of 240 eV. These calculations will be la
referred to as the constant volume relaxation. We chec
that the error induced by this lower cutoff radius is neg
gible. For instance, we found it to be around 5 meV for t
binding energies calculated with supercells containing 54
oms. In all the results presented here, the number ofk points
is the total number ofk points~not the number of irreducible
k points!. We will show that relaxation at constant volum
can be achieved with a poork point density without affecting
the energies very much.
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B. Calculations with semiempirical potentials

To calculate bulk properties such as the cohesive ene
the bulk modulus, and so on, one typically uses PBC’s. Ho
ever, when one wants to determine defect properties~and
compare them to experimental data!, the problem is more
complicated. The use of PBC’s implies that the calculat
will give the formation energy of a density of interactin
defects instead of that of one single defect, as the strain fi
created by the defect in its supercell will possibly intera
with its image strain fields. This self-interaction should
weak for defects which do not perturb the crystal t
strongly. This should be the case when replacing one a
by another atom with similar atomic radius, i.e., an Fe s
stitution by a Cu atom; to a lesser extent, it should also
the case for vacancies which strain fields are isotropic
most cases. However, for self-interstitials, which indu
strong local distortions of the crystal, the strain field intera
tions may be more important. To avoid such a problem, v
large supercells containing a few thousand atoms should
used. However, at the present time, even the most powe
computers cannot handleab initio calculations in such large
supercells. This is particularly true if magnetism is taken in
account in the calculations.

In order to examine the influence of the supercell size
the energy convergence, the defect energies were also d
mined using a semiempirical interatomic potential and
classical molecular dynamics codeDYMOKA .18 Semiempir-
ical interatomic potentials enable one to simulate very la
supercells~up to a few 106 atoms! for which the formation or
binding energies are fully converged with the system si
The casual embedded atom method~EAM! interatomic po-
tential developed by Ludwiget al.19 was used as a cohesiv
model for Fe and FeCu. This potential has been character
in detail.20 The vacancy and interstitial formation energies,
well as the vacancy and Cu migration energy ina-Fe, were
determined as a function of the supercell size using an
ergy minimization method algorithm called quench molec
lar dynamics~QMD!.21

In all the tables presented below, the ‘‘number of atom
is more precisely the number of sites in the perfect superc

C. Bulk moduli calculations

Elastic properties are very sensitive to the choice of d
points and the equation of state used in the fit of the ene
volume curve. To obtain the bulk modulusB, small isostatic
compressions were applied to small supercells. The app
strains« have to be high enough to minimize the error, b
low enough so as to remain in the elastic regime. The stra
in our calculations were no larger than a few tenths o
percent~0.4% or 0.5%!. The bulk modulusB is then given by

B5
1

9V0

]2Etot

]2«
,

whereV0 is the atomic volume. In practice, we calculate
the total energyEtot for 10–20 values of the strain and fit th
total-energy versus strain curve to a second-order poly
mial.
3-2
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AB INITIO CALCULATIONS OF DEFECTS IN Fe AND . . . PHYSICAL REVIEW B65 024103
D. Defect formation volume calculations

To calculate the defect formation volume, Kanzaki forc
were used,22 except when indicated in the text. Kanza
forces are forces that when applied to a perfect harmo
lattice produce the same displacements that the defect d
They thus, to a first approximation, represent the forces w
which the defect interacts with its neighboring atoms. W
followed the procedure derived by Simonelliet al.23 The cal-
culation procedure is as follows: once the lattice has b
fully relaxed, the defect~the two atoms forming the dumb
bell or the vacancy! is removed from the supercell and an F
atom is introduced in the central position~i.e., in the perfect
lattice site!. A region ~hereby called region I! around that
central atom is defined: it is the core region where the an
monic behavior occurs. In this region, the atoms are resto
to their original position. A second region~which contains
the harmonic displacements! is defined, small enough so a
not to include the defect self-interactions from the ima
supercell and large enough so that the forces on the at
outside that region can be neglected and the dipolar tens
converged. In what follows, region II contains both region
and the ‘‘harmonic’’ region. The forces on all the atoms b
longing to region II are then calculated: these are the K
zaki forces.

The dipolar tensorP is obtained from these forces:Pab

5(Rj
aK j

b with j in region II whereK j
b is the Kanzaki force

on atomj in theb direction andRj
a is theath component of

the vector joining atomj and the central atom. The defe
relaxation volume is given by the trace of the dipolar tens
DV5Tr(P)/3B, whereB is the bulk modulus.27 The vacancy
formation volumeVv

f is given byVv
f 5DV1V0, whereV0

is the atomic volume of the perfect lattice. The interstit
formation volumeV i

f is given byV i
f5DV2V0.

III. RESULTS

A. Fe structure

Fe, because of its technological importance, has b
studied extensively, and its phase diagram under atmosph
pressure is well known. Fe crystallizes into a ferromagne
body-centered-cubic~bcc! structurea-Fe at ambient tem-
perature; thea phase transforms into a face-centered-cu
~fcc! phaseg-Fe above 1200 K, then to another bcc pha
d-Fe above 1700 K. Experimental work has shown that a
to hexagonal-close-packed~hcp! transition takes place a
pressures of 10–15 GPa at room temperature.24 Under ex-
treme conditions~high temperatures and high pressures!, an-
other phase can be stabilized, which structure is still deba
double hcp25 or orthorhombic.26 The stability of the different
phases versus volume~and thus strain! is beyond the scope
of this work, and we have just examined the most sta
configurations or some configurations found in the literat
for each structure: bcc, fcc, and hcp, taking into acco
magnetism.

At 0 K, our calculations predict the ground state of Fe
be magnetic bcc as is observed experimentally@TCurie
51043 K ~Ref. 28!#. However, as observed by Kresse a
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Joubert,29 the magnetization is overestimated by 0.1mB /atom
compared to the experimental results.28

g-Fe can be stabilized by precipitation in a Cu matrix
by epitaxial growth on Cu substrates. It has been investiga
intensively because of its complex magnetic structure
the well known Invar effect. Kraftet al. @using the linear
muffin tin orbital ~LMTO! in the local spin density approxi
mation~LSDA!# found that when fcc Fe is constrained to th
Cu lattice constant in the~001! plane and remains cubic
growth in the antiferromagnetic~AFM! phase is expected.30

Häglund using LMTO methods and the fixed-spin-mome
~FSM! procedure observed that both the GGA and the LS
predict the existence of two ferromagnetic~FM! states.31 The
LSDA, however, favors the nonmagnetic~NM! state, while
the GGA predicts the high-spin~HS! state to be the mos
stable. Krasko, using the Stoner model for itinerant fer
magnetism in combination with non-spin-polarized LMTO
found three different ferromagnetic states stable at the s
volume,32 but additional calculations showed that they we
unstable with respect to tetragonal shear deformation33

Experiments have shown that theg-Fe ground state mos
likely consists of a noncollinear, spiral magnet
structure,34,35 this being confirmed by Uhlet al.36 and Kör-
ling and co-workers,37 using the LMTO in the atomic spher
approximation~ASA!, but we cannot with theVASP code
explore such configurations. We have thus calculated the
ergetics of the two AFM states@antiferromagnetic double
layer ~AFMD! and the more common AFM-I with alterna
ing layers of up and down spins# chosen by Herperet al. as
being representative of the magnetic space.38 The GGA pre-
dicts that the AFMD is the most stable and that both fer
magnetic phases have tetragonal structures. Our results
pare well with other author’s results. Herper and co-worke
using full potential linear augmented-plane-wave meth
~FP-LAPW! within the GGA also find that the AFM structur
is the most stable; however, they cannot distinguish betw
both AFM phases.38 By using pulsed laser deposition to pro
duce isotropic AFM fcc Fe on Cu~111! films to their struc-
tural perfection, Shenet al. measured a magnetic moment
more than 2mB . The values obtained in the GGA agree ve
well with these experimental findings.39

Our calculations predict that the most stable hcp struct
is ferromagnetic. This is in contrast with the FP-LMTO wo
of Yoo et al. which predicts that it should be nonmagnetic40

The data for pure Fe at 0 K are summarized Table I
All the energies are given relative to the most stable struc
energy, i.e., the energy of the magnetica-Fe phase
~5.153 eV!.

B. Cu structure

Cu is a noble metal. It crystallizes under a nonmagne
fcc structure at ambient temperature. Table II presents
results obtained in the GGA as well as in the LDA. In th
GGA the lattice parameter is overestimated by 10%, whil
is underestimated by only 2% in the LDA.

In the first stages of precipitation of Cu in Fe, the C
precipitates are coherent with the matrix and therefore ha
bcc structure.43 We have for this reason studied the stabil
3-3
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C. DOMAIN AND C. S. BECQUART PHYSICAL REVIEW B65 024103
of bcc Cu~Table III!. The GGA and LDA predict a similar
energy difference between the two Cu phases which app
to be underestimated as compared to the experimental re
and to the full potential calculation of Kraftet al.44 However,
they both predict that the bcc phase lattice paramete
slightly larger than that of bcc Fe and therefore that a
precipitate small enough to remain in the bcc struct
should induce compressive stresses in the lattice. This is
deed what is observed by Phythianet al. who estimate the
lattice strain to be of the order of a few percent.43 In agree-
ment with Kraftet al.44 and Luet al.,45 we did not find any
stable body-centered-tetragonal phase.

TABLE I. Relative total energies~eV!, bulk modulus~GPa!, and
magnetic moment (mB /atom) for different structures of Fe@mag-
netic ~M!, nonmagnetic~NM!, low spin ~LS!, high spin~HS!, anti-
ferromagnetic~AFM!, common AFM~AFM-I !, and AFM double-
layer ~AFMD!#.

Volume DEcoh B m
(Å 3) ~eV/at.! ~GPa! (mB /at.)

a-Fe

11.65 0 160 2.32
Expt.a 11.70 2 168 2.22

g-Fe

NM 10.37 0.255 280
NM FPLAW b 10.34 287
NM PP-GGAc 246

HS 12.26 0.122 155 2.63
HS LMTO-FSM d 2.61
HS FPLAWb 12.03 0.154 168 2.57
HS expt.e 12.1160.04

LS 10.89 0.222 f 1.36
LS FPLAW b 10.62 207 1.02

AFMD 11.63 0.098 145 62.32
AFMD FPLAW b 11.02 0.101 125 1.80

AFM-I 11.11 0.147 180 61.83
AFM-I FPLAW b 10.69 0.101 190 1.30
AFM expt. e 11.3060.04
AFM expt. g 0.7

hcp

M 12.36 0.166 2.60
NM 10.31 0.18

aReference 28.
bReference 38.
cReference 42.
dReference 31.
eReference 41, obtained by extrapolating 4 K experimental d
about Fe fcc alloys.

fIt was not possible to determine precisely the LS bulk modu
because of a phase transformation that took place.

gReference 34.
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C. Defects structure ina-Fe

1. Monovacancy

The monovacancy formation energy~Tables IV and V!
has been determined for supercells as large as 128 atoms~the
values were not corrected for the residual pressure!. The va-
cancy formation volume for the fully relaxed calculation
~Table IV! was obtained by subtracting (N21)V0 to the
volume of the supercell,V, whereV0 is the atomic volume
of the perfect lattice andN the number of atoms in the su
percell. The energy obtained byVASP is in good agreemen
with the experimental data available. It appears that all
calculations~EAM, fully relaxed or constant volume! con-
verge quickly with the supercell size. Figure 1 displays t
evolution of the monovacancy formation energy versus
percell size for~a! the EAM potential and~b! the constant
volume simulations. As can be seen, the energy conve
rather quickly and is almost converged with 53 atoms. F
thermore, with 53 atoms and only onek point, the atom
positions are almost correct. Indeed, for a 53-atom super
we determined the relaxed configurations obtained with
singlek point and that obtained with 125k points. We then
calculated, using 125k points, the energy of both configura
tions and found that the energy difference is only 2%. T
amount is small compared to the energy change due to re
ation which represents 15% of the formation energy. W
the 8-k-point relaxed configuration~instead of 1 singlek
point!, the energy difference is 0.04%.

The dipolar tensor eigenvalues depend on the size of
gion II ~see above! as can be seen Fig. 2; however, a value
5.5 Å give converged results. Table V displays the vaca
formation energy and the vacancy formation volume o
tained with this radius for the constant volume calculatio
The results are very similar to those of the fully relax
calculations.

The relaxation of the nearest-neighbor shells is isotro
~Table VI! and very important for the first three shells
contrast with group-V transition metals or group-VI trans
tion metals.48 This leads to a substantial energy differen
between nonrelaxed and relaxed configurations as can
seen in Table IV.

Figure 3 displays the neighbor shell relaxations arou
the vacancy for the EAM calculations as well as for t
constant volume ones. The relaxation oscillates: the fi
neighbor shell relaxes towards the vacancy, the second
wards, the third inwards, etc. This is typical of body-center
structures.54 The relaxation of the fourth-nearest-neighb
shell is close to 0.1% for the EAM calculations with 200

TABLE II. fcc Cu cohesive energy~eV! and bulk modulus
~GPa!.

Volume Ecoh B
(Å 3) ~eV/atom! ~GPa!

GGA 12.07 3.763 140
LDA 11.01 4.753 190
Expt.a 11.66 3.49 137

aReference 28.

ta

s
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TABLE III. Stability of bcc Cu: lattice parameter(Å), cohesive energy~eV/atom!, bulk modulus~GPa!,
energy difference between the fcc and the bcc structure~eV/atom!, and volume difference between the tw
structures~%!.

bcc Cu Volume Ecoh B DEf cc-bcc VCuf cc
2VCubcc

VCuf cc

VFebcc
2VCubcc

VFebcc(Å 3) ~eV/atom! ~GPa! ~eV/atom!

GGA 12.12 3.727 160 0.036 20.41% 24.03%
LDA 11.06 4.712 180 0.041 20.45% 25.03%
FP-LMTO a 0.007 24.3%
LAPW b 0.049 20.8%
PP-GOc 11.82 3.81 185 0.02
Expt.d 12.07 23.5% 23.2%

aReference 44.
bReference 45.
cReference 46, PP-GO: pseudopotentials with local orbital basis consisting of Gaussians.
dReference 47, the experimental result is the lattice parameter of bcc Cu precipitates found to form
electron irradiation with a fluence of 0.6 Ccm22 at 300 °C in Fe 1.5 wt % Cu.
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atoms. This indicates that a good estimate of the vaca
formation energy can be obtained using a supercell includ
up to the fifth or sixth neighbors. This is indeed the case
ab initio calculations: the formation energies obtained with
54-atom supercell do not vary much from that obtained w
the 128-atom supercell.

There has been some controversy about the experime
vacancy migration energy: for instance Schaeferet al.49

found a value of 1.28 eV, while Vehanenet al. published a
vacancy migration energy of 0.55 eV.55 This data scattering
02410
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comes very likely from the difficulty to obtain very pure F
crystals. Impurity atoms, even in very small amounts, tr
the vacancies and thus decrease the vacancy diffusion c
ficient. Indeed the much smaller value of 0.55 eV was m
sured for a high-puritya-Fe.55

The migration energy was calculated as follows. For
EAM potential, a static approach was used. A single Fe at
nearest neighbor to the vacancy, is moved step by step a
the 1

2 ^111& vector joining the two sites. After each move, th
whole lattice is allowed to relax according to the QMD a
with a
tains

pected
r than

ns to
relax-

and by
TABLE IV. Vacancy formation energy~eV! and formation volume~per atomic volume! obtained by fully
relaxed calculations. For the EAM potential the formation volume was obtained using Kanzaki forces
radius of 5.5 Å for region II and restoring only the central atom to its initial position; i.e., region I con
only one atom. The value of the bulk modulusB is equal to 160 GPa for theab initio calculations and to 180
GPa for the EAM calculations~as predicted by the interatomic potential from Ref. 1!.

Evac
f E nonrelaxed E ion. relaxed a VV

f /V0

~eV! ~eV! ~eV! (Å)

Fully rel. 16 atoms~1000k points! 2.01 2.21 2.842 0.82
Fully rel. 27 atoms~216 k points! 1.93 2.24 2.846 0.81
Fully rel. 54 atoms~125 k points! 1.95 2.24 1.94a 2.852 0.90
EAM potential 16000 atoms 1.63 1.79 2.867 0.82
LSGFb 2.25c 0.55
FP-LMTO d 2.18
Expt. 1.53,e 2 f 0.95g

aThe difference between the fully relaxed value and the ionic relaxed value falls in the error range ex
from calculations with 54 atoms. This explains why the fully relaxed value appears to be slightly highe
the ionic relaxed energy.

bReference 53.
cData obtained with a locally self-consistent Green’s function including electrostatic multipole correctio
the atomic sphere approximation. The effects of local lattice relaxations were neglected, but volume
ation was taken into account. As our work shows that the local lattice relaxation contributes the most
far to the energy decrease, we interpret Korzhavyi results~Ref. 53! as being nonrelaxed energies.

dReference 48.
eReference 49.
fReference 50.
gReference 51.
3-5
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C. DOMAIN AND C. S. BECQUART PHYSICAL REVIEW B65 024103
gorithm to find the minimum energy of the configuratio
During the relaxation the coordinate of the ‘‘displaced’’ ato
is fixed along@111# while the other two coordinates can rela
in the ~111! plane. The migration energy is then given by t
height of the energy barrier~the saddle point!. For theVASP

calculations presented here, only the saddle point en
value was determined. The atom is positioned at the sa
point, the structure is relaxed using the conjugate grad
algorithm, and the energy is determined. The results are
sented Table VII. The migration energy obtained by the c
stant volume calculations appears to be well converged w
respect to thek point density and close to the experimen
result for extremely pure Fe,55 as well as to the results of th
fully relaxed calculations.

2. Self-interstitials

In metals, the most stable interstitial defects are dum
bells: two atoms sharing one lattice site. We have calcula
the relaxed formation energy of the three possible types
dumbbells. The relaxed̂111& dumbbell configuration is
more precisely a crowdion, i.e., four atoms sharing three
tice sites. The results are presented Table VIII. The con
gence with the supercell size has also been examined a
displayed Figs. 4 and 5. It is unexpectedly fast, even for
^111& dumbbell. The most stable defect predicted byab ini-
tio calculations is the dumbbell alonĝ110&, in agreement
with experiments.51 To our knowledge, no experimental va
ues are available for the interstitial formation energies
must be noticed that the EAM potential used in this wo
predicts thê 111& crowdion to be the most stable. This pro

TABLE V. Vacancy formation energy~eV! and vacancy forma-
tion volume obtained with constant volume calculations with a
tice parametera52.854 Å. The vacancy formation volume wa
obtained using Kanzaki forces with a radius of 5.5 Å for region
and restoring only the central atom to its initial position; i.e., reg
I contains only one atom. The value of the bulk modulusB is equal
to 160 GPa for theab initio calculations and to 180 GPa for th
EAM calculations~as predicted by the interatomic potential fro
Ref. 1!.

Evac
f ~eV! VV

f /V0

Const. vol. 16 atoms~216 k points! 2.05
Const. vol. 16 atoms~343 k points! 2.05
Const. vol. 54 atoms~1 k point! 2.09
Const. vol. 54 atoms~8 k points! 1.96
Const. vol. 54 atoms~27 k points! 1.89
Const. vol. 54 atoms~64 k points! 1.96
Const. vol. 54 atoms~125 k points! 1.93 0.64
Const. vol. 128 atoms~1 k point! 1.51
Const. vol. 128 atoms~8 k points! 2.02
Const. vol. 128 atoms~27 k points! 2.02 0.58

EAM potential 54 atoms 1.65 0.85
EAM potential 128 atoms 1.63 0.82
EAM potential 2000 atoms 1.63 0.82
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lem has been discussed in the literature52 and seems to be a
consequence of the range of the many-body interatomic
tential.

The energy difference between the^110& and the^111&
dumbbell is important for the study of interstitial and inte
stitial cluster stability and diffusion. Indeed computer sim
lations show that thê110& dumbbell motion involves on-site
rotation to thê 111& dumbbell configuration.57,58The energy
difference between the two configurations is thus import
to determine the amount of time the dumbbell spends in e
configuration even if it does not give all the informatio
about the energy path the dumbbell has to follow to rot
~i.e., the saddle point!. Table VIII shows that the EAM po-
tential underestimates this value compared to theab initio
results. This is also the case for another shorter-range E
potential which stabilizes thê110& dumbbell.56 This general
underestimation of the energy difference between the
dumbbell configurations could be a possible explanation
the difference observed between the experimental interst
migration energy@0.3 eV ~Ref. 27!# and the molecular dy-
namics determined interstitial migration energy@0.023 eV
~Ref. 59!#.

The constant volume value results appear to be system
cally close to 0.5 eV larger than the fully relaxed data. T
is not so surprising. In a large system, the subsystem co
sponding to the simulated supercell is in equilibrium with t

-

FIG. 1. Vacancy formation energy vs supercell size:~a! semi-
empirical EAM potential results and~b! VASP constant volume cal-
culations with a 240 eV energy cutoff radius.
3-6
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AB INITIO CALCULATIONS OF DEFECTS IN Fe AND . . . PHYSICAL REVIEW B65 024103
rest of the material and the presence of a defect results
nonzero equilibrium pressure on the subsystem border
well as some local atomic displacements, i.e., volu
changes. In the fully relaxed simulations, the supercells
dergo very large volume changes and some distortion
equilibrate the pressure to zero. Such volume changes
distortion would be partly impeded by the surrounding m
ter in a real material. In the constant volume calculatio
however, no volume change and no cell distortion at al
allowed to take place.

In a bulk material, the volume of the subsystem rep
sented by the supercell is therefore between the nonrela
volume and the fully relaxed volume. The two methods th

FIG. 2. Dipolar tensor eigenvalues for the vacancy obtain
using the Kanzaki forces~see above! vs region II radius to calculate
the Kanzaki forces~value of the bulk modulusB equal to 180 GPa
for the EAM calculations and 160 GPa for theab initio calcula-
tions!: ~a! semiempirical EAM potential results and~b! VASP con-
stant volume calculations with a 240 eV energy cutoff radius.
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give the interval in which to find theab initio value obtained
for a supercell of infinite size~comparable to a real bulk
material!. For the vacancy, no distortion and only small vo
ume changes~0.2% for a 54-atom supercell! are observed
and the fully relaxed and constant volumes calculations g
results very close to each other and to the experimental d
For the dumbbells, big distortions~for example, an angle o
shear of 0.3° for thê 110& dumbbell! and large volume
changes~4.0% for a 54-atom supercell! take place in the
fully relaxed calculations and the difference with the co
stant volume simulations are therefore more important.~It
should be added that the shearing of the supercell has al
no effect on the energy of the system and can be neglec!
The formation energy of Frenkel pairs in Fe has been de
mined experimentally and found to be around 6.3, 6.6 eV60

The fully relaxed calculations predict a value of 1.9313.41

d FIG. 3. Nearest-neighbor shell relaxation around the vaca
~%!: ~a! semiempirical EAM potential results and~b! VASP constant
volume calculations.
gh.
TABLE VI. First fifth-neighbor shell relaxation~%! around the vacancy for theab initio calculations.

First neigh. Second neigh. Third neigh. Fourth neigh. Fifth nei

Fully rel. 27 atoms~216 k points! 23.9% 11.2% 20.8% 2 2

Fully rel. 54 atoms~125 k points! 24.02% 11.38% 20.36% 10.05% 20.06%

Const. vol. 54 atoms~125 k points! 24% 11.3% 20.37% 10.03% 20.04%
Const. vol. 128 atoms~27 k points! 23.9% 11.4% 20.39% 20.10% 20.16%
3-7
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C. DOMAIN AND C. S. BECQUART PHYSICAL REVIEW B65 024103
55.34 eV, while the constant volume ones predict a va
of 2.0213.9455.96 eV. Theab initio predictions are quite
comparable to the experimental results for which no er
estimate was found.

To gain some insight into the strain field induced by t
defects and compare to experimental data, we calculated
dipolar tensor using Kanzaki forces.22 For the interstitials,
anharmonic effects extend over a large region, and to ob
converged results for the EAM potential, we had to inclu
the fifth-neighbor shell in region I and use a radius of 11–
Å for region II, which makes the estimation of the dipol
tensor unrealistic for theab initio calculations if one wants to
compare them to the experimental data. Table IX thus p
sents the dipolar tensor eigenvalues, as well as the relaxa
volumes which can be obtained from the dipolar tensor tr
for the EAM potential only. We must add that the dipol
tensor eigenvalues fromab initio calculations can be very
useful even if not close to the experimental results becaus
the limited supercell size, if one wants to build semiemp
ical potentials as they can be used as fitting parame
However, this particular point is not the purpose of t
present article. The distance between the two^110& dumb-

TABLE VII. Vacancy migration energies~in eV!.

Evac
mig. ~eV!

Fully rel. 27 atoms~64 k points! 0.45
Fully rel. 54 atoms~125 k points! 0.65

Const. vol. 16 atoms~125 k points! 0.66
Const. vol. 54 atoms~125 k points! 0.64
Const. vol. 128 atoms~27 k points! 0.65

EAM potential 2000 atoms 0.67

Expt.a 0.55

aReference 55.
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bell atoms is 1.905 Å for 54 atoms~64 k points!, i.e., 0.771
nearest-neighbor unit.

The analysis of the local magnetic properties in the vic
ity of the interstitial defects shows that the interstitial ma

FIG. 4. Convergence of thê110& dumbbell formation energy vs
supercell size:~a! semiempirical EAM potential results and~b! VASP

constant volume calculations.
TABLE VIII. Self-interstitial defect formation energies~eV!.

E^100&
f E^110&

f E^111&
f DE^111&2^110&

~eV! ~eV! ~eV! ~eV!

Fully rel. 27 atoms~64 k points! 4.59 3.84 4.64 0.8
Fully rel. 54 atoms~27 k points! 4.28 3.37 4.06 0.69
Fully rel. 54 atoms~125 k points! 4.37 3.41 4.11 0.7

Const. vol. 54 atoms~1 k point! 5.57 4.75 5.13 0.38
Const. vol. 54 atoms~8 k points! 5.48 4.28 5.06 0.81
Const. vol. 54 atoms~27 k points! 4.99 3.86 4.67 0.81
Const. vol. 54 atoms~64 k points! 5.11 4.03 4.79 0.76
Const. vol. 54 atoms~125 k points! 5.07 3.96 4.75 0.79
Const. vol. 128 atoms~1 k point! 4.92 3.63 5.23 1.6
Const. vol. 128 atoms~8 k points! 5.08 4.00 4.71 0.71
Const. vol. 128 atoms~27 k points! 5.04 3.94 4.66 0.72

EAM potential 2000 atoms 4.57 3.67 3.54 20.13
Short-range EAM potentiala 2 4.87 5.00 0.13

aReference 56.
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netic moment is reduced~Fig. 6!. For the^110& dumbbell,
the moment is even antiferromagnetic with respect to the
of the crystal. The local moment on the dumbbell first neig
bors is also slightly decreased. The results agree with
model of Ono and Mateta which predicts a decrease in
local magnetic moment of the interstitial atom and its neig
bors because of the pressure from the surrounding atom61

FIG. 5. Convergence of thê111& dumbbell formation energy vs
supercell size:~a! semiempirical EAM potential results and~b! VASP

constant volume calculations.
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FIG. 6. Local magnetic moment on the interstitials and th
neighbors~in mB): ~a! ^100& dumbbell,~b! ^110& dumbbell, and~c!
^111& dumbbell.
TABLE IX. Dipolar tensor eigenvalues~in eV! and formation volume~in atomic volumes! for the ^110&
and ^111& dumbbells calculated using Kanzaki forces~constant volume calculations!. The eigenvectors are

(110)(1̄10)(001) for the^110& dumbbell and (111)(1̄10)(112̄) for the ^111& dumbbell. The formation
volume and the dipolar tensor eigenvalues were obtained using Kanzaki forces~see above! with a radius of
12 Å for region II and including the fifth-neighbor shell in region I. The value of the bulk modulusB was
taken equal to 180 GPa.

Ef P1 P2 P3 V i
f /V0

~eV! ~eV! ~eV! ~eV!

^110& EAM 2000 atoms 3.67 18.7 10.8 14.5 0.11
^110& EAM 16000 atoms 3.67 18.6 10.7 14.5 0.11
^110& Expt.a 17.3 7.3 16.4 0.1

^111& EAM 2000 atoms 3.54 23.3 11.2 11.2 0.15
^111& EAM 16000 atoms 3.54 23.3 11.2 11.2 0.15

aReference 51.
3-9
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C. DOMAIN AND C. S. BECQUART PHYSICAL REVIEW B65 024103
3. Substitutional Cu atom

We have computed the substitutional energyEsub of
a single Cu atom in ana-Fe matrix~Table X!. Esub is given
by @E(nFe11Cu)bcc2@n* E(Fe)bcc#2E(Cu)f cc# where
E(nFe11Cu)bcc is the energy of a supercell containingn Fe
atoms and 1 Cu atom,E(Fe)bcc is the cohesive energy o
a-Fe, andE(Cu)f cc is the cohesive energy of fcc Cu. Th
results appear to be converged with respect to the supe
size and agree very well with the experimental data. H
also, we observe a very quick convergence of the subs
tional energy versus supercell size with the EAM potenti

Table XI displays the neighbor relaxation around the
atom. The relaxation of the fifth-neighbor shell is surpr
ingly high from what could be expected of the small si
difference between the Cu atom and the Fe atom and c
indicate a need for very large supercells for such calcu
tions. This however does not seem to affect the substitutio
energy as can be seen Table X. The neighbor shell relaxa
in the ab initio calculations oscillates in a pattern similar
that of the vacancy~except that the signs are different; i.e
the first-neighbor shell relaxes outwards around the Cu at
while it relaxes inwards around the vacancy!. For the EAM
potential, the relaxation scheme appears to be different.

TABLE X. Substitutional energy of Cu in Fe~in eV!.

Esub E nonrelaxed a
~eV! ~eV! (Å)

Fully rel. 16 atoms~512 k points! 0.44 2.878
Fully rel. 27 atoms~216 k points! 0.55 2.871
Fully rel. 54 atoms~125 k points! 0.50 0.53 2.864

Const. vol. 16 atoms~343 k points! 0.52 0.53 2.854
Const. vol. 54 atoms~125 k points! 0.54 2.854
Const. vol. 128 atoms~27 k points! 0.55 2.854

EAM 16000 atoms 0.50 0.56 2.86

Expt.a 0.59

CALPHADb 0.412

aReference 62.
bReference 63.
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4. Migration energy of Cu in Fe

Table XII presents the migration energy of a single C
atom in ana-Fe matrix. The procedure is similar to the on
used to determine the vacancy migration energy except
the atom which is moved towards the vacancy is a Cu a
in the EAM, while in theVASP calculations, it is a Cu atom
which is positioned at the saddle point.

In that case also, we checked that the energy converge
versus supercell size is similar to that of Fig. 4 or 5. For
ab initio calculations, the migration energy appears to
well converged at constant volume relaxation with respec
the k point density. The Cu migration energy is lower tha
the vacancy migration energy in agreement with the se
empirical potential results. No experimental data are av
able to compare to our results.

5. Divacancy, V-Cu, Cu-Cu, and dumbbell Cu binding energies

Computer simulations20,64 have shown that smal
mixed-Cu objects form during or right after displaceme
cascades in FeCu alloys. The relative stability of these
jects depends among other aspects on their binding ener
for which almost no experimental data can be found. We t
try in this work to determine some of these binding energi

The binding energies between two entities in a bcc ir
matrix are calculated as follows. The binding energyEb(AB)
is defined as the difference of the two system energiesE1
andE2, system 1 whereA andB do not interact and system
2 whereA andB interact. The distance betweenA andB may
be the first-nearest-neighbor distance, second-nearest
tance, and so on. The binding energyEb(AB) is the differ-

TABLE XII. Migration energy of a single Cu atom ina-Fe
~in eV!.

ECu
mig ~eV!

Fully rel. 54 atoms~27 k points! 0.64
Fully rel. 54 atoms~125 k points! 0.53

Const. vol. 54 atoms~125 k points! 0.56
Const. vol. 128 atoms~27 k points! 0.55

EAM potential 2000 atoms 0.22
gh.
TABLE XI. First fifth-neighbor shell relaxation~%! around the Cu atom.

First neigh. Second neigh. Third neigh. Fourth neigh. Fifth nei

Fully rel. 27 atoms~216 k points! 10.4% 20.04% 0.0% 2 2

Fully rel. 54 atoms~125 k points! 11.18% 20.38% 10.11% 20.20% 10.34%

Const. vol. 54 atoms~125 k points! 10.92% 20.23% 10.13% 20.20% 10.34%
Const. vol. 128 atoms~27 k points! 10.93% 20.13% 10.05% 20.04% 10.28%

EAM potential 54 atoms 10.91% 11.03% 20.13% 10.09% 10.18%
EAM potential 128 atoms 10.92% 11.13% 20.10% 10.14% 10.17%
EAM potential 2000 atoms 10.95% 11.15% 20.08% 10.16% 10.19%
EAM potential 16000 atoms 10.94% 11.15% 20.08% 10.16% 10.19%
3-10
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TABLE XIII. Relaxed binding energies (Eb) ~in eV! for the divacancy,V-Cu, and Cu-Cu in thea-Fe matrix obtained by method I.

V-V V-Cu Cu-Cu
First neigh. Second neigh. First neigh. Second neigh. First neigh. Second ne

~eV! ~eV! ~eV! ~eV! ~eV! ~eV!

Fully rel. 54 atoms~125 k points! 0.06 0.15 0.11 0.10 0.17 0.09

Const. vol. 54 atoms~64 k points! 0.01 0.11 0.05 0.10 0.18 0.07
Const. vol. 54 atoms~125 k points! 0.01 0.11 0.05 0.09 0.18 0.07
Const. vol. 128 atoms~8 k points! 0.14 0.28 0.17 0.18 0.16 0.04
Const. vol. 128 atoms~27 k points! 0.15 0.29 0.16 0.18 0.14 0.03

EAM potential 4000 atoms 0.16 0.21 0.19 20.03 0.2 20.02
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ence between the two system total energiesEb(AB)5E1
2E2.

The relaxed binding energies obtained with this proced
are given Table XIII for the divacancy, theV-Cu, and the
Cu-Cu systems. The calculations predict that the most st
relaxed configurations are the first nearest neighbors for
Cu-Cu and the Cu-V system and the second nearest nei
bors for theV-V system. The divacancy binding energy is
important parameter for the formation of vacancy clust
and voids. Unfortunately, no experimental data are availa
to compare to. Masuda investigated the properties
vacancy-type lattice defects in bcc transition metals usin
tight-binding-type electronic theory.65 His results show tha
the most stable relaxed configuration for the divacancy
transition metals is when the vacancies are second ne
neighbors. This is also observed experimentally in Mo.66 Our
results agree with this observation.

The experimental value for theV-Cu binding energy is
0.14 eV~Ref. 67! or 0.11 eV~Ref. 68!; however, the relative
positions of the Cu and theV are unknown. Our results lie in
that experimental range. The strong first-neighbor CuV
binding energy combined with the low value of the Cu m
gration energy is consistent with Cu transport by a vaca
diffusion mechanism, as is observed in kinetic Monte Ca
simulations.64
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The defects studied in that paragraph are bigger and
duce larger strain fields and distortions than the mono
cancy or the substitutional Cu atom, hence the bigger dif
ence between the fully relaxed and constant volu
simulations. Furthermore, the values determined here
small and the relative errors are therefore more importan

Because of the relatively small supercell sizes one m
use, it is rather difficult to make sure that the two entities
system 1 do not interact even when they are as far as
supercell size allows. Another method can be used to de
mine the binding energies which consists in subtracting
energy of system 2~whereA andB interact!, the energy of a
system containingA ~calculated with a supercell with a siz
similar to that of system 2!, as well as that of a system
containingB ~obtained with similar conditions! and that of
the supercell with neitherA nor B. The binding energy ob-
tained with this approach will be referred to as the indire
binding energyEb

indirect(AB). For a supercell containingN
atoms, it is obtained asEb

indirect(AB)5E(N221A1B)
2E(N211A)2E(N211B)2E(N), where E(N) is the
energy of the supercell withoutA and B, E(N211A)
@E(N211B)# is the energy of the supercell withA @B# and
E(N221A1B) is the energy of the cell containing bothA
andB, i.e., the energy of system 2 in the previous method
f atoms

s

TABLE XIV. Relaxed binding energies~in eV! for the divacancy,V-Cu, and Cu-Cu in thea-Fe matrix
obtained with the two methods described above. The number of atoms in the first row is the number o
in the perfect supercell. The calculations were done at constant volume.

Fully rel. 54 atoms Const. vol. 54 atoms Const. vol. 128 atom
Eb Eb

indirect Eb Eb
indirect Eb Eb

indirect

~eV! ~eV! ~eV! ~eV! ~eV! ~eV!

V-Cu first neigh. 0.11 0.14 0.05 0.17 0.16 0.17
V-Cu second neigh. 0.10 0.20 0.09 0.21 0.18 0.19
V-Cu noninteracting 0 by def. 0.09 0 by def. 0.12 0 by def. 0.01

Cu-Cu first neigh. 0.17 0.17 0.18 0.15 0.14 0.14
Cu-Cu second neigh. 0.09 0.09 0.07 0.04 0.03 0.03
Cu-Cu noninteracting 0 by def. 20.01 0 by def. 0.03 0 by def. 0.01

V-V first neigh. 0.06 0.14 0.02 0.10 0.15 0.15
V-V second neigh. 0.15 0.23 0.11 0.20 0.29 0.29
V-V noninteracting 0 by def. 0.08 0 by def. 0.09 0 by def. 20.01
3-11
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TABLE XV. Relaxed binding energiesEb ~in eV! for Cu ^110& and^111& dumbbells in thea-Fe matrix
obtained by method I.

Eb ~eV!

^110& dumb. ^110& dumb. ^111& dumb.
Cu inside Cu first neighbor Cu inside

54 atoms fully rel.~125 k points! 20.22 10.16 10.2

Const. vol. 128 atoms~8 k points! 20.36 10.11 10.17
Const. vol. 128 atoms~27 k points! 20.43 10.10 10.13
t
th

ell
nfi
p

d
b

e

e

in
n

s
th

he
te

i
-
y

a
t

o
.
nd
th

a
ll
ex
va
r

a

ally
the
-

b-
is-
nd

be
re-
he
ole
tion
ble.
r
ha-
e of
the system is large enough, both methods should lead to
same result. Table XIV compares the results obtained by
two methods described above. With 128-atom superc
similar binding energies are obtained, thus giving us co
dence that the energy calculations are converged with res
to the supercell size.

For the binding energy of Cu with dumbbells, we foun
that, as can be seen in Table XV, the Cu atom prefers to
first-neighbor to thê110& dumbbell@Fig. 7~a!# or part of the
^111& dumbbell ~Fig. 7!. The second method confirms th
trends of Table XV. The Cu-^110& binding energy is found to
be of the same order of magnitude as the Cu-V binding en-
ergy. Maury and co-workers69 found a weak but positive
binding between solute and interstitial atoms in FeCu. Th
observed that mixed dumbbells form at low temperatures~20
K!, which, however, are not stable above 100 K. To exam
this particular point, we ran molecular dynamics simulatio
with two semiempirical potentials found in the literature56,19

for 150 p at 300 and 800 K. The starting configuration wa
mixed dumbbell in a pure Fe lattice. After a few steps,
dumbbell released the Cu atom and traveled~as a pure Fe
dumbbell! in the array. The Cu atom thus remained in t
neighborhood of its initial position and was not transpor
anywhere. Interstitials may nevertheless still play a role
Cu atom transport. Theab initio results show that the pres
ence of a Cu atom in thê110& dumbbell increases its energ
while for the^111& dumbbell the opposite is observed~Table
XV !. The energy difference between the^110& and thê 111&
configurations is therefore decreased in the presence of
atom and it is thus easier to go from one configuration
another. These results agree with these of Marianet al. who
studied by semiempirical molecular dynamics the effect
Cu on self-interstitials and interstitial cluster migration70

They used the EAM potential derived by Ackland a
co-workers56 and observed that Cu solute atoms enhance
dumbbell rotation.

IV. CONCLUSIONS

We have calculated using anab initio approach~VASP

code! the properties of point defects in pure Fe as well
FeCu dilute alloys. The pure element ground states as we
some of their other typical structures agree with known
perimental results. The calculations predict a relaxed
cancy formation energy around 1.9 eV and a vacancy mig
tion energy around 0.65 eV. They also predict the^110&
dumbbell as the most stable dumbbell with a relaxed form
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tion energy between 4.4 and 5 eV. These values are glob
consistent with the experimental results and demonstrate
ability of ab initio calculations as predictive tools for study
ing point defects.

The 0.7 eV energy difference between the^110& and
^111& configuration is larger than the value typically o
tained with empirical potentials. This could explain the d
crepancy between the experimental dumbbell mobility a
that obtained in MD simulations.

The substitutional energy of a Cu atom is found to
around 0.50 eV. The Cu migration energy in pure Fe is p
dicted to be lower than the vacancy migration energy. T
binding energies of defects believed to play an important r
in the embrittlement of pressure vessel steel under radia
are in agreement with the experimental data, when availa
The strong Cu-V binding energy combined with the lowe
Cu migration energy is consistent with a Cu transport mec
nism through vacancies. It is also found that the presenc

FIG. 7. Schematic drawing of~a! Cu atom first neighbor to the
^110& dumbbell and~b! Cu atom inside thê110& dumbbell.
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AB INITIO CALCULATIONS OF DEFECTS IN Fe AND . . . PHYSICAL REVIEW B65 024103
a Cu atom decreases the energy difference between the^110&
dumbbell and^111& dumbbell configurations, thus makin
the dumbbell rotation easier.

These defects calculations were done using two differ
methods which combination allows to obtain a good estim
of the property to be determined despite the limitations of
supercell sizes. We examined in details the convergenc
the calculations with the supercell size as well as with
number ofk points and found that it was rather fast and th
a good deal of information could be obtained with reduc
numbers ofk points.

Ab initio point defect characterization contributes thus
understand the elementary phenomena at the source of m
kinetics. All these data can also be used to build empir
potentials or as input parameters in higher-scale models
simulations. They can be used to check the validity of ex
ing semiempirical potentials. In that sense, we found that
,
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EAM potential predictions were not very far from theab
initio calculations. The effect of other solute elements a
impurities is under study.
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