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Ab initio study of foreign interstitial atom „C, N… interactions with intrinsic point defects in a-Fe
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The behavior of carbon and nitrogen atoms in iron based solid solution is studied byab initio density-
functional-theory calculations. The interaction of a C or a N atom in a-Fe with a vacancy, other C or N
interstitials as well as self-interstitial atoms is discussed and compared to known experimental results. The
migration of these two foreign interstitial atoms is determined in pure Fe or when a vacancy is present in the
supercell. According to our results, there is a strong binding energy of C or N with vacancies, whereas a
repulsion is observed with self-interstitial atoms. Furthermore, a vacancy can trap up to two C, and a covalent
bonding forms between the two C atoms. The situation is not as clear for N atoms, and a competition between
the formation of N-V pairs and NN-V triplets is very probable.
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I. INTRODUCTION

Carbon and nitrogen atoms are the most frequent fore
interstitial atoms~FIA’s! in the Fe matrix along with hydro
gen atoms. Above their solubility limit, they are responsib
for the formation of carbides or nitrides very useful in im
proving the strength and hardness of steels. Below their s
bility limit, the presence of even a very little amount of the
impurities in interstitial positions~a few tens ppm! can have
a drastic influence on the steel properties, as they b
strong interactions with the lattice defects present in
steel. A typical example is the origin of the controversy ab
the vacancy migration energy in Fe. Schaeferet al.,1 on the
one hand, measured a value of 1.28 eV, while Vehanenet al.,
on the other hand, obtained a vacancy migration energ
0.55 eV.2 This data scattering very likely results from th
difficulty to obtain very pure Fe crystals.3 Impurity atoms,
even in very small amount, trap the vacancies and thus
crease the vacancy diffusion coefficient. Indeed the m
smaller value of 0.55 eV was measured for a high pu
a-Fe.2 The C and N atoms can as well interact with extend
defects such as dislocations, grain boundaries.

Under irradiation, there is ample evidence that FIA’s pl
a major role in the various damage processes ina-Fe and
ferritic steels, because of the strong interactions they h
with point defects~for a thorough review, see for instance th
review paper by Little4!. For instance, it has been observ
that interstitial nitrogen enhances the radiation hardening
ther by increasing the defect-loop density and/or by stab
ing small faulted̂ 110& loops.5 The results of internal friction
work6 and those of resistivity measurements7 also indicate
that carbon being trapped by radiation-produced defects
being removed from the solid solution and precipitation
carbides was hindered.

Although the nature of the interactions between the in
stitial solutes and the self-interstitial atom~SIA! produced by
0163-1829/2004/69~14!/144112~16!/$22.50 69 1441
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irradiation is not completely understood yet, it appears t
irradiation affects the behavior of the FIA’s either by provi
ing nucleation sites and thereby enhancing the rate of
cipitation or by introducing defects or defect clusters whi
trap the FIA’s.

Computer simulations at the atomistic level, such as m
lecular dynamics, are ideal tools to study the interactions
impurities with point defects. However the accuracy of t
results depends very much on the cohesive model used.
empirical potentials are most of the time parametrized
equilibrium properties~elastic constants, vacancy formatio
energies, and so on! but they do not always reproduce co
rectly properties related to the short-distance interact
range, such as the so-called interstitial region. For instan
three embedded atom method potentials considered in
literature as being representative ofa-Fe were investigated8

and led to predict very large differences in the interstit
formation energies. Furthermore, the results obtained w
also different from those predicted by a Finnis-Sinclair-ty
potential derived by Ackland and co-workers.9

Some FeC semiempirical potentials have been derive
the past.10–12 Johnson10 derived two-body central potential
for the FeC system. The metal-metal and the metal-car
interactions are described by pairwise potentials~it is now
widely agreed that pairwise interactions alone are not app
priate to model metal-metal interactions!, and no carbon-
carbon interactions are assumed. The Fe-C interaction po
tial was constructed such that the experimental car
migration energy in Fe, and the activation volume for th
migration, as well as the binding energy of a carbon vaca
dipole were reproduced by the model.

Rosato11 used a more realistic potential for Fe, based
the tight-binding second-moment approximation, achievin
better calculation of elastic properties and a more natu
agreement with experimental data. For the metal-metal
tential he used fora-Fe a Finnis-Sinclair model,13 for g-Fe a
©2004 The American Physical Society12-1
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Rosato-Guillope-Legrand.14 The carbon-metal interaction i
also described by a pair potential, and as the author aime
studying the behavior of a single C atom, he did not der
any carbon-carbon interaction.

More recently, Rudaet al.12 derived an embedded atom
method potential for FeC even though C-C interactions
not accurately considered when angular terms are negle
The potentials were adjusted onab initio calculations from
the literature of the metastable carbide FeC in the B1 st
ture. The authors reproduced the equilibrium lattice const
the bulk modulus, and the cohesive energies for each of
stable and metastable carbides.

Even though the potentials improved over the years, th
accuracy is still a matter of controversy specially regard
fine properties related to the interactions of C or N ato
with point defects.Ab initio calculation based on the densit
functional theory is today the most appropriate tool to eva
ate these fine interactions and as a consequence to u
stand better the basic atomic phenomena involved.

Severalab initio studies have been dedicated to the de
mination of structural parameters, electronic structures,
magnetic properties of carbides and nitrides, either stabl
metastable, however much less effort has been put on in
tigating C or N in solid solution in Fe.

In this work, the interaction of C and N in the Fe bc
matrix as well as their interaction with vacancy and inters
tial is revisited. When relevant, comparisons are made
tween our results and data predicted by empirical interato
potentials.

The paper is organized as follows: after the presenta
of the calculation method used, we present in a first part
FIA most favored position in thea-Fe matrix and determine
its diffusion coefficient. In a second part, we discuss
strength of the FIA interactions with various point defec
vacancy~V!, FIA of same nature, FIA-V complexes, an
self-interstitial atoms to finally conclude on the possible
fects of C or N on intrinsic point defects of thea-Fe matrix.

II. METHODOLOGY

Ab initio calculations based on the density-function
theory15 have now demonstrated their capability to treat la
enough number of atoms for investigating a broad field
problems in materials science.16 Our calculations have bee
performed using the Viennaab initio simulation package
~VASP!.17–19 The calculations were performed in a plan
wave basis, using fully nonlocal Vanderbilt-type ultraso
pseudopotentials to describe the electron-ion interactio20

Exchange and correlation were described by the Perdew
Zunger functional,21 adding nonlocal correction in the form
of the generalized gradient approximation~GGA! of Perdew
and Wang.22 All the calculations were done in the genera
ized gradient approximation within the spin-polarized fo
malism. The ultrasoft pseudopotentials were taken from
VASP library. For Fe, the six 3d electrons are considered a
valence ones together with the two 4s ~the reference state i
more precisely 3d6.24s1.8). For C, four valence electrons ar
used: 2s and 2p ~reference 2s22p2). For N, five valence
electrons are used: 2s and 2p ~reference 2s22p3). In addi-
14411
at
e

e
ed.

c-
t,

he

ir
g
s

-
er-

r-
d

or
s-

-
e-
ic

n
e

e
:

-

l
e
f

t

nd

e

tion, some calculations were done using the projector a
mented wave~PAW! approach23 as well as taking into ac-
count the corrections of Vosko and co-workers for t
exchange correlation.24

The supercell approach with periodic boundary conditio
was used to simulate point defects as well as pure pha
Brillouin-zone sampling was performed using the Monkho
and Pack scheme.25 The ion relaxations were performed u
ing the standard conjugate gradient algorithms implemen
in the VASP code. They were done at constant volume th
relaxing only the atomic position in a supercell dimension
with the equilibrium lattice parameter for Fe~2.8544 Å!.
This allows one to use a smaller plane-wave energy cutof
240 eV for the calculations involving nitrogen atoms and 2
eV for those involving carbon atoms. The relative error
duced by this lower-energy cutoff was checked to be ne
gible, as can be seen later in text and in our previous wor26

In all the results presented here, the number ofk points is the
total number ofk points ~not the number of irreduciblek
points which depends on the supercell symmetry!. In all the
tables presented below, the ‘‘number of atoms’’ is more p
cisely the number of metal sites in the perfect supercell,
the cell without any defects.

The formation enthalpy is calculated taking as referen
the isolated atoms rather than the stable states of C an
The values obtained differ from the experimental data b
constant value. For a supercell containingN Fe atoms and
one FIA, the formation enthalpy,DH f

FIA , is calculated as
follows:

DH f
FIA~FeNFIA!5E~FeNFIA!2NE~Fe!2E~FIA isolated!,

~2.1!

where E(Fe) is the reference energy of bulk Fe with th
same structure~bcc! than in FeNFIA, and E(FIA isolated) is
the energy of the C or N isolated~a single C or N alone in a
large supercell!.

The binding energies between two entities in a bcc ir
matrix are calculated as follows. The binding ener
Eb(A1 ,A2) is defined as the difference of two system en
giesEnoninterac andEinterac :

Eb~A1 ,A2!5Enoninterac2Einterac . ~2.2!

In systemnoninterac, A1 andA2 do not interact, i.e., they are
situated far enough from each other not to interact. In sys
interac, A1 andA2 interact, and the distance betweenA1 and
A2 may be first nearest-neighbor distance, second nea
distance, and so on.

Because of the relatively small supercell sizes one m
use, it is rather difficult to make sure that the two entities
systemnoninteractdo not interact even when they are as f
as the supercell size allows. Another method can be use
determine the binding energies which consists in subtrac
from the energy of systeminteract ~whereA1 andA2 inter-
act!, the energy of a system containingA1 ~calculated with a
supercell with a size similar to that of systeminteract! as
well as that of a system containingA2 ~obtained with similar
2-2
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conditions! and that of the supercell with neitherA1 nor A2.
For a supercell containing N atoms, the binding energy
thus obtained as

Eb~A1 ,A2!5@E~A1!1E~A2!#2@E~A11A2!1Ere f#,

~2.3!
whereEre f is the energy of the supercell withoutA1 andA2 ,
E(A1) @respectivelyE(A2)] is the energy of the superce
with A1 ~respectivelyA2), E(A11A2) is the energy of the
cell containing bothA1 andA2 interacting, i.e., the energy o
systeminteract in the previous method. All the supercel
contain the same number of sites, i.e., have the same si

For more than two interacting entities, Eq.~2.3! can be
generalized as follows:

Eb~A1 , . . . ,An!

5F(
1

n

E~Ai !G2@~n21!Ere f1E~A11•••1An!#.

~2.4!

Except when otherwise stated, the reference state of
binding energies presented in this work is always the ene
of a supercell without any entities, i.e., a perfect crystal. W
such a scheme a positive binding energy means attrac
between the entities, while a negative binding energy in
cates a repulsion. This definition will be used to explo
various scenarios for the formation of small FIA-V com
plexes.

The electronic structure of the Fe-C and Fe-N interact
has been analyzed using the density of states as well a
electronic density deformation map. In order to calculate
cal quantities such as the local density of states or the l
magnetic moment, it is necessary to introduce atomic rad
proceed to local projection on some orbitals (s, p, andd).
The values adopted throughout this work are the reco
mended ones for theVASP code: 1.302 Å for Fe, 0.863 Å fo
C, and 0.783 Å for N. The Fermi energy has been taken
the zero of energy in all the figures representing the den
of states.

For a supercell (FeiXj ) containing i Fe atoms andj X
atoms ~where X stands for C or N! the electronic density
deformation map due to the presence of atoms of typeX is
obtained by subtracting from the electronic density
(FeiXj ) both the electronic density of (Fei) and the elec-
tronic density contribution of each isolated (Xk):

Dr5r~FeiXj !2r~Fei !2 (
k51,j

r~atomXk isolated!.

~2.5!

(Fei) is the supercell where all theX atoms have been re
moved, and (Xk) is isolated in the same supercell. In th
scheme, isosurfaces of the deformation map give a di
real-space visualization of the local electronic rearran
ments due to the presence of theX atom~s!.

The distortion due to the presence of the FIA has b
characterized by determining the dipolar tensor from
Kanzaki forces. The Kanzaki forces are the forces that w
14411
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applied to the perfect lattice would produce the same d
placements that the defect does. They thus, to a first appr
mation, represent the forces with which the FIA intera
with its neighboring Fe atoms. The calculation procedu
derived by Simonelliet al.,27 is as follows: once the bcc F
lattice with the FIA has been fully relaxed, the FIA is re
moved from the supercell. The forces on all the Fe atoms
then calculated. These forces are the Kanzaki forces.
dipolar tensorP is then obtained from the Kanzaki force
Pab5(r j

akj
b . j is taken within a sphere of radiusR centered

on the former FIA position,kj
b is the Kanzaki force on atom

j in the b direction, andr j
a is the ath component of the

vector joining atomj and the FIA. The defect relaxatio
volume is given by the trace of the dipolar tensor:DV
5Tr(P)/3B whereB is the bulk modulus.

In our case, we restricted the inside region27 to the FIA
only. Furthermore we assumed that the displacements o
the iron atoms were in the harmonic regime. Although, t
approximation is not totally correct for the Fe atom first ne
est neighbors of the FIA, it gives an estimate of the dipo
tensor. In any case, as the simulation supercells are q
small, approximate values only can be expected.

III. INTRODUCTION OF A SINGLE FIA IN bcc Fe

A. Pure elements

Bulk properties obtained withVASP for pure iron with or
without substitutional Cu atoms have been investigated
detail in our previous work.26 At 0 K, our calculations are
consistent with the experimental results. The ground stat
Fe is magnetic bcc as is observed experimentally@TCurie
51043 K ~Ref. 28!# with an equilibrium lattice parameter o
2.8544 Å and a mean magnetic moment of 2.32mB/atom. As
observed by Kresse and Joubert,29 the magnetization is over
estimated by 0.1mB/atom compared to the experiment
results.28 The local magnetic moment after projection of th
electronic density on the sphere centered on the atom~whose
radius is the radius used for local density of state projecti!
is 2.37mB/atom. The slight difference between the me
magnetic moment and the local magnetic moment com
probably from the overlap of the spheres.

For C and N, we determined the cohesive energies
different possible crystallographic structures as well as
the isolated atoms. The results are reported in Table I. Fo
the graphite structure was found to be the most stable. A
is now commonly agreed on that the interlayer van der Wa
interactions are not correctly described within the dens

TABLE I. Different crystallographic structures investigated f
C ~full relaxation calculation with an energy cutoff of 350 eV! and
N ~full relaxation calculation with an energy cutoff of 240 eV!.

State of C C cohesive
energy~eV!

State of N N cohesive
energy~eV!

Graphite (c57.46 Å) 211.256 N2 molecule 23.995
Graphite (c511.246 Å) 211.246
Diamond 211.166
2-3
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functional theory, we calculated the cohesive energies w
the interlayer distance is the experimental distance, i.e., 6
Å as well as for the most stable structure predicted byVASP

which leads to an interlayer distancec of 7.46 Å. The dis-
crepancy between the real structure of graphite and the
predicted byVASP affects the energy by only 10 meV whic
is small compared to the energy difference between diam
and graphite. This indicates that the most significant con
bution to the cohesive energy comes from the interacti
within the graphite layers rather than from the weak inter

FIG. 1. Interstitial sites and their Fe neighbor atoms in bcc
~a! Octahedral,~b! tetrahedral. The FIA is represented by a sm
black sphere, its first nearest neighbor by a large black sphere
second nearest neighbor in gray, the other neighbors are repres
by large white spheres. 1nn stands for first nearest neighbor,
stands for second nearest neighbor and so on.
14411
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tions between layers. The diamond phase was found to h
a lattice parameter of 3.584 Å. For N, the N2 molecule is the
most stable with an equilibrium distance of 1.214 Å.

B. Single FIA in bcc Fe

1. Energetics

In transition metals, small foreign atoms usually sit
interstitial sites. In the bcc structure, two types of sites
possible, octahedral or tetrahedral sites. These sites are
resented in Fig. 1. Larger foreign atoms usually sit on
regular lattice site~which will be here referred to as th
substitutional configuration! or as part of mixed dumbbells
two atoms sharing a regular lattice site. Table II summari
the formation enthalpies per FIA when the impurity atom
are positioned in different configurations. The formation e
ergies are relative to the reference state chosen, here
isolated atoms.

For both C and N atoms, the most stable position is
octahedral~O! site in agreement with the most common i
terpretation of the experimental observations30 and
Rosato’s11 simulations. The more recent simulation of Ru
et al.12 disagrees with these results as they predict the tet
onal site to be the most stable for C.

The energy difference between both interstitial sites is
important parameter related to the migration energy of c
bon and nitrogen in the bcc Fe. In this work, the tetrago
site was found to be the saddle point for migration, situa
halfway between two octahedral sites. By looking at the d
namical matrix, when in tetrahedral position, it was verifi
that the tetragonal site is indeed a saddle point and n
local minimum. Consequently the migration energy of C
N is equal toDE@(T)2(O)#.

The influence of the ion-electron interaction scheme~ul-
trasoft pseudopotentials versus projector augmented w!
and the effect of the Vosko correction on the results ha
been checked in the case of the C migration energy.
Vosko correction with the ultrasoft pseudopotential giv
0.94 eV for DE@(T)2(O)# for C in a 54-atom supercel
calculation leading to a 10 meV difference with ultraso
pseudopotentials~see Table II!, while when one uses the pro
jector augmented wave scheme~not taking into account the
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TABLE II. Formation enthalpies for a single C atom or a single N atom positioned in the two pos
interstitial sites, in a substitutional configuration, or as a mixed dumbbell~in eV!. The reference state for th
FIA is the isolated atom. The calculations were done using 54-atom supercells and 125k points as well as
128-atom supercells with 27k points. ~O! means that in the course of the ionic relaxation, the impu
spontaneously relaxes to an octahedral site.

Configuration C~54 atoms! C ~128 atoms! N ~54 atoms! N ~128 atoms!

Substitutional 28.742 28.094 22.387 22.219
Tetrahedral~T! 29.787 29.557 24.407 24.342
Octahedral~O! 210.710 210.459 25.196 25.107
DE@(T)2(O)# 0.923 0.902 0.789 0.765
Mixed ^100& interstitial ~O! ~O! ~O! ~O!

Mixed ^110& interstitial ~O! ~O! ~O! ~O!

Mixed ^111& interstitial 29.139 23.379
2-4
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Vosko correction! the C migration energy becomes 0.79 e
leading to a 0.1 eV difference with the ultrasoft pseudop
tential scheme.

Our results are in very good agreement with the exp
mental data. The experimental migration energy of C de
mined by resistivity measurements, positron-lifetime m
surements, or Snoek relaxation lies between 0.81 eV
0.83 eV.31 However, Takaki and co-workers by resistivi
recovery of high purity and C doped iron find a higher val
of 0.88 eV~Ref. 32! for a carbon atom in Fe. For a N atom
in bcc Fe, the migration energies are lower: between 0.76
and 0.80 eV.31

Our results indicate that the carbon and nitrogen mig
tion energies are higher than the vacancy migration energ
a-Fe ~found to be 0.65 eV in our calculations26!. This indi-
cates that it is probably a moving vacancy which is trapp
by a carbon or a nitrogen atom, rather than a moving im
rity trapped at a vacancy in agreement with Vehanen
co-worker’s positron-lifetime measurements.2 Weller and
Diehl33 observed that upon irradiation ofa-Fe, the interstitial
carbon stays in solution to a somewhat higher tempera
than nitrogen, which is consistent with the higher migrati
energy for C than for N found in these calculations. With h
empirical potential Rosato11 obtains a value of 1.14 eV fo
the migration energy of a carbon atom, which is not too
from the experimental data. However, with their embedd
atom method potential, Rudaet al.12 found a much too low-
energy difference between the two interstitial sites~0.1 eV!.
This potential thus appears not to reproduce very corre
the C migration properties. As far as the convergence of
ab initio results with the supercell size is concerned, Table
indicates that the energies are rather well converged c
pared to the relative values we are interested in.

The low plane-wave energy cutoff used appears no
have a significant effect on the relative energies calcula
as can be seen in Table III which presents the values of th
and N migration energies in bcc Fe obtained for differe
values of the energy cutoff. The relative error is of the ord
of 1 meV, which is negligible.

The impurity diffusion coefficient is given byD
5D0 exp(2Ea /kT) whereEa is the activation energy, equa
to E(T)2E(O) in this work, andD05 1

6 a2n, wherea is the
lattice parameter andn the attempt frequency. In the frame
work of the Vineyard transition state theory,34 n
5)1

3Nn i /)1
3N21n i* . n i are the vibration modes in the initia

configuration@~O! site# andn i* the vibrational modes in the
transition state configuration@here the~T! site#. Within the

TABLE III. Plane-wave energy cutoff effect on C and N migr
tion energies. The calculations were done using 54-atom super
and 125k points.

C N
Energy cutoff

~eV!
DE@(T)2(O)#

~eV!
Energy cutoff

~eV!
DE@(T)2(O)#

~eV!

240 0.789
290 0.923 300 0.788
350 0.924 350 0.789
14411
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Einstein approximation, only the vibrational modes of t
migrating C or N atom need to be considered, which redu
the 3N33N matrix into a 333 matrix. The matrix elements
have been obtained by translating the migrating atom in
three directions by 0.025 Å. The prefactor thus obtained
C is D0(C)52.1331027 m2/s, in good agreement with
Carter’s calculations35 which give 1.4431027 m2/s for
D0(C). For N, the Einstein approximation givesD0(N)
59.4231028 m2/s. These results are in good agreeme
with the experimental results as can be seen in Table IV

This method can also be used to evaluate the prefa
associated to the vacancy diffusion. The prefactor for
cancy diffusion is given byD0(V)5 f a2n, with f .0.7. n
was estimated to be equal to 531013 Hz, thus D0(V)
5331026 m2/s. The vacancy diffusion coefficient is thu
larger than the FIA diffusion coefficient, which is in agre
ment with the fact that it is the moving vacancies whi
come to the FIA’s. At thermal equilibrium the vacancy co
centration is several orders of magnitude smaller than
FIA concentration in solid solution. Consequently, the vac
cies are almost all the time trapped by FIA’s, and their effe
tive migration energies are increased if the matrix conta
FIA’s.

2. Atomic relaxation

The relaxation of the Fe atoms close to the FIA is p
sented in Table V. The octahedral site being smaller than
tetrahedral one, the relaxation of the Fe atoms is greate
the octahedral site than in the tetrahedral. The relaxation
the Fe atoms around the FIA is very similar whatever the F
nature. However a slightly smaller relaxation around the
atom than around the C atom is observed, fully consiste
with anelastic relaxation measurements36 and with the FIA
atomic radii.

The relaxation of the Fe atoms around the octahedral
for C of Table V is slightly lower than the values obtained
Cochard and co-workers37 from x-ray measurements of th
tetragonal distortion of martensite. However the orders
magnitude and the signs are similar. Rosato’s empir
potential11 leads to a higher relaxation around the C FIA th
what is found in this work. Indeed, he obtainsDd1/d1

05

128.7% andDd2 /d2
0524.7% for a C atom in an octahe

lls
TABLE IV. C and N diffusion coefficient prefactors and activa

tion energies, calculated with 54-atom supercells and 125k points.

FIA Method Prefactor (1027 m2/s) Ea ~eV!

C This work 2.13 0.92
C ab initioa 1.44 0.83
C Expt.b 1.67 0.81
C Expt.b 3.94 0.83

N This work 0.94 0.79
N Expt.b 1.26 0.76
N Expt.b 4.88 0.80

aReference 35.
bReference 31.
2-5
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TABLE V. Relaxation ~in percent ofDdi /di
0) around the FIA in the bcc structure. The third colum

indicates the number of neighbor atoms situated at distancedi of the FIA. di
0 is the distance between th

impurity and the atom before any relaxation,di is the new distance between the impurity and the atom a
the relaxation.d1 is the first nearest-neighbor distance,d2 is the second nearest-neighbor distance. T
calculations were done in 54-atom supercells using 125k points and 128-atom supercells using 27k points.
The model of Cochard and co-workers~Ref. 37! based on measurements of the mean tetragonal distortio
martensite suggests that for the unit cell surrounding the carbon atomDd1 /d1

0538% and Dd2 /d2
05

22.6%.

Configuration No. of atoms C~54 atoms! C ~128 atoms! N ~54 atoms! N ~128 atoms!

Substitutional d1 8 25.0 24.8 24.3 24.4
Substitutional d2 6 11.1 11.2 11.9 12.2
Tetrahedral~T! d1 4 113.7 113.9 111.9 112.0
Tetrahedral~T! d2 4 22.9 22.9 20.9 20.6
Octahedral~O! d1 2 123.8 124.3 122.9 123.4
Octahedral~O! d2 4 21.9 21.8 22.0 21.8
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dral site. di
0 is the distance between the impurity and t

atom before any relaxation,di is the new distance betwee
the impurity and the atom after the relaxation.d1 is the first
nearest-neighbor distance,d2 is the second nearest-neighb
distance. The empirical atomic potential derived by Ru
et al.12 also predicts a strong relaxation around the C ato
However with this potential, the most energetically favor
site is the tetrahedral position.

To better characterize the distortion introduced by the F
in the Fe matrix, the dipolar tensor has been evaluated w
the FIA is in an octahedral site. Because of the symmetry
the configuration, the dipolar tensor has two independent
ues only:P11 andP33 asP115P22. The results are summa
rized in Table VI for increasing values of the radiusR. De-
spite the problems in obtaining converged results for
dipolar tensor and the relaxation volume because of the s
number of atoms in the supercell, it appears clearly that
dipolar tensor is highly anisotropic. These results are
surprising as in the bcc structure, the coordination poly
dron of the octahedral site is not a regular octahedron as
Fe atoms are situated at 0.5a0 from the FIA while the other
four atoms of the octahedron are situated ata0 /A2 ~see Fig.
1!. As a consequence, a large value ofP33 ~around 10 eV! is
obtained along the direction which contains the two Fe at
first nearest-neighbor to the FIA, while a much smaller va

TABLE VI. Dipolar tensor obtained from the Kanzaki force
determined using 54-atom supercells.R is the radius of the spher
containing the atoms on which the forces are calculated. The n
ber of atoms included in the sphere is also specified.

Configuration R
~Å!

No.
of atoms

P115P22

~eV!
P33

~eV!
DV
(Å3)

C ~O! 3 6 1.1 9.2 3.2
C ~O! 4 22 2.0 10.5 4.0
C ~O! 4.5 32 0.6 10.4 3.2
N ~O! 3 6 1.0 8.8 3.0
N ~O! 4 22 2.4 10.4 4.2
N ~O! 4.5 32 1.0 10.2 3.4
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~around 1 eV! is obtained in the plane which contains th
four Fe atom second nearest-neighbors to the FIA. No
nificant difference is observed between C and N.

To summarize, the presence of a C atom or a N atom in an
octahedral site in bcc Fe leads to a large tetragonal distor
of the lattice, which generates a highly anisotropic str
field, i.e.,ezz@exx5eyy very similar whether the FIA is a C
or a N atom.

3. Electronic structure and magnetic moment

Figure 2 represents the local density of states of the
atom first neighbor to a FIA in an octahedral position as w
as the density of states of the FIA itself. A small depletion
the Fe 3d states of the density of states is observed as c
pared to the density of states of pure bcc Fe and a hybrid
tion around26 eV for C and27.5 eV for N of the Fed
states with the FIA 2p states@situated at around25 eV for
C and at around27 eV for N ~Ref. 38!#. This indicates the
formation of an interaction between the FIA and the Fe
oms. The interaction is larger when the Fe atom is fi
neighbor to the FIA, than when it is second neighbor. Wh
the FIA is a C atom, the peak associated to the hybridiza
is wider than when it is a N atom indicating a less localize
bonding of the C than of the N atom with iron as can be se
in Fig. 3. Because of the interaction with the FIA, th
minority-spin d states of the Fe atom first neighbor of th
FIA is larger than that of pure bcc Fe, which leads to
decrease of the local magnetic moment on the first near
neighbor Fe atoms~about 1.72mB/atom for both C and N as
compared with 2.37mB/atom!. The local magnetic moment
carried by the matrix atoms as well as the FIA’s are summ
rized Table VII. As the distance between the FIA and the
atoms increases, the density of states looks more and m
like the density of states of pure bcc Fe. As already obser
for the Fe atom relaxations around the FIA, the mome
carried by the matrix atoms or the FIA are very similar
matter what the FIA nature is. The local moments appea
depend more on the FIA position~octahedral site rather tha
tetrahedral site! than on its nature. The magnetic moment
the FIA is close to zero. The local moment on the Fe ato

-
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increases with the distance to the FIA, then tends to the lo
moment of pure Fe. The closest Fe atoms to the FIA exp
ence a very strong moment decrease, while on Fe atom
the further distance@third nearest neighbor~nn! to the ~O!
site and second nn to the~T! site#, the local magnetic mo-

FIG. 2. Local density of states calculated in a bcc super
containing 54 Fe atoms and one FIA in an octahedral site. Comp
son between pure Fe and Fe with an FIA.~a! s1p1d states of an
Fe atom 1nn to C;~b! s1p1d states of an Fe atom 1nn to N. Th
black curves correspond to the Fe atoms 1nn to the FIA, the g
curves to the local density of states of a supercell containing 54
atoms with a bcc structure and no defects;~c! p states of N~gray
curve! and C~black curve! in an octahedral site in a bcc structur
14411
al
ri-
in

TABLE VII. Local magnetic moments carried by the FIA’s an
their neighbors in the bcc structure after relaxation. The calculati
were done using 128-atom supercells and 27k points. For the Fe
atom in the perfect bcc supercell, the local magnetic momen
2.37mB/atom.

Configuration C (mB/atom! N (mB/atom!

Tetrahedral~T! FIA 20.14 20.11
Fe ~1nn! 1.80 1.70
Fe ~2nn! 2.41 2.44
Fe ~3nn! 2.55 2.55

Octahedral~O! FIA 0.16 20.10
Fe ~1nn! 1.72 1.73
Fe ~2nn! 2.29 2.30
Fe ~3nn! 2.50 2.52
Fe ~4nn! 2.34 2.36

ll
ri-

y
e

FIG. 3. Local density of states calculated in a bcc super
containing 54 Fe atoms and one FIA in an octahedral site. Comp
son between C and N.~a! s1p1d states of an Fe atom 1nn to C
compared tos1p1d states of an Fe atom 1nn to N;~b! s1p1d
states of an Fe atom 2nn to C compared tos1p1d states of an Fe
atom 2nn to N. The gray curves correspond to the local densit
states of the 54-atom supercell containing a N atom. The thin black
curves correspond to the local density of states of the 54-atom
percell containing a C atom.
2-7
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C. DOMAIN, C. S. BECQUART, AND J. FOCT PHYSICAL REVIEW B69, 144112 ~2004!
ment is enhanced as compared to Fe atoms in a bcc Fe
fect crystal.

Figure 4 represents the electronic deformation map co
sponding to the density of states of Fig. 2. In the case o
the only charge transfer clearly visible is between the F
and its first neighbors, while for N, both the first and t
second neighbors contribute significantly. This indicates t
the range of the interaction is larger for a N atom than for a
C atom.

IV. FIA INTERACTIONS IN bcc Fe

A. FIA-FIA interactions

When one introduces a second FIA in the Fe matrix,
most stable configuration for both types of FIA appears to
configuration 7~see Fig. 5! as can be observed in Table VI
which summarizes the results. This indicates that, not
prisingly, the FIA’s tend to lie as far away from one anoth
as possible. For N, this is consistent with long-range orde
leading to the formation of a9-Fe16N2 in a8-FeN

FIG. 4. Electronic density deformation map for one FIA in

54-atom bcc matrix@(11̄0) plane#. The black circles are Fe atom
the gray circles are the FIA’s. The1 signs indicate regions wher
the electronic density has increased, while the2 signs indicate
regions where the density has decreased.~a! The FIA is N, ~b! the
FIA is C. The units are eV per Å3.
14411
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martensite39 in which configuration 7 is observed. This
also consistent with the experimental observations that in
iron-carbon martensite the carbon atoms are as widely s
rated as possible.40 Our results for C are in agreement wit
the experimental results for which either repulsion or attr
tion is found depending upon the authors.41

Table VIII indicates that the interactions between tw
identical FIA’s appear to be, for the configurations explor
here, mostly repulsive for both C and N atoms. Going fro
54-atom supercells to 128-atom supercells tends to incre
the binding energies as could be expected for calculati
involving interstitial atoms. The change is around 0.2–0
eV for C atoms and around 0.1–0.2 eV for N FIA’s. We th
do not expect dramatic changes in the results of Table V
when increasing once more the supercell size. Indeed F
are smaller than self-interstitial atoms and the effect of
supercell size on self-interstitial atom formation energies
pure Fe was shown to be less than 0.1 eV for supercell s
larger than 128 atoms and with an empirical potential.26

The FIA-FIA interaction can be roughly estimated usi
the elastic theory, in the same way it was used to estimate
interaction of a FIA with a dislocation.37 The deformation
induced by the FIA is modeled by a tetragonal distorti
~characterized byezz and exx5eyy) of the bcc unit cell
around the FIA. The elastic interaction is then given
Eelast52( i j s i j e i j a

3. The displacement fieldui introduced
by the point force~oriented along thez direction! is given
by42

uz5AS ~124n!
z

r 3
1

3z3

r 5 D , uy52AS y

r 3
2

3z2y

r 5 D ,

ux52AS x

r 3
2

3z2x

r 5 D . ~4.1!

The strainse i j and the stressess i j and finally the elastic
interactions for isotropic bcc Fe were derived from the eq
tions above:

s i i 5C11e i i 1C12(
j Þ i

e j j . ~4.2!

FIG. 5. Possible configurations of two FIA’s. Configuratio
cfgV-FIA2

i of Table VIII corresponds to one FIA in the site labele
FIA and the other in the site labeledi.
2-8
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TABLE VIII. Binding energies~in eV! between two FIA’s. The calculations were done using 54-atom~respectively 128-atom! supercells
and 125k points ~respectively 27k points!. The distances between the two FIA’s are in units of lattice parameter. The seventh c
contains the energies determined with the elastic theory model described in the text. The eighth column gives the unrelaxed
between the FIA’s, in units of lattice parameter.

Configuration C-C~54 atoms! C-C ~128 atoms! N-N ~54 atoms! N-N ~128 atoms! Johnsona Eelast d~FIA-FIA ! (a0)

cfgFIA2

1 20.94 20.65 21.19 21.05 20.25 A2/2
cfgFIA2

2 20.42 20.09 20.55 20.40 10.13 10.08 A3/2
cfgFIA2

3 22.28 21.67 23.03 21.68 20.30 1
cfgFIA2

4 20.17 20.09 20.27 20.33 10.11 10.03 1
cfgFIA2

5 20.14 10.13 20.28 20.16 10.08 10.07 A5/2
cfgFIA2

6 20.20 10.14 20.29 20.10 10.01 A2
cfgFIA2

7 20.09 10.16 20.12 20.03 10.01 A3

aReference 10.
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We took experimental data for the pure bcc Fe elastic c
stants (C115240 GPa,C125140 GPa,n50.3) and adjusted
A such thatezz5Dd1 /d1

0, i.e., A50.125 Å3.
This method gives only rough estimation of the FIA-F

interaction, as we assumed that~i! the introduction of the
FIA’s leads to an elastic response of the material;~ii ! the
presence of the FIA does not change significantly the ela
constants;~iii ! the deformation is localized on a single b
unit cell only ~with volume a3). As a consequence no dis
tinction was made between C and N, which are very sim
in size. The values obtained with this approach are compa
to theab initio results in Table VIII. As expected, the inte
action energies obtained with the double-force model
scribed above are underestimated. However, the predict
give the correct trends among the different configurations
Fig. 5. A typical example is the big difference in repulsi
energies between configurations cfgFIA2

3 and cfgFIA2

4 which is

clearly explained in terms of elastic interactions only, as
distance between FIA’s in both configurations is the sam
Furthermore the predictions of this elastic model are in rat
good agreement with the calculations of Johnsonet al.,10

who found that cfgFIA2

2 is the most stable position. It may b

worth noticing that Johnson’s potential does not take i
account the C-C interactions, and his results reflect only
interactions of the local strains near the two C atoms. The
fore it is not surprising that Johnson’s results are close to
predictions of this elastic model.

For all the configurations investigated, it appears that
C-C interactions are always less repulsive than the N-N
teractions even though the C atoms are ‘‘bigger’’ than the
atoms. This may come from the fact that the Fe-C interac
appears to be less localized in energy~Fig. 2!. Furthermore,
the fact that the elastic predictions and theab initio calcula-
tions give different binding energies indicates clearly that
nature of the FIA contributes a lot to the interaction ener

Keefer and Wert have studied the clustering of carbon
nitrogen ina-Fe using anelastic techniques. Their data
nitrogen suggest the existence of pairs of nitrogen atoms
which they report a binding energy of 0.07 eV.43 However in
their experiment, there is no indication of the relative po
tions of the FIA’s and their results cannot be directly co
pared with these calculations.
14411
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cfgFIA2

3 for both species is the most repulsive configu

tion ~the least stable! because the two octahedral sites co
taining the FIA’s are on top of each other, aligned along
shortest direction of the site, and thus along the most dila
direction.

Figure 6 represents the local magnetic moments for c
figurations 1 and 7 on the Fe atoms close to the carbon FI
while Fig. 7 represents the local magnetic moment for
same configurations on the Fe atoms close to nitrogen FI
The data have been calculated for a 54-atom supercell,
we checked that no real changes occur when going fro
54-atom supercell to a 128-atom supercell. A differentiat
is now more visible between C and N on the local mome

FIG. 6. Local magnetic moments for two C atoms in bcc Fe. T
local magnetic moments are given inmB . They were obtained in
54-atom unit cells.~a! is configuration cfgFIA2

1 in Table VIII, ~b! is

configuration cfgFIA2

7 in the same table.
2-9
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C. DOMAIN, C. S. BECQUART, AND J. FOCT PHYSICAL REVIEW B69, 144112 ~2004!
carried by their neighbor Fe atoms as compared to whe
single FIA is present. The most significant case being c
figuration cfgFIA2

1 . The highest magnetic moment is observ
on cfgFIA2

7 for the N-N interactions. These differences ind
cate that chemical effects are indeed significant.

B. Interactions of one FIA with one vacancy

Table IX summarizes the binding energies of a C or a N
atom situated close to a vacancy. In addition to the two c

FIG. 7. Local magnetic moments for two N atoms in bcc F
The local magnetic moments are indicated inmB . They were ob-
tained in 54 atom unit cells.~a! is configuration cfgFIA2

1 in Table

VIII, ~b! configuration is cfgFIA2

7 in the same table.
14411
a
-
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figurations where the FIA is first~configuration cfgV-FIA
1 ) and

second~configuration cfgV-FIA
2 ) neighbor to the vacancy, we

also investigated the configuration where the FIA is in t
vacancy, i.e., in substitutional position~configuration
cfgV-FIA

3 ) as well as when the FIA is midway between th
vacancy and its first nearest-neighbor atom along the^111&
direction ~configuration cfgV-FIA

4 ). These four configurations
are represented in Fig. 8.

The results support the fact that C~respectively N! near a
vacancy does not become ‘‘substitutional’’ and thatdC-V ~re-
spectivelydN-V) does not vanish. This is coherent with po
itron annihilation studies which found that the C atom is
about 0.365a0 ~instead of 0.5a0 in the unrelaxed position!
from the vacancy center,44 wherea0 is the equilibrium lattice
parameter. Similar to what was obtained with empiric
potentials,10 the atomic relaxations of the C and N atoms a
towards the vacancy. Furthermore, the relaxation of the
towards the vacancy is larger for C than for N.

When a vacancy and a FIA interact, they can form a sta
V-FIA pair due to trapping effects. Our data indicate th
configuration cfgV-FIA

3 is not a stable configuration, thus th

.

FIG. 8. Four possible positions for a FIA close to a vacancy. T
vacancy is represented by a white square. The FIA in the site
beledi corresponds to cfgV-FIA

i of Table IX.
g
f

TABLE IX. Vacancy-interstitial impurity binding energiesEb ~in eV!. The calculations were done usin
54-atom supercells and 125k points, and 128-atom supercells and 27k points. The distances are in units o
lattice parameter (a0).

Configuration C~54 atoms! C ~128 atoms! N ~54 atoms! N ~128 atoms!
Eb dC-V Eb dC-V Eb dN-V Eb dN-V

~eV! (a0) ~eV! (a0) ~eV! (a0) ~eV! (a0)

cfgV-FIA
1 0.44 0.40 0.47 0.41 0.67 0.45 0.71 0.45

cfgV-FIA
2 20.09 0.64 20.01 0.64 0.14 0.72 0.20 0.70

cfgV-FIA
3 20.33 0 20.88 0

cfgV-FIA
4 20.11 0.24 20.44 0.28

Johnsonet al.a (cfgV-FIA
1 ) 0.41 0.35

Rosatoet al.b (cfgV-FIA
1 ) 0.48

Experimental 0.41c 0.365d

aReference 10.
bReference 11.
cReference 46.
dReference 44.
2-10
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AB INITIO STUDY OF FOREIGN INTERSTITIAL . . . PHYSICAL REVIEW B 69, 144112 ~2004!
migration path of this V-FIA complex between tw
cfgV-FIA

1 -type configurations does not go through t
cfgV-FIA

3 , i.e., the vacant site. The FIA may migrate from o
(O)1nn site (cfgV-FIA

1 ) to the next nearest one by two oth
possible paths: a direct path, or a path going through
cfgV-FIA

2 (O)2nn configuration.
These migration energies have been evaluated, using

atom supercells and 8k points.52 A set of configurations was
built along the possible transition path; each configurat
was relaxed fixing the FIA position along the migration pa
The results of these calculations appear in Table X. Wit
the accuracy of these results, the two possible paths appe
have similar activation energies. However for both possi
transition paths, the activation energies appear to be hig
for N than for C, in contrast with the migration energies
isolated N and C atoms in bcc Fe as can be seen in Tab
These results are however consistent with the fact tha
atoms have a stronger binding energy with vacancies tha
atoms. The stronger binding energy of N with one vacan
associated with a lower mobility of the V-N complex ind
cates that the trapping effect of N atoms on vacancie
greater than the trapping effect of C atoms on vacancies

To complete this study on trapping effects, the migrat
energy of the vacancy from a site first nearest neighbor to
FIA towards a site second nearest neighbor to the FIA w
evaluated, as well as the reverse jump~i.e., from the second
nearest-neighbor site to the first nearest-neighbor site!. The
two migration energies are reported in Table X. Despite
large V-FIA binding energy the vacancy migration energy
move away from the FIA to a second nearest neighbo
close to the migration energy of the vacancy in pure
Meanwhile, the migration energy from the second near
neighbor to the first nearest-neighbor position is rather l
This indicates that the vacancy moves easily away from
FIA, but it comes back more easily close to the FIA.

The results for the vacancy-C binding energy are in go
agreement with the data obtained by Johnsonet al.,10

Beeler45 or by Rosato11 with empirical potentials. Howeve
the comparison with experimental results is not straightf
ward as they are not always very coherent and arise f
different techniques. Arndt and co-workers46 examining a
neutron-irradiated Fe found by calorimetric measuremen
large binding energy~0.41 eV! of C with a defect, which
they postulate to be probably a vacancy. However, Wu

TABLE X. FIA migration energy when bound to a vacancy~in
eV!, and vacancy~V! migration energy when bound to a FIA. Th
calculations were done using 54-atom supercells and 8k points
~Ref. 52!. A set of configuration has been built along the transiti
path, and each one has been relaxed keeping the FIA position
along the migration path.

Configuration C N

FIA (O)1nn→(O)1nn 0.4 1.0
FIA (O)1nn→(O)2nn 0.6 1.0
FIA (O)2nn→(O)1nn 0.1 0.4
V 1nn → 2nn 0.5 0.76
V 2nn → 1nn 0.3 0.2
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et al.47 examined by magnetic measurements the carbon
nitrogen trapping in Fe following low-temperature electr
and neutron irradiations. They concluded that intersti
clusters formed during the low-temperature neutron irrad
tion acted as traps for carbon and nitrogen atoms, whe
vacancies were the trapping defects following electron ir
diation. Little and Harries5 also consider that the bindin
energy measured by Arndt and co-workers46 very likely cor-
responds to the binding energy of carbon to an intersti
cluster. On the other hand, Takakiet al.32 doing careful re-
sistivity measurements in very pure Fe and C doped Fe
lowing low-temperature electron irradiation estimate that
binding energy of a carbon atom with a vacancy is 1.1
while Vehanenet al.2 doing positron-lifetime measuremen
on electron-irradiated high purity and C doped Fe find 0
eV. Furthermore, in our calculations, a N atom tends to h
a stronger interaction with a vacancy than a C atom wit
vacancy in contrast with the interpretation of Wuttiget al.47

of their experimental data leading to the conclusion that
C-vacancy binding energy is stronger than the N-vaca
binding energy. Later Mondino and Seeger48 also observe
that N-V pairs dissociate more easily than C-V pairs.

C. Interactions of two FIA’s with one vacancy

The possible configurations for one vacancy and t
FIA’s ~first neighbors to the vacancy! are represented in Fig
9. In addition to the two obvious configurations which co
respond to the two FIA’s being first neighbors to the vacan
~in agreement with the very strong binding energy! and
aligned either along thê 110& direction ~configuration
cfgFIA2

1 ) or along thê 001& direction~configuration cfgFIA2

2 ),

we also considered a case where the two FIA’s are sec
neighbors of the vacancy and aligned along the^110& direc-
tion ~configuration cfgFIA2

3 ) as well as when the two FIA’s

are aligned along thê111& direction, thus forming a sort o
^111& dumbbell ~configuration cfgFIA2

4 ). In addition to the

configurations described above, two configurations wh
one FIA is in an octahedral site first nearest neighbor of
vacancy and the second one is in an octahedral site se
nearest-neighbor site have been considered, configura
cfgFIA2

5 and cfgFIA2

6 of Fig. 9.

For a given configuration, the FIA position can be d
scribed in terms of coordinates relative to the vacancy p
tioned at the origin of the space, i.e., at~1,0,0!. With this
notation, in cfgFIA2

1 the FIA positions are~0,0,2a/2) and

(a/2,0,0!. This notation will be used in the last part of th
paper.

The binding energy of one vacancy with two FIA’s wa
determined using Eq.~2.4! and summarized in Table XI. As
expected from geometric considerations and the results f
Table IX the most stable configurations, i.e., the ones w
the strongest binding energies, are those where both F
occupy first nearest-neighbor octahedral sites.

Interestingly enough, C and N do not exhibit the sam
behavior and do not have the same most stable configura
While the C atoms prefer to be in two octahedral sites
closest to each other, i.e., cfgFIA2

1 , the N atoms are more

ed
2-11
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stable when they occupy two octahedral sites symmetric w
reference to the vacancy position along a^100& direction
which corresponds to configuration cfgFIA2

2 .

When the two FIA’s are aligned along the^100& direction,
there is almost no interaction between them, and the res
ing binding energy is close to what would be obtained by
superposition of two V-FIA complexes without interactio
between the two complexes:~i! The relaxation of each FIA
towards the vacancy is close to the relaxation of a single
towards the vacancy;~ii ! the binding energy of the vacanc
with the two FIA’s can be roughly obtained by taking twic
the binding energy of one of the V-FIA complexes;~iii ! the

FIG. 9. Possible configurations for FIA-FIA interactions wi
one vacancy.~a! Configuration cfgV-FIA2

i of Table XI corresponds to
one FIA in the site labeled FIA and the other in the site labeledi. ~b!
is cfgV-FIA2

3 , ~c! is cfgV-FIA2

4 in the same table.
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electronic structure due to each FIA is similar to the o
obtained for a simple V-FIA as can be seen in the electro
density deformation map in Fig. 10.

In contrast to the case above, when the two FIA’s a
aligned along thê 110& direction, N and C atoms behav
differently. For N, the two N atoms sit in positions close
the equilibrium position of two simple V-FIA complexes
this is very probably due to the strong repulsion between
FIA’s ~see Table VIII! and the distance between them
2.29 Å compared to the distance of 2.02 Å between t
octahedral sites. The octahedral sites are thus slightly
torted, which leads to a lower binding energy, and a dissy
metric interaction of each FIA with its four second neare
neighbor Fe atoms; two of these neighbors are shared
each FIA.

For C, despite the metallic environment due to the
atoms, a C-C covalent bond is formed. The distance betw
the two C atoms is 1.42 Å which is the typical covalent bo
length of C ~1.38–1.48 Å forsp2 bonds49!. This covalent
bond leads to a high binding energy, and the electronic d
sity deformation map shows the high electronic concen
tion between the two C atoms~Fig. 11!. Such a covalent
bonding does not appear when the two FIA’s are N atom
This covalent bonding makes the local moments of the
atoms the closest to the octahedral site increase to 2.43mB ,
while the moment of the Fe atoms close to the two N ato
decreases significantly to 1.39mB , as can be seen in Fig. 12

These results can be interpreted in terms of the alignm
of the octahedral cells formed by the six Fe atoms around
FIA’s. When the FIA is a C atom, the octahedral cells co
taining the C atoms appear to favor configurations wh
they are orthogonal to each other, whereas for N atoms
octahedral cells tend to arrange themselves in a manner s
lar to what is observed in ordered Fe16N2.

The difference between the binding energy of two FIA
with a vacancy~from Table XI! and the binding energy o
one FIA with a vacancy~from Table IX! gives the energy
needed to add a FIA to a FIA-vacancy pair already form
Our data~compare Table XI with Table IX! indicate that for

TABLE XI. Binding energies~in eV! of one vacancy with two
FIA’s. The reference state for the binding energies is the energ
a system where none of the non-Fe atoms~i.e., the vacancy or the
FIA’s! interact. The calculations were done using 54-atom sup
cells and 27k points. For the two configurations where the FIA a
both first neighbor to the vacancy, the calculations have been d
also with 128-atom supercells and 27k points. The error on the
binding-energy calculations done with only a 54-atom supercell
thus be estimated to be around 20%.

Configuration C
~54 atoms!

C
~128 atoms!

N
~54 atoms!

N
~128 atoms!

cfgV-FIA2

1 1.24 1.50 0.32 0.46
cfgV-FIA2

2 0.71 1.07 1.25 1.54
cfgV-FIA2

3 20.27 0.10
cfgV-FIA2

4 0.77 22.09
cfgV-FIA2

5 20.14 0.46
cfgV-FIA2

6 0.30 0.85
2-12
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C, it is preferable to add a C atom to an already formed C-
pair than to form a new C-V pair in agreement with Well
study on Snoek peak of interstitial foreign atoms and th
complexes in bcc metals.50 Our results are also in agreeme
with Takaki’s findings32 that monovacancies are nuclei fo
small clusters containing a limited amount of C atoms. Th
results are, however, in contradiction with the kinetics d
cussed in~Ref. 46! which are clearly bimolecular, indicatin
that only one carbon atom associates with each vacancy
with our results. For N, the data are not so clear. Indeed
difference between the binding energy of two N atoms w
one vacancy and the binding energy of one N atom wit
vacancy is very close to~for 54 atoms! and even lower than
~for 128 atoms! the binding energy of one N atom to a v
cancy. These results indicate that for N there exists v
probably a competition between the formation of anot
N-V pair and the formation of a V-N2 triplet. Indeed Weller’s
study indicates that N are found only as V-N pairs. Und

FIG. 10. Electronic density deformation map@(11̄0) plane# for
one N FIA close to one vacancy compared to the electronic den
deformation map for two N FIA’s and one vacancy all aligned alo
the ^001& direction ~configuration cfgV-FIA2

2 of Table XI!. The 1

signs indicate regions where the electronic density has increa
while the2 signs indicate regions where the density has decrea
The units are eV per Å3.
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normal conditions and even under irradiation, the vaca
concentration in Fe is smaller than the N or C atom conc
tration ~for pure Fe or Fe alloys!, and a large proportion o
the vacancies may be associated to one or two FIA’s, w
strong binding energies.

TABLE XII. Binding energies~in eV! of one vacancy with three
FIA’s. The reference state for the binding energies is the energ
a system where none of the non-Fe atoms~i.e., the vacancy or the
FIA’s! interact. The calculations were done using 54-atom sup
cells and 125k points ~or 128-atom supercells and 27k points!.

Configuration C
~54 atoms!

C
~128 atoms!

N
~54 atoms!

N
~128 atoms!

cfgV-FIA3

1 0.21 0.72 20.74 20.46
cfgV-FIA3

2 1.24 1.84 20.38 20.11

ity

d,
d.

FIG. 11. Electronic density deformation map for two FIA’s clo
to one vacancy. The1 signs indicate regions where the electron
density has increased, while the2 signs indicate regions where th
density has decreased.~a! is configuration cfgV-FIA2

1 for two C at-
oms @~001! plane#. ~b! is the same configuration for two N atom
The units are eV per Å3.
2-13
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An estimation of the binding energy of complexes co
taining three FIA’s and one vacancy seems to indicate
there is no significant binding energy for the third C ato
~Table XII!. For the two configurations investigated, the F
positions were (0,a/2,0), (0,0,2a/2), and (0,0,a/2) for
cfgFIA3

1 , and (a/2,0,0), (0,a/2,0), (0,0,a/2) for cfgFIA3

2 . The

results indicate that the less unfavorable situation is w
three C atoms are bound to a vacancy. The correspon
binding energy is 1.24 eV for 54 atoms and 1.84 for 1
atoms, which indicates that there is no significant binding
the third C atom as compared to the first two. Neverthele
if the vacancy concentration is low, the formation of som
V-C3 complexes can be expected as the binding energ
the third C atom is around 0.3 eV~for 128-atom supercel
results!. For N the situation is much less favorable, as can
expected from the binding energies of the two V-N2 configu-
rations studied previously. Therefore, we expect the form
tion of V-N3 complexes to be highly improbable.

D. FIA –self-interstitial atom interactions

Finally we looked at the interactions of N or C atoms w
self-interstitial atoms. Indeed, according to Little a
Harries,5 nitrogen interstitial atoms reduce the jump fr
quency of the self-interstitial atom by a factor of 43104 at
50 °C and thus drastically affect the long-range migrat
behavior of the self-interstitial atom point defects. As a res
self-interstitial atom clusters formed under irradiation nuc
ate on a much finer scale than in the absence of nitrog

FIG. 12. Local magnetic moments, inmB , for cfgV-FIA2

1 of Table
XI. They were obtained using 54-atom supercells.~a! the FIA’s are
C atoms,~b! the FIA’s are N atoms.
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Takaki and co-workers32 estimate the binding energy be
tween a self-interstitial atom and a carbon atom to be 0
eV. Earlier on, Johnsonet al.51 calculated that an attractiv
binding energy of 0.5 eV existed between the^110& dumb-
bell and a carbon atom~Fig. 12!.

We have investigated the possible interactions betw
the most stable self-interstitial in Fe, the^110& dumbbell and
C as well as N impurities. Â110& dumbbell was introduced
in a supercell. All the atoms were relaxed using the conjug
gradient algorithm and the energy of this relaxed system
determined. In this relaxed supercell, a C or N atom was
placed at different sites labeled cfgSIA-FIA

1 , cfgSIA-FIA
2 , and

cfgSIA-FIA
3 in Fig. 13. The new system was then relaxed on

more using the conjugate gradient algorithm and the n
energy determined. The binding energies@calculated using
Eq. ~2.3!# corresponding to the different positions presen
in Fig. 13 are summarized in Table XIII. Despite some po
sible supercell size effects, the FIA self-interstitial atom
teractions appear to be repulsive or if they become attrac
in a bigger supercell the interaction should remain small a
in any case not as large as the FIA-vacancy interactions. T
is in disagreement with Johnson’s calculated results or w
Takaki experimental work.

In our results, this repulsion is larger for the N atoms th
for the C atoms, the difference being more visible for co
figuration cfgSIA-FIA

1 , while Little and Harries5 observe that it
is probable that the binding energy of the self-interstit
atom to N is similar to that of the self-interstitial atom to C
The discrepancy with the experimental results may co
from the fact that no indication is given about the relati
position and distance of the C from the dumbbell. Indeed,
configuration cfgSIA-FIA

3 , there is not much difference
whether the FIA is a C or a Natom. Moreover, it can be
noticed that the repulsion between C and N with the^110&
dumbbell is for some configuration smaller than the ene
difference between thê111& crowdion and thê110& dumb-
bell @.0.7 eV ~Ref. 26!#. These preliminary results indicat
thus that the stability of thê110& dumbbell may not be
affected by the presence of C or N FIA. However the int
action of FIA’s with self-interstitial atom clusters needs to
further explored.

E. Summary

We have determined the binding energy of C and N ato
with intrinsic point defects as well as with other FIA’s of th

FIG. 13. FIA positions relative to thê110& SIA. ~1! corre-
sponds to cfgSIA-FIA

1 of Table XIII, ~2! to cfgSIA-FIA
2 , and ~3! to

cfgSIA-FIA
3 .
2-14
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TABLE XIII. ^110& dumbbell binding energies~in eV! with impurities situated in the positions defined
Fig. 13. The calculations were carried out using 54-atom supercells and 125k points, and 128-atom super
cells and 27k points.

Position C~54 atoms! C ~128 atoms! N ~54 atoms! N ~128 atoms! C ~Johnsonet al.a!

cfgSIA-FIA
1 20.39 20.19 20.73 20.58 10.56

cfgSIA-FIA
2 20.58 20.31 20.86

cfgSIA-FIA
3 20.32 20.09 20.35 20.18
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same type. Our results indicate that there is a strong bind
energy of C and N to the vacancy. This binding energy
greater when the FIA is a N atom than when it is a C atom.
Because of this large binding energy the migration energ
a N atom associated with a vacancy is lower than the mig
tion energy of a C atom associated with a vacancy. T
trends are opposite when no vacancies are present. Poin
fects affect thus very strongly the behavior of interstitial im
purities, which can explain the discrepancies observed in
literature. Furthermore many experimental data are not
rectly comparable to our calculations and are obtain
through a model. For instance, positron-lifetime experime
give the dissociation enthalpy, i.e., the sum of the bind
energy and of the migration energy of the fastest spec
Depending upon what one chooses as the experimenta
cancy migration energy, the deduced experimental bind
energy changes. Our data indicate also that when two F
are close to each other in an Fe matrix, some configurat
lead to a repulsion of the FIA’s, repulsion which can be ov
come by the presence of vacancies. The repulsion betw
the N atoms is always more significant than the repuls
between C atoms. As a result, when a vacancy is introdu
close to two C atoms, a covalent bonding forms while
such bonding appears between N atoms. Under irradia
numerous vacancies and self-interstitial atoms are introdu
in the matrix, and our results indicate clearly how the pr
ence of N or C atoms can affect the microstructure evolut
even if some results are only trends.

V. CONCLUSIONS

Some of the known properties of C and N impurity atom
in a-Fe are correctly reproduced by ourab initio calcula-
tions. In particular,~i! the impurity C and N atoms occup
octahedral rather than tetrahedral sites;~ii ! the tetrahedral
site corresponds to the saddle point for N and C migrati
and the migration energy is equal to the energy differe
between the octahedral and tetrahedral sites;~iii ! the experi-
mental migration energy of the FIA’s ina-Fe is very close to
the ab initio values, and this is true also for the diffusivit
prefactor;~iv! the binding energy of a vacancy with a C atom
is strong and is very close to the experimental results.

As a consequence, the formation of carbon-vacancy
nitrogen-vacancy complexes can be a good explanation
14411
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the difficulty to obtain coherent data on vacancy propert
which are masked by the complexes.

In complement, some important results have been
tained.

~i! A vacancy can bind to up to two FIA’s only.
~ii ! The interactions between two FIA’s are mostly repu

sive except in a few particular cases. When a vacanc
introduced, an attractive interaction builds up between
two FIA’s and the vacancy. In the case of C atoms a cova
C-C bond forms.

~iii ! C atoms tend to occupy octahedral sites whose sh
est distances are perpendicular to each other, while N at
appear to favor the alignment of the octahedral sites so
the shortest distances are parallel to each other.

~iv! No attraction between FIA’s and̂110& self-interstitial
atoms have been observed. At short distance, a repulsion
few tenth of eV has been obtained.

Finally, C and N have similar properties, in terms of t
migration energies, binding energies with a vacancy, or bi
ing energy with a self-interstitial atom. The migration ener
of the FIA is slightly smaller for N which is a smaller atom
on the other hand the binding energy with a vacancy
slightly smaller for C. Nevertheless, the complexes form
by one single vacancy and two FIA’s behave differen
whether the FIA is a carbon or a nitrogen atom.

The data obtained byab initio calculations appear thus t
be useful to analyze the behavior of point defects in
presence of foreign interstitial atoms. Similar calculations
the C-N interactions are under way.
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