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I. INTRODUCTION

It is well known that the main effect of phosphorus is to
promote embrittlement at grain boundaries �see for instance
the thorough review by English et al.1�. This intergranular
embrittlement is due to phosphorus segregation �enhanced by
thermal ageing or under neutron irradiation� at the grain
boundaries.2 P segregation has also been observed at dislo-
cations or precipitate-matrix interface.3 In addition, phos-
phorus was found to influence the evolution of the micro-
structure of Fe alloys under irradiation.4 Atom probe analysis
of neutron irradiated ferritic alloys have shown the presence
of small phosphorus rich clusters, very diffuse, with 1–2 nm
typical radius size associated or not with Cu or other solute
atoms.3,5

The mechanisms responsible for the formation of these
solute rich clusters are not yet elucidated. However, the in-
teractions of the point defects induced by irradiation �vacan-
cies and/or self-interstitial atoms� with the solute atoms must
very probably be partly responsible of these phenomena.

Lidiard6 has used the analytical expressions derived by
Barbu and Lidiard7 for the coupling between point defect
fluxes to investigate phosphorus diffusion in Fe. This model
requires the knowledge of physical properties not accurately
known at the moment. In particular the interaction between a
vacancy and a phosphorus atom was totally neglected, and
only the coupling between self-interstitial atoms and phos-
phorus was considered.

Faulkner and coworkers8 have modeled the phosphorus
grain boundary segregation under neutron irradiation as a
function of temperature. They used molecular dynamics re-
sults to obtain the amount of residual point defects by cas-
cade for a given energy and thus determine the amount of
freely migrating point defects produced by the irradiation.
Their model predicts phosphorus segregation as a function of
temperature and neutron spectrum. The number of freely mi-
grating defects depends on the cascade energy and conse-
quently directly on the spectrum, and the low energy part of
the neutron spectrum was shown to have an important con-

tribution to the segregation. In that case also, these authors
assumed that only single self-interstitial atoms couple with P
atoms for the transport of phosphorus solute atoms to grain
boundaries.

The assumptions made by Faulkner and coworkers as well
as by Lidiard very probably originate from the experimental
finding that the P coefficient diffusion in body-centered cubic
�bcc� Fe is high.9

Recently, Hardouin du Parc10 measured the interstitial
loop distributions and sizes in Fe as well as in FeP dilute
alloy under high energy electron irradiation in a high voltage
electron microscope. From their results, they evaluated effec-
tive vacancy and self-interstitial diffusion coefficients and
found that the presence of phosphorus leads to an increase of
the effective self-interstitial migration energy, thus corrobo-
rating the assumptions made previously. They also observe a
decrease of the effective vacancy prefactor in FeP0.11% and
an increase of the effective migration energy of the vacancy
in presence of phosphorus.

More recently Nagai and coworkers observed by positron
annihilation studies that phosphorous promoted the forma-
tion of vacancy clusters during high energy electron irradia-
tion of Fe.11

A good knowledge of P diffusion and its interaction with
point defects in the � iron matrix is thus technologically
crucial and is likely to improve the models dedicated to the
study of the evolution of the microstructure under thermal
ageing or irradiation.

Such studies have to be done at the atomistic level. Hash-
imoto et al.12 used an Fe-P Morse potential to study the
segregation of P in grain boundaries, while Vasiliev and
coworkers13 used the same potential to investigate at the ato-
mistic level some phosphorus defects properties. The Morse
potential has been used once more, along with the Ackland et
al.14 Fe potential to study point defect15 and P interactions at
grain boundaries.16

However, simulations based on empirical potentials have
to be used with care as regards to interactions with point
defects because these potentials are most of the time adjusted
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on equilibrium properties. For instance, many of the Embed-
ded Atom Method �EAM� type potentials dedicated to the
study of � Fe do not predict correctly the stable configura-
tion of the interstitials or the relative formation energies of
the dumbbells. To our knowledge, the only empirical poten-
tials which predict correctly interstitial properties are that
derived by Mendelev and coworkers17 and Ackland et al.,18

but this is because the potential was adjusted on ab initio
results,19 some of them related to interstitial properties. Fur-
thermore, empirical potentials most of the time lack informa-
tion about the local or far from equilibrium chemistry of
defect interactions.

For these reasons, Ackland and coworkers have very re-
cently developed a FeP potential of the embedded atom
method type, using some ab initio data as fitting
parameters.18 The interaction of phosphorus with one va-
cancy and in interstitial positions was determined, in the
framework of the density functional theory, on very small
supercells �16- and 32-atom supercells�, and the data ob-
tained used to fit the empirical potential.

Indeed, ab initio calculations based on the density func-
tional theory �DFT� appear today to be the most appropriate
tool to evaluate fine interactions between defects and solute
atoms and can thus give a better understanding of the basic
atomic phenomena involved in, for instance, the changes in
the microstructure concurrent with irradiation. Calculations
of this kind have shown, for example, that C and N interact
strongly with vacancies in agreement with experimental
data.20 Along with their important role in the building of
empirical potential, another use of the data thus obtained is
their introduction in higher scale modeling such as rate
theory models or kinetic Monte Carlo simulations.

To our knowledge, besides the calculations of Ackland et
al. aimed at building an empirical potential,18 previous ab
initio calculations in the iron phosphorus system were de-
voted to surface and grain boundary interactions21–25 and
have focused on the strengthening of the bonds induced by
the P atom at the interface.

Being considered as an undersized substitutional
impurity,26 P would in principle interact with both vacancies
and interstitials. For this reason, in the work presented here,
the interaction of P atoms with vacancies as well as with
self-interstitial atoms is investigated.

In a preliminary part, the most stable occupation site of P
is determined and compared to other possible sites. The in-
teraction between P and point defects: Vacancy and self-
interstitial atoms is determined. The migration energies in-
volving P and a vacancy are given and discussed, the
phosphorus diffusion coefficient based on a vacancy mecha-
nism is evaluated.

II. METHODOLOGY

The ab initio calculations presented in this work are based
on the density functional theory. They have been performed
using the Vienna ab initio simulation package �VASP�, see
Refs. 27–29 and references therein. The calculations were
done in a plane-wave basis, using fully nonlocal Vanderbilt
type ultrasoft pseudopotentials �USPP�30 to describe the

electron-ion interaction, and within the spin polarized gener-
alized gradient approximation �GGA� of Perdew and Wang.31

The pseudopotentials were taken from the VASP library. For
Fe, the six 3d electrons are considered as valence ones to-
gether with the two 4s �the reference state is more precisely
3d6.24s1.8�. For P, five valence electrons are used: 3s and 3p
�reference 3s23p3�. In addition, some calculations were done
using the projector augmented wave �PAW� approach32 as
well as taking into account the Vosko and coworkers correc-
tions for the exchange correlation.33

Periodic boundary conditions and the supercell approach
were used for all calculations. Brillouin zone sampling was
performed using the Monkhorst and Pack scheme.34 The de-
fect calculations were performed at constant volume thus re-
laxing only the atomic position in a supercell dimensioned
with the equilibrium lattice parameter for the pure matrix
�2.8544 Å for Fe in our case�. This allows one to use a
smaller plane-wave cutoff energy �240 eV�. The calculations
were done with 54-atom �respectively, 128-atom� supercells
with a Brillouin zone sampling of 125 k points �respectively,
27 k points�. The ion relaxation was performed using the
standard conjugate-gradient algorithms implemented in the
VASP code. More details on the method and in particular a
comparison of full relaxation versus constant volume calcu-
lations for point defects in Fe can be found in Ref. 19. In all
the tables presented below, the “number of atoms” is more
precisely the number of Fe sites in the perfect supercell, i.e.,
the cell containing no defect.

The reference structure is the body-centered cubic struc-
ture with the lattice parameter obtained for pure Fe
�2.8544 Å�. The local magnetic moments have been used to
describe the modification of the polarization of the electronic
density which depends on the chemical interactions and on
the relaxation of the structure induced by the presence of
phosphorus and point defects. In order to calculate these lo-
cal magnetic moments, it is necessary to introduce atomic
radii to proceed to local projections �in the direct space of the
electronic charge density� on spheres centerd on the atomic
positions. The values adopted throughout this work are the
recommended ones for the pseudopotentials used in the VASP

code: 1.302 Å for Fe, 1.233 Å for P.
Except when otherwise mentioned, the defect formation

energies are given taking as references the P atom in substi-
tution as well as bcc � iron following in this the definitions
of Ackland and coworkers.14

The formation enthalpy of a P atom in a supercell con-
taining N sites is defined as the following when the P atom is
in substitutional position:

Efor�subs� = E��N − 1�Fe + P� − �N − 1�E�Fe� − E�P� �2.1�

and when the P atom is in interstitial position

Efor�int� = E�NFe + P� − NE�Fe� − E�P� . �2.2�

E�P� is the reference energy of a P atom. If one chooses the
isolated P atom as reference, Efor�subs�=−4.529 eV for 54
atoms and Efor�subs�=−4.463 eV for 128 atoms. When the
reference is P in substituted position, Efor�subs�=0 eV.
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The total binding energy between n defects, i.e., vacan-
cies, self-interstitial atoms, or P atoms, is the energy differ-
ence between the configuration where all the defects interact
and the system where all the defects are far from each other
in order not to interact. Due to our limited supercell size and
in order to subtract supercell energies obtained with the same
cutoff and k points mesh, the total binding energy is calcu-
lated as

Eb�A1,A2, ¯ ,An� = �
i=1,n

E�Ai� − �E�A1 + A2 + ¯ + An�

+ �n − 1�Eref� , �2.3�

where Eref is the energy of the supercell without any Ai,
E�Ai� is the energy of the supercell with Ai, and E�A1+A2

+ ¯ +An� is the energy of the cell containing all Ai defects
interacting. All the supercells contain the same number of
sites, i.e., have the same size.

Another way of looking at these binding energies is in
terms of reacting elements as considered for example in rate
theory

A1 + A2 + ¯ + An → �A1 + A2 + ¯ + An� . �2.4�

This is specially useful when a rearrangement occurs �for
instance when a solute atom in substitution jumps to form a
mixed dumbbell�.

III. SINGLE PHOSPHORUS IN BCC FE

A. Pure elements

Bulk properties obtained with VASP for pure iron have
been investigated in details in our previous work19 or in Ref.
35. At 0 K, our calculations are consistent with the experi-
mental results. The ground state of Fe is magnetic bcc with
an equilibrium lattice parameter of 2.8544 Å and a mean
magnetic moment of 2.32 �B / at. As observed by Kresse and
Joubert,36 the magnetization is overestimated by 0.1 �B / at.
compared to the experimental results.37 The local magnetic
moment after projection of the electronic density on the
sphere centered on the atom �which radius is the radius used
for local density of state projection� is 2.37 �B / at. The slight
difference between the mean magnetic moment and the local
magnetic moment comes probably from the overlap of the
spheres.

Phosphorus solid phases have rather complex structures.
Among the different known structures, the one formed by P4
clusters is often encountered at low temperature.38 We have
checked that the isolated P4 tetrahedron cluster is very stable
�compared to other solid phases such as diamond�, with a
formation energy of −3.4 eV per P atom, the isolated P being
our reference. The P-P equilibrium distance is 2.2 Å.

B. Single phosphorus in bcc Fe

Solute atoms can occupy substitutional or interstitial sites.
The different interstitial configurations investigated here are
mixed �100�, �110�, �111� dumbbells, octahedral, or tetrahe-
dral sites �configurations �100�Fe-P, �110�Fe-P, �111�Fe-P, �O�,
and �T��.

In agreement with experiment and the simulation results
of Vasiliev and coworkers13 the most stable position, and by
far, for a P atom is on a crystallographic site, i.e., in substi-
tution �configuration Psubs in Fig. 1�. A large formation en-
ergy difference of about 3 eV is found for this configuration
compared to all the interstitial positions investigated in Table
I. Among the later, the mixed �110�Fe-P dumbbell is the most
stable, followed by the octahedral configuration.

These interstitial configurations having close formation
energies, a low activation energy for the migration of a P
atom via interstitial sites may be expected leading thus to a
high diffusion coefficient.

The experimental phosphorus diffusion coefficient in Fe,
1.38�105 exp�−3.4 eV/kT� cm2/s �in the temperature range
932–1017 K� and 8�105 exp�−3.2 eV/kT� cm2/s �in the
temperature range 783–923 K�9 is much larger than the self-
diffusion coefficient. Indeed, at 870 K, the self-diffusion co-
efficient is 10−20 m2/s �Mehrer, Stolica, and Stolwijk, p.
73�39 while the diffusion coefficient of P in ferromagnetic
bcc Fe is 10−17 m2/s �Le Claire and Neumann, p. 179�.9 This
fact could be associated with diffusion involving interstitials
rather than vacancies.

In addition, if one supposes that migration takes place
through some interstitial mechanism, the experimental acti-
vation energy of 3.2 eV �Ref. 9� can be decomposed into the
P interstitial formation energy �close to 3 eV according to
our calculations, Table I� and a migration energy which
would thus be close to a few tenth of an electron volt �ac-
cording to the value obtained for the interstitial formation
energy�. Such a migration energy is about the right order of
magnitude for interstitial migration energies, and is in agree-
ment with the closeness in energy of the various interstitial
configurations.

The calculations done using a 16-atom supercell can only
give a rough estimate of the energy of the substitutional con-
figuration, despite the fact that the relaxation of the neigh-
boring Fe atoms is rather small as will be seen later. For the
interstitial configurations, the results are clearly not con-
verged with 16 atoms, while going from 54 to 128 atoms
leads to a reasonable convergence. For this reason, 54-atom
supercells were used to investigate the different migration
paths exposed in what follows.

Based on the data of Table I, the interaction of a migrating
self-interstitial atom �the most stable one being the �110�Fe-Fe

with a formation energy of 3.94 eV �Ref. 19�� with a substi-
tute phosphorus atom can be estimated. The 2.98 eV forma-
tion energy for the �110�Fe-P compared to the 3.94 eV forma-
tion energy of the self-interstitial atom �110�Fe-Fe leads to a
reaction energy between a P atom and the self-interstitial
�110�Fe-Fe dumbbell of 0.96 eV. When a moving self-
interstitial atom comes close to a phosphorus atom, the for-
mation of a mixed dumbbell is very favorable. Under irra-
diation, numerous self-interstitial atoms which diffuse very
rapidly are introduced in the materials. In the presence of P,
our results indicate that mixed dumbbells may form in agree-
ment with experiments. The formation and motion of mixed
P dumbbells, thermally unstable, was indeed concluded by
Abe and Kuramoto40 out of their results from electrical re-
sistivity recovery measurements on Fe-P dilute alloys irradi-
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ated with 2.5 MeV electrons at 77 K. These interactions be-
tween P and interstitial atom will be presented in more detail
in Sec. V.

The relaxation of the nearest neighbor Fe shells around a
P in substitutional position is −0.9%, −0.03%, and −0.2% for
the first, second, and third nearest Fe atom shells. These
results are expressed in terms of �di /di

0, where di
0 is the

distance between the impurity and the atom before any re-
laxation, di is the new distance between the impurity and the
atom after the relaxation, and i is the index of the neighbor
shell. This relaxation is thus inward and small �below 1%�,
indicating that the P atom is slightly undersized as compared
to the Fe atom in agreement with King’s26 data.

The distances after relaxation between the Fe atom and
the P atom are represented Fig. 1 along with the local mag-
netic moments carried by each atom.

IV. PHOSPHORUS–VACANCY INTERACTION

A. Interaction energy

The interaction of one P atom with a single vacancy has
been evaluated when the two defects are first, second, and up
to fifth nearest neighbors �Table II�. In first and second near-
est positions �1nn and 2nn� the binding energy is positive
�indicating attraction� and large �between 0.25 and 0.3 eV�
while at larger distance it vanishes indicating that no more
interaction between the vacancy and the phosphorus atom
exists. These results are partly in agreement with those of
Vasiliev and coworkers13 who find a strong binding energy
between the vacancy and the P atom of 0.39 eV but in sec-
ond nearest neighbor position only. Our results are in agree-
ment with the binding energy calculated by Ackland et al. on
small supercells.18

FIG. 1. Substitutional, octahe-
dral �O�, tetrahedral �T�, and
mixed dumbbells �100�Fe-P,
�110�Fe-P, and �111�Fe-P� P con-
figurations. The relaxed distances
�italic fonts� around the P atom
are indicated in angstroms and the
local magnetic moments �bold
fonts� in Bohr magnetron. The ref-
erence lattice parameter a for Fe
is 2.8544 Å and the local bcc Fe
local magnetic moment is
2.37 �B. The phosphorus atom is
the small black atom.
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P is known to segregate at free surfaces, and as a vacancy
can be considered as the first step toward the creation of a
surface, a positive binding energy is not surprising. However
such a large binding energy �0.31 eV� was not expected and
thus not taken into account in the models built until now.6

Note however that in austenitic steels, it was observed that
the presence of P atoms suppresses the segregation of Ni
atoms to voids and the results were interpreted as
P-vacancies �P-V� interactions.41

The P atom relaxes towards the vacancy, the V-P distance
is 2.37 Å, whereas the nearest neighbor distance in bcc Fe is
2.47 Å. The relaxation of a phosphorus atom first nearest
neighbor to a vacancy is similar to that of an Fe atom first
neighbor to a vacancy �the V-Fe distance is 2.36 Å�.19

This indicates thus that the large binding energy is mainly
due to chemical rather than elastic effects.

The migration energy of a P atom toward a vacancy has
been obtained by placing the P atom halfway between the
two nearest neighbor sites occupied by the P and the va-
cancy. The structure is relaxed using the conjugate gradient
algorithm and the energy of the new configuration is deter-
mined.

By looking at the vibrational modes of the P atom, it was
verified that this position is indeed a saddle point and not a
local minimum, and the migration energy is the energy dif-
ference between the relaxed initial configuration �where the
P atom is in substitution and the vacancy in first nearest
neighbor position to the P atom� and the energy of the half-
way position. The value thus obtained equals 0.337 eV

�Table II�. A large and positive binding energy between a P
atom and one vacancy associated with a P low migration
energy indicates that the formation of V-P pairs is very plau-
sible, in which the vacancy can exchange easily with the P
atom. The EAM potential developed by Ackland et al.18 also
predicts a low migration energy of 0.31 eV.

These results being a bit unexpected, a sensitivity study of
the values obtained for the binding and migration energies to
the ab initio method used was performed. Taking into ac-
count the Vosko et al. corrections33 with USPP leads to a
binding energy of 0.24 eV for both positions of the vacancy
�i.e., first and second neighbor to the P atom�, and does not
change the migration energy. The use of PAW instead of
ultrasoft pseudopotentials does not affect significantly our
results either.

B. P diffusion coefficient

The experimental diffusion coefficient of P in bcc Fe is
one to two orders of magnitude larger than the Fe self diffu-
sion coefficient.9 According to Le Claire,42 impurities diffuse
by the vacancy mechanism when their diffusion rates are
comparable with the host self diffusion rate. When the im-
purity diffusion rate greatly exceeds that of self diffusion, the
vacancy mechanism is untenable and diffusion is believed to
be dominated by some form of interstitial migration. P is one
example for which diffusion via interstitials could be as-
sumed.

Because of the large V-P binding energy and the low P
migration energy obtained in our calculations, the diffusion

TABLE I. Formation enthalpy Efor �in electron volts� for different positions of the P atom in the Fe matrix. For P, the reference state is
the atom in substitution in the bcc lattice, for Fe, bcc Fe. The calculations were done using 54 atom supercells and 125 k points as well as
with 128 atom supercells with 27 k points. The Ackland et al. �Ref. 18� ab initio calculations have been obtained with 16 atom supercells
whereas the EAM results are for 2000 atoms.

Configuration EAMa P �16 at.�a P �16 at.� P �54 at.� P �128 at.�

Psubs 0 0 0 0 0

�T� 2.80 4.35 4.35 3.236

�O� 3.47 4.75 3.135 2.973

�100�Fe-P Decays to mixed �110� 4.75 Decays to �O� Decays to �O�
�110�Fe-P 2.57 3.82 3.83 2.98 2.924

�111�Fe-P 3.30 4.36 4.35 3.403 3.25

aReference 18.

TABLE II. P-V binding energies �in electron volts� and P migration energy �in electron volts�. The calculations were done using 54 atom
supercells and 125 k points.

Configuration EAMa USPP �54 at.� USPP+Voskob �54 at.� PAW �54 at.� USPP �128 at.�

V-P 1nn 0.37 0.31 0.24 0.35 0.32

V-P 2nn 0.34 0.26 0.24 0.22 0.28

V-P 3nn −0.07 −0.02 −0.03

V-P 4nn −0.03 −0.05 −0.01

V-P 5nn −0.02 −0.04

P migration 0.31 0.34 0.34 0.41 0.34

aReference 18.
bReference 33.
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coefficient for migration via a vacancy mechanism was de-
termined.

If one assumes a vacancy mechanism for the migration of
P in Fe, the diffusion coefficient can be obtained using the
nine-frequency model developed by Le Claire43 for hetero-
diffusion in bcc crystal. This method has been previously
applied for Cu in Fe using empirical potential44 as well as ab
initio results.45

The different possible jumps involved in the diffusion as-
suming only first and second nearest neighbor interactions,
defined in Fig. 2, have thus been evaluated. It is noteworthy
that in this situation, as in the two cases cited above, the
common simplified models based on only first nearest neigh-
bor or only second nearest neighbor interactions cannot be
applied as neither first or second nearest neighbor P-vacancy
interaction can be neglected.

In Fig. 2 the classical jump frequency notation has been
adopted, see, e.g., the Philibert book.46 When positioned in a
first nearest neighbor position, the vacancy can go away
from the P atom by jumps in second �jump with frequency
w3 in Fig. 2�, third �frequency w3�� or fifth �frequency w3��
nearest neighbor positions.

As the binding energy between the vacancy and the phos-
phorus atom in second nearest neighbor position is large, the
jump from second to fourth nearest neighbor position �jump

with frequency w5 in Fig. 2� has to be considered also. All
other vacancy jumps are equivalent to the vacancy jumps in
pure Fe, which was found to have a migration barrier of
0.65 eV,19 assuming, in agreement with our calculations
�Table II�, that there is no interaction between the P atom and
the vacancy after the third nearest neighbor shell. The differ-
ent migration paths have been determined with a 54-atom
supercell and 125 k points. To find the saddle point position
for each jump, a set of configurations has been built going
from the initial to the final relaxed positions. For each inter-
mediate position, the migrating atom has been constrained to
remain within a �100� plane. This method prevents the mov-
ing atom from falling in the minimum energy structure and
allows thus the determination of the activation barrier.

The energy differences between the saddle point position
and the initial and final configurations give the migration
energies for the jumps in the two directions.

These energies are summarized in Table III and have been
used to determine the P diffusion coefficient. The Ackland et
al. EAM potential predicts migration energies whose differ-
ence with our ab initio calculations is lower than 0.1 eV
�except for the jump between first and fifth nearest neighbor
position�. In agreement with the large V-P binding energy,
the jumps toward the vacancy are always easier than the
jumps away from it.

To evaluate diffusion coefficients of a solute in a matrix
element, a common approximation is made which consists in
considering that the attempt frequencies are all equal. This
can be acceptable for atoms with similar atomic mass and
size. However, as Fe and P are quite different in terms of
bonding and mass, the attempt frequency has been evaluated
in the framework of the Vineyard transition state theory.47 In
this model, �i=�1

3N�̃ j /�1
3N−1�̃ j

*. �̃ j are the vibration modes in
the initial configuration and �̃ j

* the vibrational modes in the
transition state configuration N is the number of atoms.

Within the Einstein approximation, only the vibrational
modes of the migrating atom have to be considered. Com-
pared to other approximations made in the model, this should
provide a good order of magnitude. The three vibrational
modes of a P atom in an equilibrium first nearest neighbor
position to a vacancy, and the two positive modes at the
relaxed saddle point have been obtained by moving the P
atom by 0.05 Å along each direction. The same procedure
has been applied to a Fe atom in Fe.

The attempt frequencies calculated this way are �Fe equals
4.9 THz for the Fe atom and �P equals 3.8 THz for the P
atom. It is interesting to note that despite the differences in

TABLE III. Migration energies �electron volts� corresponding to the different jumps represented Fig. 2. Calculations done in 54-atom
supercells with 125 k points.

Jump A—B A→B B→A A→B EAMa B→A EAMa

1nn—1nn 0.34 �w2� 0.34 �w2� 0.31 0.31

1nn—2nn 0.60 �w3� 0.56 �w4� 0.64 0.62

1nn—3nn 0.92 �w3�� 0.59 �w4�� 1.04 0.62

1nn—5nn 0.68 �w3�� 0.34 �w4�� 0.90 0.51

2nn—4nn 0.68 �w5� 0.37 �w6� 0.67 0.30

aReference 18.

FIG. 2. Definition of the different jumps wi of the vacancy
�square� with a solute atom �black circle� and corresponding migra-
tion energies Ei

mig. The number in the circles indicates the relative
position of the site to the solute atom, 1 meaning first nearest neigh-
bor of the solute… �from Philibert �Ref. 42��.
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mass and chemistry between the P and the Fe atoms, their
attempt frequencies are rather close.

The jump frequency of a vacancy wi or wi� to a neighbor-
ing site is given by

wi = �i exp −
Ei

mig

kT
. �4.1�

The self-diffusion coefficient is46

DFe = a2w0f0cv
eq, �4.2�

where f0 is the self-diffusion correlation factor �0.727 for
bcc�, and cv

eq is the equilibrium vacancy concentration at

temperature T. The solute P diffusion coefficient equals43

DP = a2w2f2
w4�

w3�
cv

eq. �4.3�

Taking into account the different jumps described in Fig. 2,
and assuming that all the other jumps are not affected by the
presence of P and have frequency w0, the impurity correla-
tion factor f2 is given by43

f2 =
1 + t1

1 − t1
�4.4�

and43

t1 = −
w2

w2 + 3w3 + 3w3� + w3� −
w3w4

w4 + Fw5
−

2w3�w4�

w4� + 3Fw0
−

w3�w4�

w4� + 7Fw0

�4.5�

with F=0.512.
In this calculation, we assumed that all the attempt fre-

quencies �i for P �for the jumps w0, w3, w3�, w3�, w4, w4�, and
w5� were similar and taken equal to �Fe.

The vacancy formation energy was taken to be 2.02 eV.19

After determining DP for different temperatures between 200
and 1000 K, and fitting these data by an exponential law, we
obtain: DP=4.48�10−3 exp�−2.30 eV/kT� cm2/s and DFe

=2.95�10−3 exp�−2.66 eV/kT� cm2/s.
According to our calculations, the diffusion coefficient of

P based on a vacancy mechanism is thus larger than the
self-diffusion coefficient by one to three orders of magnitude
as can be seen Fig. 3. These values are however lower �see
Fig. 3�, than the experimental values for the diffusion coef-
ficient of P in bcc Fe.

Our results confronted with the experimental data indicate
thus that despite the high P vacancy binding energy, diffusion
based on interstitial mechanisms is more probable. This point

will be further discussed in the discussion on phosphorus-
interstitial interactions. Nevertheless, our calculations indi-
cate also that P diffusion via a vacancy based mechanism
should be much faster than self diffusion.

C. Monte Carlo study of the motion of V-P pairs

The diffusivity of a V-P pair has been studied by atomis-
tic kinetic Monte Carlo, using the migration energies deter-
mined with the nine jump model. The diffusion of a V-P pair
has been investigated at different temperatures using the resi-
dence time algorithm.48

A kinetic Monte Carlo step consists in choosing one of the
eight possible vacancy jumps for a configuration according
to their occurrence frequency �k �equals wi, wi�, or wi� de-
pending on the relative position of the vacancy to the phos-
phorus atom�. The average time step associated to the kinetic
Monte Carlo step is

dt =
1

�
k=1,8

�k

. �4.6�

The simulation of the pair �initially introduced in first
nearest neighbor position� was kept track of until its disso-
ciation or up to 106 kinetic Monte Carlo steps. The lifetime
of the pair, as well as its mean free path �RP

2 � before disso-
ciation have been statistically determined using 100 000
simulations per temperature.

Plots of the P-V pair mean free paths for three tempera-
tures �until the pair dissociation, the critical distance chosen
being 6.4 Å� are shown Fig. 4. For all the temperatures in-
vestigated, the mean free path of the P-V pair is small �Fig.
4�. The distribution has a maximum around 5 Å. For each
temperature, the mean lifetime distribution follows a Poisson

FIG. 3. P and self-diffusion coefficients versus inverse tempera-
ture. The experimental data are from Ref. 9.
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law 	exp�−d /��T��
 and as expected the lifetime is longer for
lower temperatures. We have determined � for different
temperatures between 400 and 1000 K. The interpolation
of � as a function of temperature leads to ��T�=6
�10−13 exp�0.66 eV/kT� �in s�.

The vacancy jumps away from the P atom �w3� ,w5� have
an activation energy close to 0.7 eV, while it is the reverse
jumps �w4� and w6� which have a low activation energy
�around 0.4 eV�. The only jump inducing the migration of
the P atom is the first nearest neighbor jump. In order for the
atom to move further, the vacancy has to easily migrate be-
tween first and second nearest neighbor positions of the P
atom. A low migration energy between the 1nn and 2nn po-
sitions compared to the migration energies of other jumps is
thus required. The barrier of 0.60 eV is not low enough for
this mechanism to proceed for a very long time.

In conclusion, the migration of P-V pairs does not lead to
a large mean free path. The P-V pair has a mean lifetime
given by ��T�=6�10−13 exp�0.66 eV/kT� s. Our results in-
dicate thus that despite a high P-V binding energy the mi-
gration of a P-V pair is not a very efficient mechanism to
transport P atom.

V. PHOSPHORUS–SELF-INTERSTITIAL ATOM
INTERACTIONS

As phosphorus diffusion is thought of as possibly taking
place via some interstitial mechanisms, we carefully investi-
gated the different interactions a P atom can establish with a
self interstitial.

A. Single P atom—self-interstitial atom interactions

The most stable self interstitial in Fe is the �110�Fe-Fe

dumbbell �Fig. 5�.
The dumbbell migration process was thought by

Johnson49 to occur by either a simple jump of one of the
atoms constituting of the dumbbell and the recently formed
dumbbell belongs thus to the same �110� plane as the old
dumbbell or by a jump followed by a rotation. In that later
case, the new dumbbell changes �110� plane. Recent ab initio

calculations50 have shown that the most favorable mecha-
nism was the jump followed by a rotation.

The binding �or reaction� energy of the �110�Fe-Fe dumb-
bell with a P atom positioned on a regular crystallographic
site has been determined for the three different final configu-
rations represented in Fig. 5, and the values obtained are
reported in Table IV.

When a P atom moves to become part of a mixed dumb-
bell �configuration �110�Fe-P� the total reaction energy is
close to 1 eV �0.96 eV for a 54-atom supercell and 1.02 eV
for a 128-atom supercell�. It is close to 0.84 eV when the P
atom remains in first nearest neighbor position in the �110�
plane containing the dumbbell �configuration Psubs
− �110�Fe-Fe�.

The strong interaction between the self interstitial
�110�Fe-Fe dumbbell and the substitutional P atom, was also
analyzed in terms of formation energies in the first section of
this paper.

When the final configuration is Psubs� �110�Fe-Fe where
the P atom is first neighbor to the dumbbell but not in the
�110� plane containing it, a repulsion close to 0.36 eV is
observed. The large affinity of P for configurations Psubs
− �110�Fe-Fe and �110�Fe-P is in agreement with the smaller
size of the P atom as compared to that of the Fe atom. Indeed
the presence of the self-interstitial �110�Fe-Fe dumbbell intro-
duces a strain in the �110� plane defined by the dumbbell and
its first four nearest neighbor Fe atoms. P being an under-
sized atom as previously established from the relaxation
mode of its neighbor atoms, the strain induced by the dumb-
bell is reduced when a smaller atom is introduced in that
plane.

FIG. 4. P-V pair mean free path distribution for three different
temperatures. �100 000 simulations�.

FIG. 5. The self-interstitial �110�Fe-Fe dumbbell and the three
different positions for a P atom interacting with it. The fourth figure
corresponds to the mixed �110�Fe-P dumbbell. The relaxed distances
�italic fonts� around the P atom are indicated in angstroms and the
local magnetic moments �bold fonts� in Bohr magnetron. The ref-
erence lattice parameter a for Fe is 2.8544 Å and the local magnetic
moment of the Fe atom in the bcc structure is 2.37 �B. The phos-
phorus atom is the small black atom.
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The repulsion observed for configuration
Psubs� �110�Fe-Fe is also coherent with the fact that the P is
on a site not situated in the �110� plane defined by the dumb-
bell and its first four nearest neighbor Fe atoms. This site is
under dilation, and a “small” atom will prefer to sit on a
substitutional site rather than on a site under dilation.

This affinity of undersized solutes with self interstitials
was expected, but the “amount” of attraction depends on the
elastic effects as well as on the chemical interactions, which
are not a priori easy to forecast. This will for instance affect
the mobilities of the solutes.

A priori the two possible jumps, with and without rotation
of the dumbbell, are possible. However the repulsion ob-
served for configuration Psubs� �110�Fe-Fe indicates that rota-
tion without jump is reduced. On the other hand the large
reaction energy obtained when forming the mixed dumbbell
��110�Fe-P� and the large binding energy of configuration
Psubs− �110�Fe-Fe, where the P atom is first neighbor to the
�110�Fe-Fe dumbbell indicate that these configurations are
very likely and that diffusion of the P atom via these two
configurations is very plausible. Indeed the typical path for
the migration of the �110� dumbbell49,50 goes from one con-
figuration �110�Fe-P to a configuration Psubs− �110�Fe-Fe.

B. Two P in interstitial sites

When a mixed �110�P-Fe interstitial diffuses, it can en-
counter another P atom in a substitutional site position and
form a di-interstitial. Depending on the stability of the di-
interstitial formed, it can be more or less mobile, may lead to
trapping of a self interstitial �110�Fe-Fe, or to the diffusion of
the complex formed.

Different configurations have thus been studied: the three
kinds of P-P dumbbells as well as various configurations
related to the eventual detrapping or migration of the di-
interstitial. Among the three configurations possible for the
P-P dumbbell, configuration �110�P-P is the most stable fol-
lowed by configuration �100�P-P and �111�P-P �see Fig. 6 and
Table V�. Note that the mixed �100�P-Fe is not stable while
the �100�P-P is more stable than the �111�P-P.

The interaction of two P atoms and a self-interstitial
�110�Fe-Fe dumbbell has been investigated in more detail. The
different possible final configurations studied are represented
in Fig. 7 �the notation takes into account which atom belongs
to the �110� plane containing the dumbbell� and the corre-
sponding reaction energies are gathered in Table V. Configu-

ration �110�P-P is less stable than a mixed dumbbell close to
a substitutional P atom, i.e., configuration Psubs− �110�Fe-P.
Configuration Psubs− �110�P-Fe is unstable and decays to
�100�P-P.

The most stable configuration is Psubs− �110�Fe-P with one
P in mixed dumbbell configuration and the other one on the
first nearest neighbor site to the Fe atom from the mixed
dumbbell. The total binding energy is around 2.1 eV.

When a mixed �110�Fe-P dumbbell comes near a substitu-
tional P atom following the reaction Psubs+ �110�Fe-P→Psubs

− �110�Fe-P, the associated reaction energy �or binding en-
ergy� is 1.1 eV for a 128-atom supercell. Thus, the dissocia-
tion of the most stable configuration �Psubs− �110�Fe-P� costs
about 1 eV and is not very favorable. The dissociation of the
two other configurations is not very favorable either and
costs about 0.6 eV. The mixed dumbbell �110�Fe-P has thus
been trapped by the other P atom and become sessile. These
results may explain the increase of the self-interstitial effec-
tive migration energy which goes from 0.31 eV in pure Fe to
0.79 eV in FeP0.11% as measured by Hardouin du Parc.10 This
situation can also be seen as the trapping of a pure �110�Fe-Fe

dumbbell by two P atoms close together �initially located in
second, third, or fifth nearest neighbor position to each
other�.

The objects composed of one pure Fe dumbbell
��110�Fe-Fe� and two P atoms in substitutional position
�2Psubs− �110�Fe-Fe, Psubs− �110�Fe-Fe− Psubs�, have also high
binding energies close to 1.7 eV. This can also indicate a
trapping effect of the dumbbell by two P atoms.

The configuration Psubs− �110�P-Fe where the two P atoms
are first nearest neighbors is unstable, P atoms prefer thus not
to be in first nearest neighbor positions.

In order to evaluate the potential dissolution of the con-
figurations previously explored, the relative stability of a
cluster of an interstitial and two phosphorus atoms has been
compared with some configurations derived from the most
stable configurations, namely, configuration Psubs− �110�Fe-P

and configuration 2Psubs− �110�Fe-Fe. These configurations
�Fig. 8� result from the migration of one atom out of the
dumbbell �mixed or not� to form another dumbbell �mixed�.
The corresponding reactions are

2Psubs − �110�Fe-Fe → Psubs − a�001� − �110�P-Fe �5.1�

Psubs − �110�Fe-P → Psubs − a�2�110� − �110�P-Fe �5.2�

TABLE IV. P-�110� interstitial interactions. The binding energies �in electron volts� are given taking as references �or initial configura-
tions for the reaction� the P atom in substitution and the self �110�Fe-Fe. The values in parentheses are the formation energies, taking as
references bcc Fe and P in substitution. The calculations were done using 54-atom supercells with 125 k points, and 128-atom supercells and
27 k points.

Final configuration 54 atoms 128 atoms

�110�Fe-P 0.96 �3.00� 1.02 �2.92�
Psubs− �110�Fe-Fe 0.85 �3.11� 0.83 �3.11�
Psubs� �110�Fe-Fe −0.36 �4.32� −0.35 �4.29�
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Psubs − �110�Fe-P → Psubs − a�3�111� − �110�P-Fe �5.3�

Table V indicates that these configurations are much less
stable than the configurations they come from. The binding
energies of these three configurations are lower and close to
the binding energy of only one P atom with an interstitial
�Table IV�. The interaction with the second P atom in these
configurations is thus not effective.

Consequently, in a solid solution containing some P at-
oms, self-interstitial atoms will tend to form mixed dumb-

bells which can migrate and transport P. However, these
mixed dumbbells appear to be easily trapped by other P at-
oms in the matrix, and the effective diffusion coefficient of
interstitials may be reduced consequently.

VI. SUBSTITUTIONAL P-P INTERACTION

The binding energy of two P atoms both in substitutional
position is negative indicating repulsion as can be seen in
Table VI. This repulsion is larger when the P atoms are first

TABLE V. P—�110�Fe-P reactions. The reaction �or binding� energies �in electron volts� are given taking as references �or initial
configuration� both P atoms in a substitutional site �noninteracting with each other� and the self-interstitial atom ��110�Fe-Fe�. The final
configurations are shown Figs. 6–8. The values in parenthesis are the formation energies taking as references bcc Fe and P in substitution.
The calculations were done in 54-atom supercells and 125 k points as well as 128-atom supercells with 27 k points.

Final configuration d�P-P� �Å� 54 atoms 128 atoms

�110�P-P 2.05 1.29 �2.67� 1.42 �2.52�
Psubs− �110�Fe-P 3.27 2.04 �1.92� 2.12 �1.83�
Psubs− �110�P-Fe Decays to �100�P-P Decays to �100�P-P

2Psubs− �110�Fe-Fe 3.59 1.59 �2.37� 1.65 �2.29�
Psubs− �110�Fe-Fe− Psubs 4.57 1.69 �2.27� 1.67 �2.27�

�100�P-P 2.05 0.89 �3.07�
�111�P-P 2.01 0.46 �3.50�

Psubs−a�001�− �110�P-Fe 3.18 0.91 �3.05� 0.99 �2.95�
Psubs−a�2�110�− �110�P-Fe 3.35 0.90 �3.06� 0.98 �2.96�
Psubs−a�3�111�− �110�P-Fe 3.80 1.09 �2.87� 1.16 �2.78�

FIG. 6. Structure of three P at-
oms both in interstitial positions:
�100�P-P �110�P-P and �111�P-P and
the local magnetic moments �bold
fonts� in Bohr magnetron. The ref-
erence lattice parameter a for Fe
is 2.8544 Å and the local mag-
netic moment of the Fe atoms in
the bcc structure is 2.37 �B. The
phosphorus atoms are the small
black atoms �54 atoms and 125 k
points�.
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FIG. 7. Final configurations
after the reaction of two P atom
and a �110�Fe-Fe dumbbell. The
notation takes into account which
atom belongs to the �110� plane
containing the dumbbell. The re-
laxed distances �italic fonts�
around the P atom are indicated in
angstroms and the local magnetic
moments �bold fonts� in Bohr
magnetron. The reference lattice
parameter a for Fe is 2.8544 Å
and the local magnetic moment
for the Fe atom in the bcc struc-
ture is 2.37 �B. The phosphorus
atoms are the small black atoms
�54 atoms and 125 k points�.

FIG. 8. Possible intermediate
configuration to dissociation of
some of the most stable com-
plexes. The relaxed distances
�italic fonts� around the P atom
are indicated in angstroms and the
local magnetic moments �bold
fonts� in Bohr magnetron. The ref-
erence lattice parameter a for Fe
is 2.8544 Å and the local mag-
netic moment of the Fe atoms in
the bcc structure is 2.37 �B. The
phosphorus atoms are the small
black atoms �54 atoms and 125 k
points�.
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neighbors than when they are second neighbors. It vanishes
when they are third or higher neighbors.

Nevertheless, P-P pairs may form when a mixed dumb-
bell diffusing meets with a vacancy-phosphorus defect. In-
deed both defects were found to be able to form easily spe-
cially in an irradiated environment. However because of the
repulsion induced by the two P atoms, the P atoms will re-
main further away from each other than first or second neigh-
bours.

Thus, successive interactions of P atoms with point de-
fects may lead to the formation of P rich clusters, however
dilute ones. This may be an explanation for the formation of
the dilute P clusters observed by atom probe experiments.3

VII. CONCLUSIONS

To investigate the diffusion of P in bcc iron, we have
determined its interaction with point defects in the frame-
work of the density functional theory. P favors being in sub-
stitutional position whereas the mixed �110� dumbbell is the
most favourable interstitial configuration.

For both vacancies and interstitials a strong binding or
reaction energy is obtained leading to the formation of P-V
pairs or mixed �110�Fe-P dumbbells, indicating a large inter-
action of phosphorus atoms with intrinsic point defects in the
� Fe matrix. These results have consequences on the diffu-
sivity properties of phosphorus. More precisely:

�1� The binding energy between a P atom and a vacancy
is large in first and second nearest neighbor positions
whereas the P migration energy by exchange with a vacancy
is very low �0.3 eV� compared to Fe migration energy
�0.65 eV�. This low migration energy coupled with the
strong V-P binding energies can lead to the formation of
stable V-P pairs. The analysis of the diffusivity properties of
the P-V pairs however indicates that the pairs have a small
mean free path.

�2� P interacts strongly with �110� self-interstitial atoms.
The formation of a mixed dumbbell out of a self-interstitial
Fe atom and a P atom in substitution leads to an energy gain
of 0.96 eV. Thus under irradiation, self interstitial Fe atoms
migrating in the Fe matrix may be attracted by substitutional
P atoms to form mixed �110�Fe-P dumbbells which can then
migrate. However, these mixed dumbbells appear to be eas-
ily trapped by other P atoms in the matrix, and the effective
diffusion coefficient of interstitials may be reduced conse-
quently. In a similar way, the interaction of two phosphorus
atoms with a �110� self-interstitial atom may also lead to
some stable and a priori sessile configurations.

�3� Two P atoms both in substitutional positions in first
and second nearest neighbor positions repel each other. This
repulsion may prevent the formation of pure P clusters, and
can explain the experimental observation by tomographic
atom probe of the formation under neutron irradiation of
dilute phosphorus clusters.

The data obtained by ab initio calculations gives insight
and quantitative interaction energies useful to model the evo-
lution of phosphorus and its effect in � Fe.
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