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Towards understanding the carbon trapping mechanism in copper by
investigating the carbon–vacancy interaction∗
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We propose a vacancy trapping mechanism for carbon–vacancy (C–V) complex formation in copper (Cu) according
to the first-principles calculations of the energetics and kinetics of C–V interaction. Vacancy reduces charge density in its
vicinity to induce C nucleation. A monovacancy is capable of trapping as many as four C atoms to form CnV (n = 1, 2, 3, 4)
complexes. A single C atom prefers to interact with neighboring Cu at a vacancy with a trapping energy of −0.21 eV. With
multiple C atoms added, they are preferred to bind with each other to form covalent-like bonds despite of the metallic Cu
environment. For the CnV complexes, C2V is the major one due to its lowest average trapping energy (1.31 eV). Kinetically,
the formation of the CnV complexes can be ascribed to the vacancy mechanism due to the lower activation energy barrier
and the larger diffusion coefficient of vacancy than those of the interstitial C.

Keywords: carbon, vacancy, copper, first-principles calculation

PACS: 61.82.Bg, 61.72.–y, 66.30.J– DOI: 10.1088/1674-1056/22/7/076104

1. Introduction
Nuclear fusion energy is considered to be a clean and

infinite energy resource for future generations, which is be-
ing developed internationally via the International Thermonu-
clear Experimental Reactor (ITER) Project.[1] The final appli-
cation of fusion energy is mainly dependent on the develop-
ment of key materials in the tokamak fusion devices, such as
the choice of the heat sink material (HSM). Due to their high
thermal conductivity, high mechanical strength, and good radi-
ation resistance,[2–6] copper (Cu) and Cu alloys are considered
to be the most promising candidates for HSM, in which carbon
(C) is commonly regarded as one of the most frequent impu-
rity atoms. Consequently, exploring the interaction between C
and Cu not only greatly helps us to understand the effects of
C on the structure and properties of Cu, but also has a direct
influence on the design and operation of a fusion reactor.[1]

The interaction of C with metal is of not only scientific
interest but also of technological importance,[7–9] as it has a
broad range of implications in the materials physics field. Al-
though only a very small number of C atoms are present in
Cu, it is expected to have a crucial influence on the energet-
ics and kinetics of defects, and thus can have a large effect on
the properties of Cu. The stability of the Cu matrix compos-
ites with C has been investigated in previous studies.[10–15] It
was found that the substitutional impurities can significantly
influence the diffusivity of C in the Cu matrix, and zirconium
is predicted to be the best alloying element for preventing the
diffusion of C in Cu–C alloy.[10] The deformational interaction
in dilute Cu–C alloys has a long-range character.[12] A small
amount of C in Cu will lead to strong deformation of the Cu

host matrix in the vicinity of C.[13] High-resolution scanning

electron microscopy results have demonstrated the existence

of a solid zone at the Cu–C interface.[14] In Fe–Cu–C alloys,

the Cu–C–vacancy clusters can prevent the formation of Cu

precipitate crystalline structure under neutron irradiation.[16]

A vacancy, as a typical point defect in metal, plays

a crucial role in the nucleation, evolution, and kinetics of

large defects, which eventually governs the macroscopic de-

formation and failure mechanisms observed in a variety of

metals.[17,18] Previous theoretical and experimental studies

have shown that a strong affinity between the C atoms

and vacancies exists.[7,19–23] Earlier experiments showed that

C impurity atoms can be strongly trapped by a monova-

cancy in α-Fe, where asymmetric C–vacancy (C1V) pairs

can be easily formed by positron-lifetime measurements at

the room temperature.[7,19] However, recent first-principles

calculations[20,22] showed that C2V complexes are energeti-

cally favorable in comparison to C1V pairs in α-Fe. In the

bulk Cu, it is found that a single C atom is energetically fa-

vorable sitting at the octahedral interstitial site (OIS).[11,15,24]

However, the trapping mechanism of C in a vacancy has not

been well understood. So far, few works have focused on this

aspect. In order to understand the physical mechanism of C

trapping, in this paper, we systematically investigate the dis-

solution, segregation, and accumulation behaviors of C in a

vacancy using first-principles calculations. The temperature

effects are also discussed according to the results from first-

principles calculations.
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2. Computational method
Our first-principles calculations were performed using the

pseudopotential plane-wave method implemented in the Vi-
enna ab-initio simulation package (VASP) code[25,26] based
on density functional theory (DFT). We used the generalized
gradient approximation of Perdew and Wang[27] and projected
augmented wave potentials,[28] with a plane wave energy cut-
off of 400 eV. An fcc Cu supercell of 108 atoms without
and with a monovacancy was used, and their Brillouin zones
were sampled with (3× 3× 3) k-points by the Monkhorst–
Pack scheme.[29] The calculated equilibrium lattice constant
is 3.63 Å for fcc Cu, in good agreement with the correspond-
ing experimental value of 3.61 Å.[30] Both supercell size and
atomic positions were relaxed to equilibrium, and energy min-
imization continued until the forces on all atoms were con-
verged to less than 10−3 eV·Å−1.

3. Results and discussion
3.1. Single C atom in a monovacancy

In our previous study,[24] we have examined the C be-
havior in intrinsic bulk Cu. We found that a single C is ener-
getically favorable for sitting at the octahedral interstitial site
(OIS)[11,15] with a solution energy of 1.57 eV in comparison
to 2.73 eV at the tetrahedral interstitial site (TIS). Physically,
the C solution behavior in a metal can be understood approx-
imately in terms of the C solution energy in a homogeneous
electron gas.[31] The C solution energy decreases monotoni-
cally with electron density decreasing until reaching the mini-
mum at an optimal density of n0 ≈ 0.024 Å−3.[31] However, if
the charge density is lower than the optimal density, the solu-
tion energy increases. Since the electron density everywhere
in the bulk Cu (as well as in most metals) is much higher than
n0, C generally has the lowest solution energy at the site where
the electron density is the lowest. In the bulk Cu, the charge
density of the OIS after the structure optimization is 0.13 Å−3,
which is 0.06 Å−3 lower than that of the TIS. The solution
energy sequence of C is consistent with the charge density re-
sults, i.e., the lower the charge density is, the lower the solution
energy is.

Apparently, the interstitial sites cannot effectively trap C
atoms due to the larger solution energy. In order to further
lower the C solution energy, it is desirable to create a struc-
ture that will further reduce the electron density. Vacancies or
voids, as well as other regions with larger space, naturally can
lower the electron density in its vicinity, providing an effec-
tive mechanism to meet this requirement. As a typical defect
in metal, vacancies play a crucial role in trapping interstitial C
atoms. Figure 1 shows seven high-symmetric sites for a single
C atom at a monovacancy. Site 1 is the substitutional center.
Sites 2 and 3 represent two different face OIS centers, and site

4 is the side OIS center. Site 5 is the midpoint between the
substitutional center and its nearest neighbor Cu atom. Sites 6
and 7 are the TIS and OIS, respectively, and site 7 is outside of
the vacancy. We calculate the values of solution energy (Esol

V,C)

of C at these highly-symmetric sites as well as other possi-
ble sites to find the energetically favorable sites. The solution
energy Esol

V,C can be obtained by

Esol
V,C = E(N−1)Cu,V,C−E(N−1)Cu,V−µ(C), (1)

where E(N−1)Cu,V,C and E(N−1)Cu,V are the total energies of
the monovacancy system with and without C atoms. The third
term µ(C) on the right-hand side is the C chemical potential.
The C chemical potential µ(C) is the C energy per atom in
the graphite structure. Here, we directly choose the value of
−8.01 eV from Ref. [32] using first-principles calculations.
It is well known that the DFT cannot efficiently describe the
interaction between the planes in graphite due to the van der
Waals forces. Therefore, we believe that it is basically consis-
tent with the experimental value of −7.37 eV.[33]
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Fig. 1. (color online) Seven high-symmetric sites for a single C atom in
the vicinity of a monovacancy. The larger (blue) and the smaller (red)
balls represent Cu and C atoms, respectively.

The energy minimization finds the most stable site for C
to be at an off-vacancy-center position (∼1.64 Å from vacancy
center) close to an OIS, i.e., site 2 or site 4 (the two sites are
equivalent and correspond to the same atomic environment as
shown in Fig. 1). The C solution energy at this site is 1.36 eV,
which is 0.21 eV lower than that at the OIS in the intrinsic bulk
Cu. This suggests that the trapping energy of a single C atom
at the vacancy is−0.21 eV. The main reason that C has a lower
trapping energy at the vacancy is because there exists a low
electron density region in the vicinity of the vacancy. We find
that C prefers to bind an isosurface of the same charge den-
sity of ∼0.09 Å−3 surrounding the vacancy, 0.04 Å−3 lower
than that at the OIS in the intrinsic bulk Cu. The C solution
energy is about the same on the isosurface with six minimum
sites, very close to the six OIS’s around the vacancy as indi-
cated in Fig. 2(a). The solution energies at other sites with
equivalent charge density at the octahedral-like surface (see
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Fig. 2(a)), however, can be as large as ∼ 0.78 eV higher than
that at these six symmetrically equivalent sites. This reflects
the additional atomic structural effect as C interacts with dif-
ferent sites around the vacancy.

(a) (b)

Fig. 2. (color online) (a) Isosurfaces of optimal charge density for C
trapping at vacancy without C. The larger (blue) and the smaller (red)
balls represent Cu and C atoms, respectively. (b) The crosses mark the
six minimum-energy C trapping sites on the isosurface 1 C.

It is clear that a vacancy or vacancy-like defect can pro-
vide an optimal charge density for C to reduce the solution
energy. Such an optimal charge density is shown to be an octa-
hedral region around the vacancy internal “surface” as shown
in Fig. 2. The most energetically favorable site is ∼1.64 Å
off vacancy center close to an OIS. The vacancy center can-
not effectively satisfy such a charge-density criterion, making
C deviate from the vacancy center. Consequently, the C–V
pair (complex) cannot be symmetric. Experimentally, it is still
not available for providing the proof of a C–V asymmetric
pair. However, the asymmetric C1V pair has been found to
be easily formed in bcc Fe according to the earlier experimen-
tal studies.[7,19] Similar to Cu’s case, because a C atom prefers
to bind onto the optimal spherical-like electron density region
that the vacancy center cannot provide, it will deviate from the
vacancy center to form the asymmetric C1V pair in Fe and W.

3.2. Multiple C atoms at a monovacancy

The above results indicate that the C vacancy is strongly
attractive in Cu, similar to the behavior of C in other bcc met-
als, such as Fe,[7,19] and W.[34] The extra trapping energy of
C with vacancy suggests that the vacancy formation energy
will be lowered by the presence of C in comparison to that in
the intrinsic metal due to exothermic reactions. This is asso-
ciated with C-assisted vacancy formation in Fe from a recent
first-principles calculation.[21] The strong trapping of C by a
vacancy implies that the vacancies can act as trapping centers,
which drive a large number of C atoms to segregate towards
the vacancies. Such a segregation of C atoms can further lead
to the formation of CnV complexes and influence the vacancy
effective diffusivity in metals.[23] In the present work, we try
to calculate the number of C atoms that one vacancy can trap.
This depends on the way of calculating the C trapping energy
at the vacancy. Generally, diffusion of C towards the vacancy
in Cu should be associated with the C concentration. Qualita-
tively, at a low C concentration, C atoms can diffuse into the

vacancy sequentially (the sequential way). At a high C con-
centration, multi-C atoms can diffuse into the vacancy at the
same time (the simultaneous way).

For the sequential way, the sequential trapping energy
(E trap

seq ) per C atom can be obtained by

E trap
seq = E(N−1)Cu,V,Cn

−E(N−1)Cu,V,Cn−1

−ENCu,C(OIS)+ENCu, (2)

where ENCu,C(OIS) and ENCu are the energies of the Cu super-
cell with and without C atoms, respectively. On the other hand,
for the simultaneous way, the average trapping energy (E trap

sim )

per C atom is defined as

E trap
sim =

1
n
[E(N−1)Cu,V,Cn

−E(N−1)Cu,V]

− [ENCu,C(OIS)−ENCu]. (3)

A negative E trap
sim means energy gain when the C atoms are

trapped by the vacancy with respect to dispersion into n dif-
ferent OIS’s. The trapping energy as a function of the number
of C trapped by the vacancy in Cu is shown in Fig. 3.

For the sequential method, according to Eq. (2), we cal-
culate the sequential C trapping energy per C atom as a func-
tion of the number of C trapped by the vacancy as shown in
Fig. 3. The first C atom attains a trapping energy of −0.21 eV.
As more C atoms are added, they experience interactions
among them. It is important to note that the trapping energy
(−2.45 eV) becomes very low when the second C atom is
added in comparison with the first one (−0.21 eV), suggest-
ing that C2V is more stable than C1V in Cu. As shown in
Fig. 3, after the second C atom is added, the trapping energy
of C will increase with the increase of the number of C atoms
trapped by the vacancy. The trapping energies of the third and
the fourth C atom are −0.83 eV and −0.24 eV, respectively.
Finally, the addition of the fifth C atom gives rise to a positive
trapping energy of 0.31 eV. This suggests that the fifth C atom
will prefer to occupy the OIS in bulk Cu rather than stay in the
vacancy. Therefore, the maximal number of C atoms that can
be trapped by the vacancy is 4 via the sequential way. The C2V
is found to be the major C–V complexes corresponding to the
lowest trapping energy. Similar results can also be obtained
for C in bcc Fe and W.[20,22,34]

On the other hand, the simultaneous method gives differ-
ent results. The average trapping energy (−1.31 eV) becomes
very low when the second C atom is embedded in comparison
with that of the first one (−0.21 eV). With the increase of the
number of C atoms, the trapping energy of each C atom in-
creases again. When the number of C atoms increases up to
6, the average C trapping energy is still negative (−0.44 eV),
which indicates that the number of C atoms trapped by the va-
cancy should be larger than 6. However, after carefully check-
ing the atomic configurations of each C addition, we find that
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a vacancy can only accommodate five C atoms. The sixth em-
bedded C atom will fall into one of the OIS’s out of the va-
cancy. Thus, it is energetically favorable for a monovacancy to
trap as many as five C atoms via the simultaneous way, where
the C2V is still found to be the major complexes.
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Fig. 3. (color online) Plots of trapping energy per C versus the number
of C atoms trapped by the vacancy in Cu.

We show above two different ways to bring the C atoms
into a monovacancy, leading to different numbers of C atoms
that one monovacancy can accommodate. Via the sequential
way, one monovacancy can hold four C atoms, less than five
C atoms for the simultaneous way. As a matter of fact, the
diffusion of C towards the vacancy should depend on the C
concentration in Cu. Under low C concentration, the probabil-
ity of the sequential way becomes much higher, while under
high C concentration, the simultaneous way will be preferable.

In the sequential way, averagely, one monovacancy will hold
fewer C atoms than the maximum number (4 atoms) it can
hold due to the lower C concentration in Cu. The monova-
cancy should contain two C atoms in most cases because the
C2V complex is most energetically favorable according to the
present calculations.

We further investigate the atomic configurations and the
charge density distributions for multiple C atoms trapped in
the vacancy in order to explore the C–C interaction. The bond
lengths between C atoms are calculated to be 1.36 Å, 1.33 Å,
and 1.43 Å for C2V, C3V, and C4V, respectively, as shown in
Fig. 4. We see that the C–C bonds in the C–V complexes
have the typical C covalent bond length for sp2 bonds.[35] Fig-
ure 5 shows the charge density distributions of C atoms in
the vacancy for C2V, C3V, and C4V, respectively. Despite the
metallic Cu environment, C–C covalent-like bonds are clearly
formed (the high electronic concentration between the two C
atoms). Such a strong covalent-like bond makes C atoms bond
strongly at the vacancy, which further explains why the larger
trapping energies are present for the 2C and 3C cases at the
vacancy (Fig. 3). For the C4V case, the bond length (1.43 Å)
is little longer than those of other two cases. This might lead to
the relatively weak C–C bonding at the vacancy, correspond-
ing to the relatively low trapping energy (Fig. 3). In addition,
we also find that C no longer prefers to occupy the optimal
charge density region for the multiple C cases, because there
is strong interaction between C atoms in the vacancy.
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Fig. 4. (color online) The atomic configurations for multiple C atoms trapped in a monovacancy. (a) 2C, (b) 3C, and (C) 4C.
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Fig. 5. (color online) Charge density distributions in the (100) plane for (a) C2V, (b) C3V, and (c) C4V complexes, respectively.
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3.3. Competition between C and vacancy diffusion in Cu

The above results clearly demonstrate the thermodynamic
stability of C segregation towards a monovacancy. The next
question is the formation mechanism of CnV complexes, i.e.,
whether mobile interstitial C atoms can be trapped by a stable
vacancy, or vice versa. We thus investigate the diffusion be-
haviors of a monovacancy and an interstitial C atom. We cal-
culate the diffusion energy barriers for the monovacancy and
the interstitial C atom in bulk Cu using a drag method relaxing
the atomic positions constrained in a hyperplane perpendicular
to the vector from the initial to the final position.[36–38]

As shown in Fig. 6(a), it is found that the monovacancy
prefers to migrate towards the 1NN site along the 〈110〉 di-
rection. The barrier of the monovacancy is calculated to be
0.76 eV in the intrinsic Cu, which is consistent with the previ-
ous studies.[39–41] There are two main mechanisms for impu-
rity atoms diffusing into a solid, i.e., the interstitial and sub-
stitutional mechanisms, which depend on the occupation be-
havior of the impurity atoms. It has been demonstrated that
C energetically prefers to occupy the interstitial sites in the
bulk Cu. Therefore, C will diffuse into Cu via the interstitial
mechanism. As mentioned above, the OIS is relatively stable
in comparison to the TIS, and thus we consider the process
that allows C to hop from an OIS to another nearest neigh-
bor OIS. The OIS→OIS path (from an OIS to another nearest
OIS directly) has been demonstrated to be the optimal diffu-
sion path for a single interstitial C atom with an energy barrier
of 0.93 eV (Fig. 6(b)), which is 22% larger than that of the
monovacancy. This suggests that the monovacancy is much
easier to diffuse than the interstitial C in Cu. However, such
high energy barriers of the monovacancy (0.76 eV) and the
interstitial C (0.93 eV) suggest the difficult diffusion for the
monovacancy and the interstitial C at the lower temperature.
Nevertheless, with the increase of temperature, they will be-
come mobile.
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Fig. 6. (color online) Diffusion energy profiles for a monovacancy and
an interstitial C atom in the intrinsic Cu. (a) Vacancy. (b) Interstitial C.

Next, we investigate the effects of temperature on the
diffusion coefficient of vacancy and C at the typical exper-

imental temperatures of 300–700 K for Cu.[2,4] It is well

known that the diffusion coefficient of vacancy and impu-

rity atom can be obtained by the Arrhenius diffusion equation

D = D0 exp(−Ea/kT ), where D0, Ea, k, and T are the pre-

exponential factor, activation energy, the Boltzmann constant,

and the absolute temperature, respectively. In terms of the dif-

fusion theory presented by Wert and Zener,[42] D0 can be ex-

pressed as D0 = (nejpν/6)(
√

2a/4)2 since Cu belongs to fcc

structure metal, where nejp, a, and ν are a geometrical factor

for the number of equivalent jump paths, the equivalent jump

length, and the vibration frequency, respectively.

We calculate the vacancy diffusion energy barrier of

0.76 eV along the preferred path of the 〈110〉 direction in Cu.

It is well known that the vacancy diffusion corresponds to the

diffusion of the Cu atom. Thus, at the vibration frequency

νV =
√

2Ea/ma2, m is also the mass of the Cu atom. Us-

ing the mass of the Cu atom of 1.05× 10−25 kg and the Cu

lattice constant of 3.63× 10−10 m as well as the calculated

vacancy diffusion energy barrier of 0.76 eV, we can thus ob-

tain the vibration frequency νV = 4.19×1012 Hz. Substituting

this value into D0 = (nejpν/6)(
√

2a/4)2, we can further obtain

the pre-exponential factor D0(V ). After establishing the pre-

exponential factor, the vacancy diffusion coefficient in Cu can

be calculated according to the Arrhenius equation as explained

above. As shown in Fig. 7, we depict the curve of the vacancy

diffusion coefficient as a function of temperature, which is in

good agreement with previous experimental values.[43–45]

A similar strategy can be applied to predict the C diffu-

sion behavior with the confidence of vacancy in Cu and previ-

ous oxygen diffusion studies in W,[46] as well as an H diffusion

study in Mo.[47] According to the Zener and Wert’s theory,[42]

the vibration frequency νC of the interstitial C atom can be

approximately expressed as νV =
√

2Ea/ma2, where m is the

mass of impurity atom. Similarly, substituting the mass of

the C atom of 1.99× 10−26 kg and the Cu lattice constant of

3.63× 10−10 m, as well as the C diffusion energy barrier of

0.93 eV into the above formula, we can estimate the vibration

frequency to be νC = 3.37×1013 Hz, which is basically con-

sistent with normal atom vibration frequency of 1012–1013 Hz

within an error range. Correspondingly, the C diffusion pre-

exponential factor D0(C) = 5.55× 10−7 m2·s−1 can be ob-

tained. We further depict the curve of the vacancy diffusion

coefficient versus temperature in Fig. 7. Due to the few ex-

perimental or relevant calculated data, here we provide quite a

useful reference to quantitatively understand the diffusion be-

haviors of C in Cu.

076104-5



Chin. Phys. B Vol. 22, No. 7 (2013) 076104

1.5 2.0 2.5 3.0 3.5
-24

-20

-16

-12
D

if
fu

si
o
n
 c

o
ff
ic
ie
n
t/

m
2
Ss

-
1
 

/T

vacancy
 interstitial C

Fig. 7. (color online) Diffusion coefficients of vacancy and interstitial
C in Cu versus reciprocal temperature.

As shown in Fig. 7, the diffusion coefficients of vacancy
and C are obtained by the Arrhenius diffusion equation at dif-
ferent temperatures. It can be found that the diffusion coeffi-
cients of vacancy and C have strong temperature dependence,
and thus the temperature plays a key role in determining the
diffusion behaviors of vacancy and C. The diffusion coefficient
will increase with increasing temperature, as shown in Fig. 7.
One sees that the vacancy diffusion coefficients are larger than
those of C in the typical temperature range, indicating that a
monovacancy prefers to migrate into Cu in comparison to an
interstitial C atom. Thus, we can give the formation mecha-
nism of the CnV complexes in Cu, i.e., the formation of the
CnV complexes can be ascribed to the trapping of migration
vacancy by the relatively stable interstitial C in Cu.

4. Summary
In order to understand trapping mechanism of carbon (C)

in copper (Cu), we have investigated structure, stability, and
diffusion properties of C in Cu using a first-principles method.
C atoms are easily trapped in the vicinity of vacancy. The most
stable site for single C to be at a fixed position is ∼ 1.64 Å
away from the vacancy center close to an OIS. With multiple
C atoms added, they prefer to bind with each other to form
a covalent-like bond despite the metallic Cu environment. A
monovacancy is shown to be capable of trapping as many as
four C atoms to form CnV (n = 1, 2, 3, 4) complexes. Among
the CnV complexes in Cu, C2V is the major one due to its low-
est average trapping energy (−1.31 eV), which corresponds to
the lowest formation energy. Kinetically, the formation of the
CnV complexes can be ascribed to the interstitial mechanism
due to a lower activation energy barrier (i.e., 0.76 eV) for the
vacancy than that (i.e., 0.93 eV) for the interstitial C, and the
larger diffusion coefficient of the vacancy than that of the in-
terstitial C in the typical experimental temperature range for
Cu.
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