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Behaviors of C or O in bcc Fe and interactions of C–O and oxygen–carbon–vacancy (O–C–�) are investigated by
first principles calculations. Octahedral interstitial site is the most stable position for an O atom in bcc Fe. The migration
energy of an O atom in bcc Fe is 0.46 eV. The strength of O–Fe (1nn) bond (0.32) is slightly greater than that of Fe–Fe
metallic bond (0.26). Repulsive interactions of C–C, O–O, and C–O exist in bcc Fe. When the concentration of FIA (FIA
refers to C or O) is relatively high, a vacancy can attract four FIAs and form stable FIAs–� complex.
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1. Introduction

Carburizing[1–9] and nitriding[10–18] are common sur-
face modification methods extensively used to enhance hard-
ness and wear resistance of metallic materials. Furthermore,
oxidization[19–26] has been used to improve the corrosion re-
sistance of carburized or nitrided iron-based alloys in the last
decades. In the process of carburizing, nitriding, or oxidiz-
ing, these small radius atoms (i.e., C, N, or O) initially diffuse
into Fe lattice and form an iron-based solid solution. The iron-
based solid solution containing C, N, or O is known as a dif-
fusion layer in carburized, nitrided, or oxidized surface layer.
In a diffusion layer, the concentration of solutes gradually de-
creases from surface to core. When the concentration exceeds
their solubility limit, the solutes tend to precipitate as carbides,
nitrides, or oxides.[27] These precipitates, such as Fe3C,[28–32]

Fe5C2,[28,31] Fe4N,[33–35] Fe2−3N,[33,34,36,37] Fe16X2 (X =C or
N),[38–40] Fe3O4,[41] Fe2O3,[42] Cr23C6,[43,44] Cr7C3,[32,43–45]

Cr2N,[46] and CrN[47] have been extensively investigated.
These compounds play a key role in determining the me-
chanical properties[27] (hardness, wear resistance, etc.) of
carburized, nitrided or oxidized layers. However, these
studies are not enough to illuminate the atomistic diffusion
mechanisms[48] of these small radius atoms (C, N, or O).

To explore the atomistic diffusion mechanisms of these
small radius atoms (C, N, or O), one has to face an elemen-
tary and important issue, i.e., the interactions of O with C.
To study these interactions on an atomic scale, ab initio cal-
culation based on the density functional theory is today the
most powerful and appropriate method. Kamminga et al.[49]

calculated the interactions of N with Ti, V, Cr, Ni, and Mo.
Jiang and Carter[50,51] studied the dissolution and diffusion of
C atom in ferrite and austenite, as well as the adsorption and
diffusion of C atom into Fe (110) and Fe (100) surfaces from
first principles calculations. The interactions of a C or an N
atom in α-Fe with a vacancy, other C or N interstitial, as well
as self–interstitial atoms have been discussed by Domain et
al.[52] Först et al.[53] predicted the defect phase diagrams as
a function of total carbon and vacancy concentration. Fu et
al.[54] found that oxygen shows a high affinity for vacancies.
Fors and Wahnström[55] obtained that boron predominantly
enters, as substitutional solute atoms, into α-iron. The calcula-
tions by Ye et al.[56] showed that the nitrogen vacancy acts as a
deep donor in wurtzite AlN and a shallow donor in zinc-blende
AlN. Sandberg et al.[57] investigated the dissolution and mi-
gration of C atom in bcc Fe as well as the formation enthalpies
for carbides. A repulsive O–O interaction (0.4 eV) was ob-
tained by Jiang et al.[58] Ohnuma et al.[59] studied the interac-
tions between a vacancy and C/N atoms. Simonovic et al.[60]

studied the interaction between C and Si in bcc Fe. Chen et
al.[61] investigated the migrations of hydrogen (H) and helium
(He) atoms in β -phase scandium (Sc), yttrium (Y), and erbium
(Er) hydrides with three different ratios of H to metal. The dif-
fusion coefficients of several alloying elements (Al, Mo, Co,
Ta, Ru, W, Cr, Re) in Ni were calculated by Wu et al.[62] (Y,
Yi, O) clusters in FeCr matrix were simulated by Claisse et
al.,[63] and obtained that the migration energy of O is 0.48 eV.
The migration barriers and interactions of boron with point
defects were characterized by Bialon et al.,[64] showing that
substitutional boron binds strongly to interstitial point defect
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with dumbbell formation. In an investigation into the diffu-
sivity of O in bcc Fe with and without the effect of vacancy,
Shang et al.[65] found that the vacancy increases dramatically
the migration energy barrier (from ∼ 0.5 eV up to 0.0 eV)
for O diffusion in bcc Fe. Interactions between vacancies and
interstitial solutes (C, N, and O) were studied by Barouh et
al.,[27] and showed that the solubility limit of O in Fe is largely
affected by the presence of small �nOm clusters. The lowest
energy migrations of small �nXm (X = C, N, and O) clusters
were investigated by Barouh et al.,[66] indicating that the dom-
inant clusters (�X and �X2) have very reduced mobility com-
pared with isolated solutes. Wang et al.[67] investigated the
carbon segregation in bcc iron symmetrical tilt grain bound-
aries and reported that the attraction of C atoms to GBs is in
general stronger than to dislocations and vacancies. Souissi et
al.[68] performed systematic calculations to show that the mi-
gration energy values of C, N, B, and O are 0.87 eV, 0.72 eV,
0.67 eV, and 0.50 eV, respectively. A database of solute–solute
interactions in bcc Fe was developed by Gorbatov et al.[69] Li
et al.[70] studied the diffusion mechanism of boron in bcc–Fe
and predicted that the dominant diffusion mechanism in bcc–
Fe is the interstitial mechanism through an octahedral intersti-
tial site. Wang et al.[71] reported that the vacancy formation
energy decreases with the distance between vacancy and grain
boundary (GB) plane decreasing. Versteylen et al.[72] carried
out a number of calculations to investigate the diffusivities of
substitutional impurity elements in iron. Ross et al.[73] inves-
tigated the curved pathway of O in Al and obtained that O
prefers to sit on the tetrahedral interstitial site just opposite to
the octahedral site. Lüthi et al.[74] investigated the attractive
interaction between interstitial solutes (B, C, N, O) and screw
dislocations in bcc iron. Zhang et al.[75] characterized oxygen
behaviors in vanadium and obtained that O prefers octahedral
interstitial sits in V, and a strong repulsive interaction exists in
the nearest neighbors O–O pair. Akshaya et al.[76] studied the
interaction energy of atomic defects in bcc iron, their relevant
results are compared with our investigations. Ouyang et al.[77]

reported that the segregated U vacancy on U/Al interface can
act as a sink for H and O impurities. Studied in our previous
work were the interactions of La–C/N,[78] La–FSA (here FSA
stands for foreign substitutional atom, i.e., Al, Si, Ti, V, Cr,
Mn, Co, Ni, Cu, Nb or Mo),[79] C/N–FSA,[80] C–N, and C–
N–vacancy[81] in bcc Fe. However, the interactions of O with
C in bcc Fe without and with a vacancy have not been studied.

In this paper, first principles calculations are carried out
to study the interactions of oxygen–carbon–vacancy (here va-
cancy is denoted as symbol �) in bcc Fe. By constructing
possible configurations of a single O atom, C–O, or C–O–�
in bcc Fe, the preferred occupation of oxygen and the interac-
tions of C–O and C–O–� are investigated. Density of states,
electron density difference, and Mulliken bond population are

also analyzed. The comparisons are made between our results
and data obtained by others.

Quantitative descriptions about the behaviors of O and the
interactions of C–O and C–O–� are obtained in this work,
it will be beneficial to understanding the atomistic diffusion
mechanism of O in iron-based alloy with C and vacancy. Fur-
thermore, all the configurations in this work can be used to
construct C–O potential, and this potential can be used to sim-
ulate the diffusion behaviors of O in bcc Fe on a greater scale.

2. Computational methods
Our first principles calculations are based on density

functional theory (DFT) and carried out with CASTEP
code.[82] The ion–electron interaction is modeled by ultra-
soft pseudopotentials of the Vanderbilt type.[83] Exchange–
correlation functions are described in the spin-polarized
Perdew–Burke–Ernzerhof generalized gradient approximation
(GGA-PBE).[84] For C, O, and Fe, the numbers of valence
electrons are 4, 6, and 8, respectively, (reference 2s22p2 for
C, 2s22p3 for N, and 3d64s2 for Fe). The cutoff energy on the
wave function is taken to be 350 eV and the convergence cri-
terion for electronic self-consistency is 5×10−7 eV per atom.
The wave functions were sampled on a 3×3×3k-point mesh
constructed by using the Monkhorst and Pack scheme.[85]

In our calculations, these supercells are composed of 3×
3×3 bcc unit cells with 54 Fe atoms. The ion relaxations are
performed by using the Broyden–Fletcher–Goldfarb–Shanno
(BFGS) method[86] implemented in the CASTEP code. These
relaxations are done in a constant volume, thus only the atomic
coordinates are optimized in a supercell dimensioned with the
equilibrium lattice parameter of bcc Fe.

For a supercell containing m Fe atoms and a foreign atom
(FA), the solvation energy (Es) can be calculated from

Es (FA) = E (FemFA)−E (Fem)−E(FAisolated), (1)

where E(FemFA) is the energy of the supercell containing m
Fe atoms and an FA, E(Fem) is the reference energy of bulk Fe
with the same structure (bcc) as in FemFA, and E(FAisolated) is
the energy of an isolated FA (a single FA alone in a supercell).
The foreign atom can be C or O. With the scheme, the more
negative the FA solvation energy, the more stable the configu-
ration FemFA will be.

The interactive energy (Ei) of n interacting entities (de-
fects and impurities), (A1, . . . , An), is calculated from

Ei (A1, . . . ,An) = [E (A1 + · · ·+An)+(n−1)Eref]

−

[
n

∑
i=1

E(Ai)

]
, (2)

where E(Ai) is the energy of the supercell containing an entity
Ai only, E(A1 + · · ·+An) is the energy of the supercell con-
taining all entities (A1 + · · ·+An), and Eref is the energy of a
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perfect supercell. According to the equation, the positive in-
teractive energy means repulsion among these entities, while
negative interactive energy indicates attraction.

3. Results and discussion
Our calculations are divided into three parts. Firstly, the

occupation and migration behaviors of an oxygen atom in bcc
Fe are investigated. Secondly, both C and O are incorporated
into bcc Fe cell and occupy the most stable positions obtained
in the first part, and the interactions between C and O are cal-
culated. Thirdly, a vacancy is introduced into bcc Fe cell, and
the interactions of a vacancy with C and O atoms are studied.

3.1. Oxygen atom in bcc Fe

When an oxygen atom is incorporated into a bcc Fe cell,
it possibly occupies a substitutional (Sub), octahedral (Oct) in-
terstitial or tetrahedral (Tet) interstitial site as shown in Fig. 1.

Sub

Fe

Oct

Tet

Fig. 1. Possible sites of an oxygen atom in bcc Fe.

Solvation and migration energy values of an O (or C)
atom in bcc Fe are listed in Table 1. Solvation energy val-
ues of a C atom at different positions in bcc Fe are −4.75 eV,
−7.15 eV, and −6.20 eV, respectively. Solvation energy val-
ues of an O atom at different positions in bcc Fe are −1.31 eV,
−2.89 eV, and −2.43 eV, respectively. The solvation energy
values of C are all more negative than those of O at the same
position in bcc Fe. A C atom in bcc Fe is more stable than an
O atom in bcc Fe at our considered three positions. All solva-
tion energy values of an O atom at different positions in bcc Fe
are negative. An O atom can stay stably in bcc Fe at different
positions. The most negative solvation energy (−2.89 eV) is
obtained for an O atom at an octahedral interstitial site in bcc
Fe. Therefore, the octahedral interstitial site is the most sta-
ble position for an O atom in bcc Fe, which is the same as the
scenario of a C atom in bcc Fe.

Furthermore, small energy differences (≤ 0.10 eV) are
obtained in this work from 3 × 3 × 3 (before a comma) to
4× 4× 4 (after a comma) bcc Fe supercell as shown in Ta-
ble 1. Therefore, a 3× 3× 3 supercell is sufficient to ensure
the accuracy of our following calculations.

Table 1. Solvation energy (Es) and migration energy (in unit eV) of
an FIA (C or N) in 3 × 3 × 3 (before a comma) and 4 × 4 × 4 (af-
ter a comma) bcc Fe supercell. In configurations CfgSub

FIA, CfgOct
FIA, and

CfgTet
FIA, FIA occupies separately Sub, Oct, and Tet sites in bcc Fe as

shown in Fig. 1. Migration energy (EMig
FIA ) of FIA in bcc Fe is differ-

ence between energy values of two configurations CfgTet
FIA and CfgOct

FIA.
Our migration energy values of O and C are compared with those in
Refs. [50], [52], [55], [64], [65], and [68].

Configuration O C

CfgSub
FIA −1.31,−1.23 −4.75,−4.65

CfgOct
FIA −2.89,−2.89 −7.15,−7.13

CfgTet
FIA −2.43,−2.43 −6.20,−6.22

EMig
FIA

0.46,0.46
0.47 (0.57)a

0.526b

0.498c

0.95,0.91
0.923 (0.902)e

0.89 (0.95)a

0.86d

0.865c

0.85f

a [64], b [65], c [68], d [50], e [52], f [55].

Fe

O

1

2

3

4

1→2

1
→
3

1
→
4

Fig. 2. Possible migration paths of an O atom in bcc Fe.

Migration energy of an O atom in bcc Fe can be obtained
by the method of transition state search (TSS). The possible
migration paths of an O atom in bcc Fe are shown in Fig. 2,
in which the O atoms marked as 1, 2, 3, and 4 stay at differ-
ent octahedral interstitial sites in the bcc Fe. In path 1 → 2,
the O atom moves from position [0, 0, 0] to [1/2, 0, 0]. In
path 1 → 3, the O atom moves from position [0, 0, 0] to
[1/2, 1/2, 0]. In path 1 → 4, the O atom moves from posi-
tion [0, 0, 0] to [1/2, 1/2, 1/2]. In the bcc Fe, the migration
energy values of an O atom are 0.46 eV and 1.82 eV along path
1 → 2 and 1 → 4 direction, respectively. As shown in Fig. 3,
along path 1 → 2, the minimum migration energy is obtained
to be 0.6 eV, which is equal to the difference between energy
valyes at tetrahedral site and octahedral interstitial site. There-
fore, path 1 → 2 is the most possible migration path of an O
atom in the bcc Fe. In path 1 → 2, the two sites marked as 1
and 2 are the first nearest neighbors to each other in octahe-
dral sites in the bcc Fe. From the site marked as 1 to the site
marked as 2, a tetrahedral site is just in the middle of the path.
Therefore, the most possible migration path of an O atom in
bcc Fe is from one octahedral interstitial site to its first nearest
neighbor octahedral interstitial site, in which a tetrahedral site
is just in the middle of the two sites.
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Fig. 3. Variations of migration energy with path coordination of an O
atom in bcc Fe along different directions.

According to the migration energy (0.46 eV) of an O atom
in bcc Fe, obtained by TSS, the migration energy of a C or O
atom in bcc Fe is approximately equal to the difference be-
tween the energy values at tetrahedral and octahedral intersti-
tial sites as shown in Table 1. The migration energy of a C or
an O atom in bcc Fe is 0.95 eV or 0.46 eV, respectively. Our
migration energy values of O and C are in agreement with pre-
vious results in Refs. [50], [52], [55], [64], [65], and [68]. The
migration energy of an O atom is smaller than that of C and
equal approximately to the half of that.

In Fig. 3, the migration energy of the path 1 → 3 is ab-
sent, because the path 1 → 3 is not used and the O atom moves
along the path 1 → 2 → 3. It is also indirect evidence that the
path 1 → 2 is the most possible migration path of an O atom
in bcc Fe.

In the bcc Fe, the maximum migration energy (1.82 eV)
of an O atom is obtained along the path 1 → 4. This is be-
cause the middle point of the path 1 → 4 is just located in the
close-packed direction [1 1 1] of bcc Fe.

Figure 4 shows the bonds around an octahedral interstitial
site without FIA or with FIA in the bcc Fe. Summarized in Ta-
ble 2 are the number, length (in unit Å) and population of the
bonds around an octahedral interstitial site in each of bulk Fe,
CfgOct

C , and CfgOct
O . As shown in Fig. 4(a) and Table 2, there

are 8 Fe–Fe (1nn that refers to the first nearest neighbor), 5 Fe–
Fe (2nn that refers to the second nearest neighbor) and 2 Fe–Fe
(3nn that refers to the third nearest neighbor) bonds around an
octahedral interstitial site in bcc Fe. In the Fe–Fe (1nn) bond,
two Fe atoms are the first nearest neighbors to each other and
aligned along the ⟨111⟩ direction. The population of Fe–Fe
(1nn) bond is 0.26, which can be defined as Fe metallic bond.
In Fe–Fe (2nn) and Fe–Fe (3nn) bonds, two Fe atoms are the
first and second nearest neighbor to each other and aligned
along the ⟨100⟩ and ⟨110⟩ direction, respectively. Population
of Fe–Fe (2nn) and Fe–Fe (3nn) bonds are 0.08 and −0.18, re-
spectively. The sum of bond populations around an octahedral
interstitial site in bcc Fe is 2.12.

Fe Fe

Fe-Fe (3nn)

F
e-

F
e 

(2
n
n
) FIA-Fe (2nn) FIA

(a) (b)

F
IA

-
Fe

 (
1n

n)

Oct

Fe-
Fe (1nn)

Fe-Fe (2nn)

Fe-
Fe (1nn)

Fe-Fe (2nn)

Fig. 4. Bonds around an octahedral interstitial site (a) without or (b) with
FIA in bcc Fe.

Table 2. Number, length (in unit Å), and population of the bonds around an octahedral interstitial site in each of bulk Fe, CfgOct
C , and CfgOct

O .
Last column shows sum of bond populations around octahedral interstitial site.

Configuration Bond Number of bonds Length/Å Population Sum of populations

Bulk Fe Fe–Fe (1nn) 8 2.44 0.26 2.12
Fe–Fe (2nn) 5 2.82 0.08
Fe–Fe (3nn) 2 3.98 −0.18

CfgOct
O Fe–Fe (1nn) 8 2.67 0.12 2.52

Fe–Fe (2nn) 4 2.83 0.05
O–Fe (1nn) 2 1.77 0.32
O–Fe (2nn) 4 2.00 0.18

CfgOct
C Fe–Fe (1nn) 8 2.63 0.11 3.56

Fe–Fe (2nn) 4 2.77 0.04
C–Fe (1nn) 2 1.75 0.50
C–Fe (2nn) 4 1.96 0.38

As shown in Fig. 4(b) and Table 2, there are 8 Fe–Fe
(1nn), 4 Fe–Fe (2nn), 2 FIA–Fe (1nn), and 4 Fe–Fe (2nn)
bonds around FIA in configuration CfgOct

FIA. Population of Fe–
Fe (1nn) bond decreases from 0.26 to 0.11 for C and from
0.26 to 0.12 for O in CfgOct

FIA. The population of Fe–Fe (2nn)
bond also decreases from 0.08 to 0.04 for C and from 0.08

to 0.05 for O in CfgOct
FIA. The 2 FIA–Fe (1nn) and 4 FIA–Fe

(2nn) bonds form after an FIA has been incorporated into an
octahedral interstitial site in bcc Fe. Bond population of C–Fe
(1nn) and C–Fe (2nn) are 0.50 and 0.38, respectively. Bond
population of O–Fe (1nn) and O–Fe (2nn) are 0.32 and 0.18,
respectively. The strength of FIA–Fe (1nn) bond (0.50 for C
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and 0.32 for O) is greater than that of the Fe metallic bond
(0.26). Sum of bond populations around FIA in configuration
CfgOct

FIA is 3.56 for C and 2.52 for O, separately. After an FIA
is incorporated into an octahedral interstitial site in bcc Fe, the
sum of bond populations around the octahedral interstitial site
increases from 2.12 to 3.56 (for C) and 2.52 (for O), sepa-
rately. Consequently, the strength of the material is enhanced
after a small number of C or O atoms have been incorporated
into iron-based alloy and a dilute solid solution has formed.
And the strengthening effect of C is more significant than that
of O.

As listed in Table 2, the lengths of C–Fe bonds are 1.75 Å
for 1nn and 1.96 Å for 2nn, respectively. The lengths of O–
Fe bonds are 1.77 Å for 1nn and 2.00 Å for 2nn, respectively.
The length of O–Fe bond is greater than that of C–Fe bond in
CfgOct

FIA.

3.2. Interactions of O with C

When two FIAs (two O atoms, two C atoms, or an O atom
and a C atom) are incorporated into a bcc Fe cell, they can
form seven possible configurations as shown in Fig. 5. The
interaction energy, relaxation, and bond population for each
of C–C, O–O, and C–O in bcc Fe with different configurations
are listed in Table 3. When one FIA is placed at the site marked
as FIA1 and is assumed to be the origin of coordinate, another
FIA denoted as 1 occupies the position of [1/2, 0, 0] in the
configuration Cfg1

FIA1−FIA2. The distance between two FIAs
is (1/2)a0 in Cfg1

FIA1−FIA2. In Cfg2
FIA1−FIA2, the FIA2 stays

at the position of [1/2, 1/2, 0], and the distance between two
FIAs is (

√
2/2)a0. In Cfg3

FIA1−FIA2, the FIA2 stays at the posi-
tion of [1/2, 1/2, 1/2], and the distance between two FIAs is
(
√

3/2)a0. In the configuration Cfg4
FIA1−FIA2, the FIA2 stays

at the position of [1, 0, 0] and the distance between two FIAs
is a0. In the configuration Cfg5

FIA1−FIA2, the FIA2 stays at the
position of [1, 1/2, 0], and the distance between two FIAs is
(
√

5/2)a0. In the configuration Cfg6
FIA1−FIA2, the FIA2 stays

at the position of [1, 1/2, 1/2], and the distance between
two FIAs is (

√
6/2)a0. In the configuration Cfg7

FIA1−FIA2, the
FIA2 stays at the position of [1, 1, 0] and the distance between
two FIAs is

√
2a0. In a bcc unit cell, there are 18 octahedral

sites, which include 12 middle points of edges and 6 center
points of faces. In the configurations as shown in Fig. 5, the
sites marked as 1, 2, . . . , 7 are representative octahedral sites.
The sites denoted as 1, 2, . . . , 7 have 2, 4, 2, 2, 2, 4, 1 equiva-
lent sites, respectively.

Fe

FIA1 1

2

4

5

3

FIA2

6

7

Fig. 5. Possible configurations of O atom and C atom in a bcc Fe.

Table 3. Interaction energy (Ei), relaxation (in percent of ∆d/d0), and bond population for each of C–C, O–O, and C–O in bcc Fe with different configu-
rations. In Cfgi

FIA1−FIA2 (i = 1, 2, . . . , 7), FIA2 can occupy octahedral interstitial site marked as i. d0: distance between two FIAs before relaxations, ∆d:
change of distance between two FIAs after relaxations, a0: lattice parameter. For O–O and C–C, our interaction energy values are compared with those
obtained by Akshay et al.,[76] given after the first comma. For C–C, our interaction energy values are compared with those obtained by Domain et al.,[52]

given after the second comma.

Configuration d0/a0
O–O C–O C–C

Ei/eV (∆d/d0)/% Bond population Ei/eV (∆d/d0)/% Bond population Ei/eV (∆d/d0)/% Bond population

Cfg1
FIA1−FIA2 1/2 0.90 65.3 −0.12 0.22 104.3 −0.03 2.32 10.1 0.74

Cfg2
FIA1−FIA2

√
2/2 0.65, 0.272, 0.4 14.4 −0.11 1.09 20.3 −0.07 0.97, 0.672, 0.94 15.1 0.01

Cfg3
FIA1−FIA2

√
3/2 0.18, −0.292 1.3 −0.07 0.42 8.4 −0.04 0.41, 0.021, 0.42 8.2 −0.03

Cfg4
FIA1−FIA2 1 0.12, −0.402 −5.2 −0.04 0.22 2.2 −0.03 0.16 −0.206, 0.17 2.8 −0.03

Cfg5
FIA1−FIA2

√
5/2 0.45, −0.028 5.4 0.00 0.31 3.9 −0.01 0.12, −0.120, 0.14 4.4 −0.01

Cfg6
FIA1−FIA2

√
6/2 0.36 0.5 0.00 0.26 0.2 0.00 0.17 −0.1 −0.01

Cfg7
FIA1−FIA2

√
2 0.38, −0.301 −3.1 0.00 0.30 −1.1 −0.01 0.22, −0.247, 0.09 −0.5 −0.01

The interaction energy values for C–C, O–O, and C–O
are all positive, indicating the repulsive interaction of C–C,
O–O, and C–O in bcc Fe with different reconfigurations. The
repulsion is the greatest in C–O, the smallest in O–O, and the
middle for C–C, separately. With the increase of the distance
for C–C, O–O, and C–O, in the configurations from 1 to 4,
the interaction energy values decrease, and the repulsion be-

comes smaller and smaller. In the configurations from 5 to 7,
the changes in the interaction energy are not obvious.

The interaction energy of C–O in Cfg1
C−O is small

(0.22 eV) and equal to that in Cfg4
C−O. In the configuration

Cfg1
C−O as shown in Fig. 5, C and O atoms sit at the sites

marked as FIA1 and 1, respectively. After relaxation, the O
atom moves from the site marked as 1 to the site denoted as
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4. Then the configuration Cfg1
C−O transforms into the config-

uration Cfg4
C−O. The motion from the site denoted as 1 to the

farther site marked as 4 is due to the C–O repulsion. This is
the direct evidence for the C–O repulsion.

As the FIA1–FIA2 distance is less than a0 before relax-
ation, the FIA1–FIA2 distance becomes greater after relax-
ation. In the configurations Cfg1

O−O and Cfg2
O−O, the O–O

relaxations (∆d/d0) are 65.3% and 14.4%, respectively. In the
configurations Cfg1

C−O, Cfg2
C−O, and Cfg3

C−O, the C–O relax-
ations (∆d/d0) are 104.3%, 20.3%, and 8.4%, respectively. In
the configurations Cfg1

C−C, Cfg2
C−C, and Cfg3

C−C, the C–C re-
laxations (∆d/d0) are 10.1%, 15.1%, and 8.2%, respectively.

The population of C–C bond in Cfg1
C−C is 0.74, which

means a covalent C–C bond forms. Except for C–C bond in
Cfg1

C−C, all other C–C, C–O, and O–O bond populations are
approximate to zero. In other words, except for C–C in the

configuration Cfg1
C−C, the interaction between two FIAs (C–

C, C–O, and O–O) in Cfgi
FIA1−FIA2 (i = 1, 2, . . . ,7) is approx-

imate to zero after relaxations.
Figure 6 depicts the densities of states (DOSs) for Fe and

O atoms in the configurations CfgOct
O and Cfg1

O−O. For pure Fe
atom as shown in Fig. 6(a), the highest peaks (1.98 e/eV for α

state and −1.76 e/eV for β state) are situated at −0.88 eV and
1.85 eV, respectively.

For the DOS of the O atoms in the configuration CfgOct
O ,

there are two peaks as shown in Fig. 6(b). In the density of α

states for the O atom in the configuration CfgOct
O , the first and

second highest peaks (3.49 e/eV and 1.75 e/eV) are situated
at −9.09 eV and −22.42 eV, respectively. In the density of
β states for the O atom in the configuration CfgOct

O , the first
and second highest peaks (−3.39 e/eV and −1.77 e/eV) are
situated at −8.75 eV and −22.31 eV, respectively.
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Fig. 6. (a) DOS of Fe atoms in pure Fe, (b) DOS of O atoms in configuration CfgOct
O , (c) DOS of Fe atoms in the first nearest neighboring to O in configuration

CfgOct
O , (d) DOS of O atoms in configuration Cfg1

O−O, and (e) DOS of Fe atoms in the first nearest neighboring to O in configuration Cfg1
O−O.

The DOS of the Fe atoms in the first nearest neighboring
to the O atom in configuration CfgOct

O is shown in Fig. 6(c).
Compared with the DOS of Fe atoms in bcc Fe without O
atom, the DOS of the Fe atoms in the first nearest neighbor-
ing O in configuration CfgOct

O (see Fig. 1) has the changes as
follows. (i) There is an obvious depletion for the highest peak.
The highest peaks (1.29 e/eV for α state and −1.12 e/eV for β

state) are situated at −0.78 eV and 1.82 eV, respectively. (ii)
There are two hybridizations. For the density of α states, the
first and second highest peaks (0.35 e/eV and 0.07 e/eV) are
situated at −9.14 eV and −22.42 eV, respectively. For the den-
sity of β states, the first and second highest peaks (−0.30 e/eV
and −0.07 e/eV) are situated at −8.81 eV and −22.31 eV, re-

spectively.

In the DOS of the O atom in Cfg1
O−O as shown in

Fig. 6(d), each peak is split into two parts. At higher energy
level of α DOS, the first and second highest peaks (1.88 e/eV
and 1.29 e/eV) are situated at −9.03 eV and −8.41 eV, respec-
tively. At a higher energy level of β DOS, the first and second
highest peaks (−2.04 e/eV and −1.38 e/eV) are situated at
−8.75 eV and −8.09 eV, respectively. At a lower energy level
of α DOS, the first and second highest peaks (0.88 e/eV and
0.87 e/eV) are situated at −21.50 eV and −22.16 eV, respec-
tively. At a lower energy level of β DOS, the first and second
highest peaks (−0.89 e/eV and −0.88 e/eV) are situated at
−21.46 eV and −22.10 eV, respectively.
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In the DOS of the Fe atom in the first nearest neighbor-
ing to O atom in configuration Cfg1

O−O as shown in Fig. 6(e),
each hybridization peak is split into two. At the higher energy
level of α DOS, the first and second highest peaks (0.27 e/eV
and 0.19 e/eV) are situated at −9.03 eV and −8.40 eV, respec-
tively. At a higher energy level of β DOS, the first and second
highest peaks (−0.25 e/eV and −0.17 e/eV) are situated at
−8.75 eV and −8.08 eV, respectively. At a lower energy level
of α DOS, the first and second highest peaks (0.05 e/eV and
0.03 e/eV) are situated at −22.16 eV and −21.50 eV, respec-
tively. At a lower energy level of β DOS, the first and second
highest peaks (−0.04 e/eV and −0.03 e/eV) are situated at
−22.10 eV and −21.46 eV, respectively.

In Table 4 summarized are the electronic distributions in
different orbits, the values of charge (e) and magnetic moment
(µB) of O atom and its neighboring Fe atom in configurations
CfgOct

O and Cfg1
O−O. In bulk Fe, the total electron number of

Fe atoms is 8.00. The electron number in s, p, and d orbits of
Fe atom are 0.68, 0.69, and 6.62, respectively. The charge and
magnetic moment of the Fe atom are 0.00 e and 2.20 µB. For
an isolated O atom, its total electron number is 6.00. The elec-
tron number in s and p orbits of an isolated O atom are 2.00
and 4.00, respectively.

Table 4. Electronic distributions in different orbits, values of charge
(e), and magnetic moment (µB) of O atom and its neighbor Fe atom in
configurations CfgOct

O and Cfg1
O−O.

Subshell Bulk Fe Fe in CfgOct
O O in CfgOct

O Fe in Cfg1
O−O O in Cfg1

O−O

s 0.68 0.66 1.83 0.63 1.83
p 0.69 0.64 4.74 0.67 4.71
d 6.62 6.65 0.00 6.63 0.00

Total 8.00 7.95 6.57 7.94 6.53
Charge 0.00 0.05 −0.57 0.06 −0.53

M 2.20 1.82 0.06 2.06 0.00

In the configuration CfgOct
O , the changes of the electron

number in s and p orbits of the O atom are −0.17 and +0.74,
respectively. The total electron number, charge, and magnetic
moment of the O atom are 6.57, −0.57e, and 0.06 µB. The
changes of the electron numbers in s, p, and d orbits of the
Fe atom for the first nearest neighboring to O atom are −0.02,
−0.05, and +0.03, respectively. The total electron number,
charge, and magnetic moment of the Fe atom are 7.95, 0.05 e,
and 1.82 µB, respectively.

In the configuration Cfg1
O−O, the changes of the electron

number in s and p orbits of the O atom are −0.17 and +0.71,
respectively. The total electron number, charge, and magnetic
moment of the O atom are 6.53, −0.53 e, and 0.00 µB. The
changes of the electron number in s, p, and d orbits of the Fe
atom for the first nearest neighboring to O atom are −0.05,
−0.02, and +0.01, respectively. The total electron number,
charge, and magnetic moment of the Fe atom are 7.95, 0.06 e,
and 2.06 µB.

In the configuration CfgOct
O , the O atom gains electrons

(−0.57 e), and its first nearest neighbor Fe atom loses elec-
trons (0.05 e). In the configuration Cfg1

O−O, the O atom also
gains electrons (−0.53 e), and its first nearest neighbor Fe
atom loses electrons (0.06 e).

The above changes of the electron number for O atom and
its neighbor Fe atoms in the configurations CfgOct

O and Cfg1
O−O

can be observed directly from Fig. 7. The electron density dif-
ference map of (110) plane in the configuration CfgOct

O is rep-
resented in Fig. 7(a). In the electron density difference map of
(110) plane in the configuration CfgOct

O , the electronic losses of
the Fe atoms for the first nearest neighboring to O atom are sig-
nificant along the [001] direction because the O–Fe (1nn) dis-
tance is 1.77 Å. However, the electronic losses of the Fe atoms
for the second nearest neighboring to O atom are not obvi-
ous along the [110] direction because the O–Fe (2nn) distance
is 2.00 Å. The electronic gains of O atom are not obvious in
Fig. 7(a). The electron density difference map of (001) plane
in the configuration Cfg1

O−O is shown in Fig. 7(b). In the elec-
tron density difference map of (001) plane in the configuration
Cfg1

O−O, the electronic losses of the Fe atoms for the first near-
est neighboring to O2 and the second nearest neighboring to
O1 are significant along the O2–Fe (1nn to O2) and O1–Fe
(2nn to O1) direction, respectively. The electronic gains of
O atoms are obviously the configuration Cfg1

O−O as shown in
Fig. 7(b). The gained electrons concentrate between the two
O atoms.

001

110

FeFe Fe

010

100

-0.50 eSA-3 0.50 eSA-3

O1O2

1nn (O)

O
2nn (O)

1nn (O2) 2nn (O1)

Fig. 7. Electron density difference maps of (a) (110) plane in configuration
CfgOct

O and (b) (001) plane in Cfg1
O−O. (a) 1nn (O) and 2nn (O) denote the

first and second nearest neighboring Fe atoms of O atom. (b) 1nn (O2) refers
to the first nearest neighboring Fe atom of O2 atom and 2nn (O1) denotes the
second nearest neighboring Fe atom of O1 atom.

3.3. Interactions of a vacancy with C and O

When a vacancy is introduced into a bcc Fe cell separately
with n (n = 1, 2, . . . , 6) FIAs (FIA refers to C or O), their cor-
responding possible configurations are obtained as shown in
Fig. 8. In these configurations, a vacancy is substituted for
the body-centered Fe atom. For n = 1, 2, . . . , 6, the interac-
tions of a vacancy with n C/O atoms will be discussed below,
respectively.

When both an FIA and a vacancy stay in bcc Fe, four con-
figurations are considered as shown in Fig. 8 and Table 5. In
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the configuration Cfg1
FIA−�, the FIA occupies the first nearest

neighbor octahedral interstitial site of the vacancy. There are
six equivalent sites in bcc Fe, i.e., six face-centered sites. In
the configuration Cfg2

FIA−�, the FIA occupies the second near-
est neighbor octahedral interstitial site of the vacancy. There

are twelve equivalent sites in bcc Fe, i.e., middle points of
twelve edges. In the configuration Cfg3

FIA−�, the FIA stays
in the vacancy. In the configuration Cfg4

FIA−�, the FIA is mid-
way between the vacancy and its first nearest neighbor Fe atom
along the ⟨111⟩ direction.

Cfg

Configuration

FIA1-FIA2-V
1

Cfg FIA1-FIA2-V
2

Cfg FIA1-FIA2-V
3

Cfg FIA1-FIA2-V
4

Cfg FIA1-FIA2-V
5

Cfg FIA1-FIA2-V
6

Cfg FIA1-FIA2-FIA3-V
1

Cfg FIA1-FIA2-FIA3-V
2

FIA position

A↩B

A↩L

G↩H

I↩J

A↩G

A↩K

A↩B↩L

A↩B↩E

Cfg FIA1-FIA2-FIA3-FIA4-V
1

Cfg FIA1-FIA2-FIA3-FIA4-V
2

A↩B↩L↩D

A↩B↩L↩E

Cfg FIA1-FIA2-FIA3-FIA4-FIA5-V A↩B↩L↩D↩E

A

B

L

D

F

E

G

H
I

J

FIA

V

v
a
c
a
n
c
y
 ↼

↽
 

K

Fe

Cfg FIA-V
1

Cfg FIA-V
2

Cfg FIA-V
3

Cfg FIA-V
4

A

G

V

I

Cfg FIA1-FIA2-FIA3-FIA4-FIA5-FIA6-V A↩B↩L↩D↩E↩F

Fig. 8. Possible configurations of a vacancy in a bcc Fe cell with n (n = 1, 2, . . . , 6) FIAs (FIA refers to C or O).

Table 5. Configurations, figures, interaction energy values (in unit eV) and distances of an FIA (FIA refers to C or O) to vacancy in
bcc Fe. There are two FIA–� distances in units of lattice parameter a0, the first one is that before relaxation, and the second one is that
after relaxation. For C–� and O–�, our interaction energy values are compared with those of Akshay et al.,[76] given after comma.

Configuration Figure EC−�
i /eV dC−�/a0 EO−�

i /eV dO−�/a0

Cfg1
FIA−�

1

−0.80,−0.521 0.50, 0.38 −1.97,−1.535 0.50, 0.41

Cfg2
FIA−� 1

−0.15 0.71, 0.59 −1.32 0.71, 0.09

Cfg3
FIA−�

1 −0.07 0.00, 0.00 −0.88 0.00, 0.00

Cfg4
FIA−�

1 −0.25 0.43, 0.22 −1.22 0.43, 0.08

In the four FIA–� configurations, all C–� and O–� in-
teraction energy values are negative. The C–� and O–� inter-
actions are attractive, i.e., a vacancy attracts a C or an O atom
in different positions. Furthermore, the O–� interactions are
more attractive than C–� interactions. The greatest negative
interaction energy (−0.80 eV for C–�, −1.97 eV for O–�) is
obtained in the configuration Cfg1

FIA−�. The most stable posi-
tion of a C or an O atom around a vacancy is the first nearest
neighbor octahedral interstitial site of the vacancy. The FIA–�
attraction makes the distance between both smaller, i.e., from
0.50 a0 to 0.38 a0 for C–� and to 0.41 a0 for O–�. The max-
imum interaction energy (−0.07 eV for C–�, −0.88 eV for
O–�) is obtained in the configuration Cfg3

FIA−�. Therefore,
it is not the most stable configuration that the FIA is situated
in the vacancy in the configuration Cfg3

FIA−�, i.e., the FIA is

substituted for the body-centered Fe atom in bcc Fe.
A vacancy and two FIAs can form six configurations in

bcc Fe as shown in Fig. 8 and Table 6. The FIA in the first
nearest neighboring to vacancy stays preferentially at its first
nearest neighbor octahedral interstitial site as shown in the
configuration Cfgi

FIA1−FIA2−�, i = 1, 2, 5, and 6. The sec-
ond FIA is also the first nearest neighbor to the vacancy as
shown in the configuration Cfgi

FIA1−FIA2−�, i = 1 and 2. In the
configurations Cfg1

FIA1−FIA2−� and Cfg2
FIA1−FIA2−�, the two

FIAs in the first nearest neighboring to vacancy are aligned
along the ⟨110⟩ and ⟨001⟩ directions, respectively. The sec-
ond FIA stays possibly at the octahedral interstitial site in the
second nearest neighboring to vacancy as shown in the config-
urations Cfg5

FIA1−FIA2−� and Cfg6
FIA1−FIA2−�. Moreover, two

configurations Cfg3
FIA1−FIA2−� and Cfg4

FIA1−FIA2−� are also
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considered in our work. In the configuration Cfg3
FIA1−FIA2−�,

the two FIAs are the second nearest neighbors to the vacancy
and aligned along the ⟨110⟩ direction. In the configuration
Cfg4

FIA1−FIA2−�, the two FIAs neighboring to vacancy are
aligned along the ⟨111⟩ direction.

As shown in Table 6, all the interaction energy values of a
vacancy with two FIAs (C–C, C–O, O–C, O–O) are negative.
Therefore, a vacancy can attract two C atoms, or two O atoms,
or a C atom and an O atom, and they can form stable C–C–�,
O–O–�, and C–O–� configurations.

Nevertheless, the most stable configurations are different
for C–C–�, C–O–�, O–C–�, and O–O–�. The greatest neg-
ative interaction energy −1.83 eV is obtained for the config-
uration Cfg1

C−C−�. The configuration Cfg1
C−C−� is the most

stable for C–C–�, i.e., two C atoms are situated at the first
nearest neighbor octahedral interstitial site of the vacancy and
aligned along the ⟨110⟩ direction. The greatest negative in-
teraction energy values −2.61 eV, −2.61 eV, and −3.89 eV
are obtained for C–O–�, O–C–�, and O–O–� in the con-

figuration Cfg2
FIA1−FIA2−�, respectively. The configuration

Cfg2
FIA1−FIA2−� is the most stable for C–O–�, O–C–�, and

O–O–�, i.e., two FIAs are situated at the first nearest neigh-
bor octahedral site and two sides of the vacancy, and aligned
along the ⟨001⟩ direction.

In Table 7 summarized are the number, population, and
length (in unit Å) of FIA–Fe (FIA is C or O) bonds for each of
the configurations Cfg1

C−�, Cfg1
O−�, and Cfg2

C−O−� as shown
in Fig. 8, Tables 5 and 6.

In the configuration Cfg1
C−�, there are 1C–Fe (1nn) bond

and 4C–Fe (2nn) bonds. The population and length of C–Fe
(1nn) bond are 0.30 and 1.92 Å, respectively. The population
and length of C–Fe (2nn) bond are 0.52 and 1.93 Å, respec-
tively.

In the Cfg1
O−�, there are 1O–Fe (1nn) bond and 4O–Fe

(2nn) bonds. The population and length of O–Fe (1nn) bond
are 0.24 and 1.84 Å, respectively. The population and length
of O–Fe (2nn) bond are 0.30 and 1.96 Å, respectively.

Table 6. Configurations, figures, and interaction energy values (in unit eV) of vacancy with two FIAs for bonds C–C, C–O, and O–O.

Configuration Figure C–C–� C–O–� O–C–� O–O–�

Cfg1
FIA1−FIA2−�

1
2

−1.83 −1.41 −1.41 −2.72

Cfg2
FIA1−FIA2−�

1

2 −1.44 −2.61 −2.61 −3.89

Cfg3
FIA1−FIA2−�

1

2
−0.25 −1.47 −1.47 −1.96

Cfg4
FIA1−FIA2−� 1

2

−1.23 −0.41 −0.41 −0.80

Cfg5
FIA1−FIA2−�

1
2

−0.33 −1.13 −1.56 −2.50

Cfg6
FIA1−FIA2−�

1

2 −0.90 −1.65 −2.12 −2.90

Table 7. Number, population, and length (in unit Å) of FIA–Fe
(FIA refers to C or O) bonds in configurations Cfg1

C−�, Cfg1
O−�, and

Cfg2
C−O−� as shown in Fig. 8, Tables 5 and 6.

Configuration Bond Number of bonds Population Length/Å

Cfg1
C−� C–Fe (1nn) 1 0.30 1.92

C–Fe (2nn) 4 0.52 1.93

Cfg1
O−� O–Fe (1nn) 1 0.24 1.84

O–Fe (2nn) 4 0.30 1.96

Cfg2
C−O−� C–Fe (1nn) 1 0.33 1.85

C–Fe (2nn) 4 0.53 1.92

O–Fe (1nn) 1 0.25 1.82

O–Fe (2nn) 4 0.31 1.97

C–O 1 −0.07 2.36

In the configuration Cfg2
C−O−�, there are 1C–Fe (1nn)

bonds, 4C–Fe (2nn) bonds, 1O–Fe (1nn) bond, 4O–Fe (2nn)
bonds, and 1C–O bond. The population and length of C–Fe
(1nn) bond are 0.33 and 1.85 Å, respectively. The population
and length of C–Fe (2nn) bond are 0.53 and 1.92 Å, respec-
tively. The population and length of O–Fe (1nn) bond are 0.25
and 1.82 Å, respectively. The population and length of O–Fe
(2nn) bond are 0.31 and 1.97 Å, respectively. The population
and length of C–O bond are −0.07 and 2.36 Å, respectively.

The properties of FIA–Fe bond in configurations Cfg1
C−�,

Cfg1
O−� and Cfg2

C−O−� are similar, and they have no signifi-
cant difference. Due to the interaction of C–O in the config-
uration Cfg2

C−O−�, the length of C–Fe (1nn) bond shortens
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from 1.92 Å in the configuration Cfg1
C−� to 1.85 Å in the con-

figuration Cfg1
O−�.

In Table 8 summarized are the electronic distributions in
different orbits, the values of charge (e) and magnetic moment
(µB) of O atom and its neighbor Fe atom in the configurations
Cfg1

O−� and Cfg2
C−O−�.

In the configurations Cfg1
O−� and Cfg2

C−O−�, the O atom
gains electrons and its charge is −0.51 e. The electron num-
bers in s and p orbits of the O atom are 1.85 and 4.66, respec-
tively. The total electron number and magnetic moment of the
O atom are 6.51 and 0.02 µB, respectively.

For the Fe atom in the first nearest neighboring to O atom
in the configuration Cfg1

O−�, the electron numbers in s and p

orbits decrease, respectively, from 0.68 to 0.66 in s orbit and
from 0.69 to 0.66 in p orbit, the electron number in d orbit in-
creases from 6.62 to 6.69. The total electron number, charge,
and magnetic moment of the Fe atom (1nn) are 8.00, 0.00, and
2.76 µB, respectively.

For the Fe atom in the second nearest neighboring to O
atom in the configuration Cfg1

O−�, the electron numbers in s
and d orbits decrease, respectively, from 0.68 to 0.60 in s orbit
and from 6.62 to 6.61 in p orbit, and the electron number in p
orbit increases from 0.69 to 0.71. The total electron number,
charge, and magnetic moment of the Fe atom (2nn) are 7.92,
0.08, and 4.60 µB, respectively.

Table 8. Electronic distributions in different orbits, values of charge (e), and magnetic moment (µB) of O atom and its neighbor Fe atoms
in configurations Cfg1

O−� and Cfg2
C−O−�.

Subshell Bulk Fe
Cfg1

O−� Cfg2
C−O−�

O Fe (1nn) Fe (2nn) O Fe (1nn) Fe (2nn)

s 0.68 1.85 0.66 0.60 1.85 0.68 0.60
p 0.69 4.66 0.66 0.71 4.66 0.59 0.71
d 6.62 0.00 6.69 6.61 0.00 6.67 6.61

Total 8.00 6.51 8.00 7.92 6.51 7.94 7.92
Charge 0.00 −0.51 0.00 0.08 −0.51 0.06 0.08

M 2.20 0.02 1.38 2.30 0.02 1.64 2.28

For the Fe atom in the first nearest neighboring to O atom
in the configuration Cfg2

C−O−�, the electron number in p orbit
decreases from 0.69 to 0.59 in p orbit and the electron num-
ber in d orbit increases from 6.62 to 6.67. The total electron
number, charge, and magnetic moment of the Fe atom (1nn)
are 7.94, 0.06, and 3.28 µB, respectively.

For the Fe atom in the second nearest neighboring to O
atom in the configuration Cfg2

C−O−�, the electron numbers in
s and d orbits decrease, respectively, from 0.68 to 0.60 in s
orbit, and from 6.62 to 6.61 in p orbit, and the electron num-
ber in p orbit increases from 0.69 to 0.71. The total electron
number, charge, and magnetic moment of the Fe atom (2nn)
are 7.92, 0.08, and 4.56 µB, respectively.

In the configurations Cfg1
O−� and Cfg2

C−O−�, the O atom
gains electrons, and its charge is −0.51 e. The magnetic mo-
ment of O atom is small (0.02 µB). The electronic distribution
of the Fe atoms neighboring to O atom changes.

The changes of electronic distribution around C/O and its
neighbor Fe atoms in the configurations Cfg1

O−�, Cfg2
C−O−�,

and Cfg1
C−� can be observed from electron density difference

maps. The electron density difference maps of (110) plane in
the configurations Cfg1

O−�, Cfg2
C−O−�, and Cfg1

C−� are rep-
resented in Fig. 9.

As shown in Figs. 9(a)–9(c), the changes of electronic
density around C/O and its neighbor Fe atoms in the config-
uration Cfg2

C−O−� are very similar to those in the configura-
tions Cfg1

O−� and Cfg1
C−�. The O–� distance is 0.42 a0 in

the configuration Cfg2
C−O−�, which is subtly greater than that

(0.41 a0) in the configuration Cfg1
O−�. The C–� distance is

also 0.42 a0 in the configuration Cfg2
C−O−�, which is slightly

greater than that (0.38 a0) in the configuration Cfg1
C−�. The

electronic distribution around O atom is significantly different
from that around C atom. The electronic distribution around
the O atom is localized and looks like a “diamond ring”. The
electronic density is significantly greater in the part of “dia-
mond” than in the other parts of the “diamond ring”. The elec-
tronic distribution around the C atom is non-localized and rel-
atively uniform between the C atom and its neighbor Fe atoms.

According to the above calculations, one or two FIAs
neighboring to a vacancy preferentially occupy the first near-
est neighbor, octahedral site, as shown in the configuration
Cfg1

FIA−�, and are aligned in the ⟨110⟩ in the configura-
tion Cfg1

C−C−� or the ⟨001⟩ direction in the configurations
Cfg2

C−O−�, Cfg2
O−C−�, and Cfg2

O−O−�. When the third FIA
is incorporated into bcc Fe with a vacancy, it also occupies
the first nearest neighbor, octahedral site, of the vacancy,
thus possibly forming two configurations as shown in Fig. 8
and Table 9. The three FIAs around the vacancy stay on
the plane {100} in the configuration Cfg1

FIA1−FIA2−FIA3−�

or {111} in the configuration Cfg2
FIA1−FIA2−FIA3−�. In the

configuration Cfg1
FIA1−FIA2−FIA3−�, the sites marked as 1

and 3 are equivalent to each other. In the configuration
Cfg2

FIA1−FIA2−FIA3−�, all the three sites denoted as 1, 2, and
3 are equivalent to each other.
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Fig. 9. Electron density difference maps of (110) plane in configura-
tions (a) Cfg1

O−�, (b) Cfg2
C−O−�, and (c) Cfg1

C−�. 1nn (FIA) and 2nn
(FIA) refer to the first and second nearest neighboring Fe atoms of FIA
(FIA represents C or O) atom.

Table 9. Configurations, figures, and interaction energy values of a
vacancy with 3 FIAs. NA, whose value is not shown here, denotes cor-
responding unstable configuration.

Configuration Figure 3 FIAs-� Ei /eV

Cfg1
FIA1−FIA2−FIA3−�

1
2

3

C–C–C–� −1.97

O–O–O–� −3.38
C–C–O–� −1.86
C–O–O–� NA
O–C–O–� −1.90
C–O–C–� −0.43

Cfg2
FIA1−FIA2−FIA3−�

1
2 3

C–C–C–� −0.94

O–O–O–� −2.76
C–C–O–� −1.23
C–O–O–� −1.22

For C–C–C–� and O–O–O–�, the two configurations

Cfg1
FIA1−FIA2−FIA3−� and Cfg2

FIA1−FIA2−FIA3−� are consid-
ered as shown in Table 9. The greatest negative interac-
tion energies −1.97 eV (C–C–C–�) and −3.38 eV (O–O–
O–�) are obtained, i.e., the configurations Cfg1

C−C−C−� and
Cfg1

O−O−O−� are the most stable configurations, and can be
formed.

For a vacancy, two C atoms and an O atom in bcc Fe, three
configurations Cfg1

C−C−O−�, Cfg1
C−O−C−�, and Cfg2

C−C−O−�

are considered as shown in Table 9. The greatest negative in-
teraction energy −1.86 eV is obtained, i.e., Cfg1

C−C−O−� is
the most stable configuration, and can be formed.

Similarly, for a vacancy, a C atom and two O atoms in
bcc Fe, three configurations Cfg1

C−O−O−�, Cfg1
O−C−O−�, and

Cfg2
C−O−O−� are considered as shown in Table 9. The con-

figuration Cfg1
C−O−O−� is unstable, the O atom at the site

marked as 3 goes farther away from the octahedral intersti-
tial site. The greatest negative interaction energy −1.90 eV is
obtained, i.e., Cfg1

O−C−O−� is the most stable configuration,
and can be formed.

Consequently, a vacancy and three FIAs prefer to stay on
a plane {010} for C–C–C–�, O–O–O–�, C–C–O–�, and O–
C–O–� in the configuration Cfg1

FIA1−FIA2−FIA3−� as shown in
Fig. 8 and Table 9.

When the fourth FIA is introduced into the con-
figuration Cfg1

FIA1−FIA2−FIA3−�, the two configurations
Cfg1

FIA1−FIA2−FIA3−FIA4−� and Cfg2
FIA1−FIA2−FIA3−FIA4−� are

possibly formed as shown in Fig. 8 and Table 10.
For a vacancy and 4C atoms in bcc Fe, the two config-

urations Cfg1
C−C−C−C−� and Cfg2

C−C−C−C−� are considered.
A positive interaction energy 0.53 eV is obtained for the con-
figuration Cfg2

C−C−C−C−�, i.e., this configuration is not stable
and cannot be formed. The configuration Cfg1

C−C−C−C−� has
negative interaction energy −1.40 eV, i.e., it is stable and pos-
sibly formed. Therefore, a vacancy can attract four C atoms
and forms the configuration Cfg1

C−C−C−C−� as shown in Fig. 8
and Table 10.

For a vacancy and 4O atoms in bcc Fe, two configura-
tions having the same bond as C–C–C–C–� are also calcu-
lated. Nevertheless, the results are different. Two negative in-
teraction energy values −0.86 eV and −2.79 eV are obtained
for the configurations Cfg1

O−O−O−O−� and Cfg2
O−O−O−O−�,

i.e., the two configurations are stable and formed possibly. A
vacancy can attract four O atoms and form a more stable con-
figuration Cfg2

O−O−O−O−�.
For the case where a vacancy, three C atoms, and an

O atom approach to each other in bcc Fe, three configura-
tions are considered as shown in Table 10. The configu-
ration Cfg2

C−C−C−O−� is unstable, the O atom goes farther
away from the octahedral interstitial site. Two negative in-
teraction energy values (−0.75 eV for Cfg1

C−C−C−O−�, and
−0.15 eV for Cfg2

C−C−O−C−�) are obtained. That is, the
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two configurations are formed possibly, yet the configuration
Cfg1

C−C−C−O−� is a more stable configuration.
For the case where a vacancy, three O atoms and a

C atom approach to each other in bcc Fe, three config-
urations are considered as shown in Table 10. A posi-
tive and two negative interaction energy values (0.44 eV
for Cfg1

O−O−O−C−�, −1.02 eV for Cfg2
O−O−O−C−�, and

−0.97 eV for Cfg2
O−O−C−O−�) are obtained. That is, the con-

figuration Cfg1
O−O−O−C−� is not stable and cannot be formed.

The other two configurations are formed possibly, yet the con-
figuration Cfg2

O−O−O−C−� is the most stable configuration.

Table 10. Configurations, figures, and interaction energy values of a va-
cancy with 4 FIAs in bcc Fe. NA, whose values are not shown here, denotes
unstable corresponding configuration.

Configuration Figure 4 FIAs–� Ei /eV

Cfg1
FIA1−FIA2−FIA3−FIA4−�

1
2

3

4 C–C–C–C–� −1.40

O–O–O–O–� −0.86
C–C–C–O–� −0.75
O–O–O–C–� 0.44
C–C–O–O–� −0.28
C–O–C–O–� 1.78

Cfg2
FIA1−FIA2−FIA3−FIA4−�

1
2

3

4
C–C–C–C–� 0.53

O–O–O–O–� −2.79
C–C–C–O–� NA
C–C–O–C–� −0.15
O–O–O–C–� −1.02
O–O–C–O–� −0.97
C–C–O–O–� NA
C–O–C–O–� 0.82
O–C–O–C–� −0.75

Table 11. Configuration, figure, and interaction energy values of a vacancy
with 5 FIAs in bcc Fe. NA, whose values are not shown here, denotes
corresponding unstable configuration.

Configuration Figure 5 FIAs–� Ei /eV

CfgFIA1−FIA2−FIA3−FIA4−FIA5−�

1
2

3

4

5

C–C–C–C–C–� 1.99

O–O–O–O–O–� NA
C–C–C–C–O–� 1.27
O–O–O–O–C–� NA
O–C–C–C–C–� NA
C–O–O–O–O–� NA
C–C–C–O–O–� NA
O–O–O–C–C–� NA
C–O–C–O–C–� NA
O–C–O–C–O–� NA
C–C–O–O–C–� NA
O–O–C–C–O–� NA

For the case where a vacancy, two C atoms, and two
O atoms approach to each other in bcc Fe, five configura-

tions are considered as shown in Table 10. The configu-
ration Cfg2

C−C−O−O−� is unstable, two C atoms go farther
away from the octahedral interstitial site. Four interaction
energy values (−0.28 eV for Cfg1

C−C−O−O−�, 1.78 eV for
Cfg1

C−O−C−O−�, 0.82 eV for Cfg2
C−O−C−O−�, and −0.75 eV

for Cfg2
O−C−O−C−�) are obtained. That is, the two configura-

tions Cfg1
C−O−C−O−� and Cfg2

C−O−C−O−� are not stable and
cannot be formed. The other two configurations are formed
possibly, yet the configuration Cfg2

O−C−O−C−� is more stable.
For a vacancy and five FIAs in bcc Fe, a configuration

CfgFIA1−FIA2−FIA3−FIA4−FIA5−� is considered in this work as
shown in Fig. 8 and Table 11.

Two positive interaction energy values (1.99 eV for the
configuration CfgC−C−C−C−C−� and 1.27 eV for the configu-
ration CfgC−C−C−C−O−�) are obtained, which indicates repul-
sive interactions between the five FIAs and the vacancy. For
our considered other 10 configurations of a vacancy and five
FIAs in bcc Fe, they are unstable and cannot be formed. Dur-
ing the relaxations of the 10 configurations, some of the five
FIAs go farther away from the octahedral interstitial sites.

For a vacancy and six FIAs in bcc Fe, a configura-
tion CfgFIA1−FIA2−FIA3−FIA4−FIA5−FIA6−� is considered in this
work as shown in Fig. 8 and Table 12.

Table 12. Configuration, figure, and interaction energy values of a vacancy
with 6 FIAs in bcc Fe. NA, whose values are not shown here, denotes corre-
sponding unstable configuration.

Configuration Figure 6 FIAs–� Ei /eV

CfgFIA1−FIA2−FIA3−FIA4−FIA5−FIA6−�

1

2

3

4

5

6 O–O–O–O–O–O–� 3.14

O–O–O–O–O–C–� 5.15
O–O–O–O–C–C–� 7.28
C–C–C–C–O–O–� 8.49
C–O–O–C–O–O–� NA
O–C–C–O–C–C–� NA
C–O–O–C–O–C–� 4.08
C–C–C–O–O–O–� NA

Five positive interaction energy values (3.14 eV for the
configuration CfgO−O−O−O−O−O−�, 5.15 eV for the con-
figuration CfgO−O−O−O−O−C−�, 7.28 eV for the configu-
ration CfgO−O−O−O−C−C−�, 8.49 eV for the configuration
CfgC−C−C−C−O−O−�, and 4.08 eV for the configuration
CfgC−O−O−C−O−C−�) are obtained, which indicates repulsive
interactions between the six FIAs and the vacancy. For our
considered other 3 configurations of a vacancy and six FIAs
in bcc Fe, they are unstable and cannot be formed. During the
relaxations of the 3 configurations, some of the six FIAs go
farther away from the octahedral interstitial sites.

Interaction energy values of a vacancy with n (n = 1, 2,
. . . , 4) FIAs (FIA refers to C or O) are summarized in Fig. 10,
in which included are the most possibly formed FIAs–� con-
figurations in bcc Fe.
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Fig. 10. Interaction energy values of a vacancy in a bcc Fe with n (n= 1,
2, 3, and 4) FIAs (FIA refers to C or O).

When n = 1, a vacancy and an FIA can form a sta-
ble configuration Cfg1

FIA−� with interaction energy value of
−0.80 eV for C–� and −1.97 eV for O–�. In the configu-
ration Cfg1

FIA−�, the FIA stays in the first nearest neighbor,
octahedral interstitial site of the vacancy.

When n = 2, a vacancy and two FIAs can form stable
configurations, which are Cfg1

C−C−� with interaction energy
of −1.83 eV, Cfg2

C−O−� with interaction energy of −2.61 eV,
and Cfg2

O−O−� with interaction energy of −3.89 eV, respec-
tively. When a C atom is incorporated into the configuration
Cfg1

C−�, the configuration Cfg1
C−C−� can be formed, and is

the most stable in our considered C–C–� configurations. In
the configuration Cfg1

C−C−�, the two C atoms stay at the first
nearest neighboring octahedral interstitial site of the vacancy
and are aligned along the ⟨110⟩ direction. The C–C–� interac-
tion energy (−1.83 eV) in the configuration Cfg1

C−C−� is less
than two C–� interaction enegy value (−0.80×2=−1.60 eV)
in Cfg1

C−�. A configuration Cfg1
C−C−� is more stable than two

configurations Cfg1
C−�. When an O atom is incorporated into

the configuration Cfg1
O−�, the configuration Cfg2

O−O−� can be
formed, and is the most stable in our considered O–O–� con-
figurations. In the configuration Cfg2

O−O−�, the two O atoms
stay at the first nearest neighboring octahedral interstitial site
of the vacancy, and are aligned along the ⟨001⟩ direction.
The O–O–� interaction energy (−3.89 eV) in Cfg2

O−O−� is
greater than two O–� interaction energy values (−1.97×2 =

−3.94 eV) in Cfg1
O−�. Two configurations Cfg1

O−� are more
stable than a configuration Cfg2

O−O−�. When an O atom is in-
corporated into the configuration Cfg1

C−� or a C into Cfg1
O−�,

the configuration Cfg2
C−O−� can be formed, and is the most

stable in our considered C–O–� configurations. In the config-
uration Cfg2

C−O−�, a C and an O atom stay at the first nearest
neighboring octahedral interstitial site of the vacancy and are
aligned along the ⟨001⟩ direction. A C–O–� interaction en-
ergy (−2.61 eV) in the configuration Cfg2

C−O−� is greater than
C–� and O–� interaction energy values (−0.80+−1.97 =

−2.77 eV) in the configuration Cfg1
FIA−�. Two configura-

tions Cfg1
C−� and Cfg1

O−� are more stable than a configuration

Cfg2
C−O−�. Except for Cfg1

C−C−�, all big FIAs–� complexes
are less stable than small FIAs–�.

When n = 3, a vacancy and three FIAs can form stable
configurations, which are Cfg1

C−C−C−� with interaction en-
ergy of −1.97 eV, Cfg1

O−O−O−� with interaction energy of
−3.38 eV, Cfg1

C−C−O−� with interaction energy of −1.86 eV,
and Cfg1

O−C−O−� with interaction energy of −1.90 eV, respec-
tively. In the configuration Cfg1

FIA1−FIA2−FIA3−�, the vacancy
and the three FIAs in the first nearest neighboring to the va-
cancy stay on the plane {010}, and the two FIAs marked as
FIA1 and FIA3 are equivalent to each other.

When n = 4, a vacancy and four FIAs can form stable
configurations, which are Cfg1

C−C−C−C−� with interaction en-
ergy value of −1.40 eV, Cfg2

O−O−O−O−� with interaction en-
ergy value of −2.79 eV, Cfg1

C−C−C−O−� with interaction en-
ergy value of −0.75 eV, Cfg2

O−O−O−C−� of −1.02 eV, and
Cfg2

O−C−O−C−� with interaction energy value of −0.75 eV,
respectively. In the configurations Cfg1

C−C−C−C−� and
Cfg1

C−C−C−O−�, the vacancy and the four FIAs in the first
nearest neighboring to the vacancy stay on the plane {010}. In
the configuration Cfg2

FIA1−FIA2−FIA3−FIA4−, the four FIAs are
all the first nearest neighbors of the vacancy, and the FIA4–�
line is perpendicular to the plane of FIA1–FIA2–FIA3–�.

In Subsections 3.2 and 3.3, the interactions of O–C and
O–C–� are obtained. Accordingly, to study the migration of
O in bcc Fe in the presence of C and vacancy, the O–C and
O–C–� interaction should be taken into consideration.

4. Conclusions
In this work, the behaviors of a single FIA (foreign inter-

stitial atom, i.e., C or O) in bcc Fe and interactions of FIA1–
FIA2 and oxygen–carbon–vacancy are calculated by first prin-
ciples calculations based on the density functional theory.

Octahedral interstitial site is the most stable position for
an O atom in bcc Fe. A C atom in bcc Fe is more stable than
an O atom in bcc Fe. Migration energy of an O atom in bcc
Fe obtained from the method of transition state search (TSS)
is 0.46 eV. The most possible migration path of an O atom in
bcc Fe is from one octahedral interstitial site to its first nearest
neighbor octahedral interstitial site, in which a tetrahedral site
is just in the middle between the two sites. The strengths of
FIA–Fe (1nn) bonds (0.50 for C and 0.32 for O) are greater
than that of the Fe–Fe metallic bond (0.26). The strength of
the material is enhanced after a small number of C or O atoms
are incorporated into iron-based alloy and a dilute solid solu-
tion is formed. And the strengthening effect of C atom is more
significant than that of O atom. The length of O–Fe bond is
greater than that of C–Fe bond.

The interaction energy values for C–C, O–O, and C–O
complex are all positive, which implies the repulsive interac-
tion of C–C, O–O, and C–O in bcc Fe with different reconfig-
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urations. The repulsion is the greatest in C–O, is the smallest
in O–O, is in the middle in C–C. As the FIA1–FIA2 distance
is less than a0 before relaxation, the FIA1–FIA2 distance be-
comes greater after relaxation. Compared with the DOS of Fe
atom in bcc Fe without O atom, the DOS of the Fe atom first
nearest neighboring to O has the changes as follows. (i) An
obvious depletion for the highest peak is existent. (ii) Two hy-
bridizations occur. In the configuration of O–O complex, each
hybridization peak of DOS for O atom is split into two parts.

When the concentration of FIA (FIA refers to C or O)
is relatively high, a vacancy can attract four FIAs and form
stable FIAs–� complex. Except for C–C–�, all big FIAs–�
complexes are less stable than small FIAs–�. The most stable
position of a C or O atom around a vacancy is the first nearest
neighbor octahedral interstitial site of the vacancy. The FIA–
� attraction makes the distance between both smaller, i.e., it
shortens from 0.50 a0 to 0.38 a0 for C–� and to 0.41 a0 for O–
�. In the most stable configuration of C–C–� complex, two
C atoms are situated at the first nearest neighbor octahedral in-
terstitial site of the vacancy, and aligned along the ⟨110⟩ direc-
tion. In the most stable configuration of C–O–� (or O–C–�,
or O–O–�) complex, two FIAs are situated at the first near-
est neighbor octahedral site and two sides of the vacancy, and
aligned along the ⟨001⟩ direction. In the most stable configu-
ration of C–O–� complex, the electronic distribution around
O atom is localized and looks like a “diamond ring”. The elec-
tronic density is significantly greater in the part of “diamond”
than in other parts of the “diamond ring”. The electronic distri-
bution around C atom is non-localized and relatively uniform
between the C atom and its neighbor Fe atoms.
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