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Defect stability in thorium monocarbide: An ab initio study∗
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The elastic properties and point defects of thorium monocarbide (ThC) have been studied by means of density func-
tional theory based on the projector-augmented-wave method. The calculated electronic and elastic properties of ThC are
in good agreement with experimental data and previous theoretical results. Five types of point defects have been considered
in our study, including the vacancy defect, interstitial defect, antisite defect, schottky defect, and composition-conserving
defect. Among these defects, the carbon vacancy defect has the lowest formation energy of 0.29 eV. The second most
stable defect (0.49 eV) is one of composition-conserving defects in which one carbon is removed to another carbon site
forming a C2 dimer. In addition, we also discuss several kinds of carbon interstitial defects, and predict that the carbon
trimer configuration may be a transition state for a carbon dimer diffusion in ThC.

Keywords: thorium monocarbide, ab initio study, bulk properties, defects

PACS: 71.15.Mb, 71.20.−b, 61.72.J−, 61.72.jj DOI: 10.1088/1674-1056/24/9/097101

1. Introduction
Actinide carbides are considered to be one of the most

promising nuclear fuel materials of generation-IV reactors.
They have several advantages relative to standard actinide ox-
ide fuels,[1–3] such as a higher density, a higher thermal con-
ductivity, and a better compatibility with clad materials.[4,5]

The relevant studies were concerned with both technologi-
cal developments and fundamental scientific aspects. Previ-
ously, researchers have widely studied uranium carbide[6–12]

and mixed uranium-plutonium carbide.[13,14] From the 1960s
to 1970s, as a supplement for fertile fuel, thorium-based nu-
clear power was recognized and built as an experimental reac-
tor by the Oak Ridge National Laboratory. Afterwards, tho-
rium carbide and uranium carbide fuel were designed and de-
veloped in the peach bottom reactor project.[15] After several
decades’ intermission, the relevant experimental and theoret-
ical studies for thorium carbide are attracting a great deal of
attention.

Experimentally, thorium monocarbide (ThC) has a large
domain of nonstoichiometry (ThCx with 0.55 < x < 1 at
high temperature).[16] There are several relevant experimen-
tal works on thorium carbide which were mainly reported in
the 1960s and 1980s.[17–21] Through the investigation of the
non-stoichiometry of ThC by Satow,[18] it can be deduced that
the lattice defects of this compound are carbon vacancies. Ger-
ward et al. did not observe structural phase transformation of
ThC over the whole pressure range through the high-pressure

x-ray diffraction studies.[16]

Theoretically, a few first-principle studies have been per-
formed to understand the structural, electronic, elastic, and
thermodynamic properties of ThC.[22–29] Shein et al. calcu-
lated the electronic, structural, and mechanical properties of
ThC from the first-principles study.[22–25] Das et al. stud-
ied the electronic structure and elastic properties of transi-
tion metal series (Sc, Ti, V, Zr, and Hf) and actinides (Th,
U) carbide based on the tight-binding linear muffin-tin or-
bitals method, and they found that the f states have features
rather different from transition metal carbides.[26] Lim et al.
studied the electronic properties of ThC by using Gaussian-
type orbitals and density functional theory, and they found
that Heyd–Scuseria–Ernzerhof (HSE) hybrid functional does
not open a band gap near the Fermi energy in ThC.[27] Ay-
din et al. studied the pressure dependency of the structural,
elastic and mechanical properties by using a first-principle
method based on the LDA+U functional.[28] Pérez et al.
reported the phonon and thermodynamic properties of ThC
based on the density functional perturbation theory and har-
monic approximation.[29]

It is well known that defects are unavoidable in nuclear
fuel due to the irradiation damage from high-energy neutrons.
However, there are few theoretical works about the defect
of ThC. Based on the experimental observations, Matzke[30]

wrote a review about the defects for ThC, and he speculated
two important points: (i) there are important atomic displace-
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ments around carbon vacancies; (ii) there is no indication of
antistructure defects in ThC. In our following study, the two
conclusions will be verified by us.

Our paper is organized as follows. In Section 2, the cal-
culation details will be described. In Section 3, the calculated
results will be presented and discussed. In Section 4, the con-
clusion remarks will be presented.

2. Calculation methods
All of these calculations were performed within the

framework of density functional theory (DFT) and more
particularly with the ab initio method[31,32] as imple-
mented in the Vienna ab initio simulation package (VASP)
code.[33] The generalized gradient approximation (GGA) to
the exchange-correlation interaction was used.[34] Twelve
electrons (6s26p65f06d27s2) for thorium and four electrons
(2s22p2) for carbon were taken into account as valence elec-
trons. An energy cut-off of 500 eV for the plane-wave expan-
sion of the electron basis was used. The convergence criteria
have been chosen to be 10−6 eV, and 10−2 eV/Å for the total
energy, and for the forces, respectively. When computing the
total energy of a defected structure, the lattice constants were
fixed, while the atomic coordinates were allowed to relax. The
Brillouin zone is sampled by a 4× 4× 4 Monkhorst–Pack k-
point mesh[35] for a 64-atoms supercell. The bulk properties
of ThC were calculated in a conventional cell which contains

four carbon atoms and four thorium atoms with a 16×16×16
k-point grid being used to sample the Brillouin zone. The cal-
culation of electronic density of states (DOS) and electronic
band structure were in a more rigorous condition with an en-
ergy cut-off of 600 eV and a 20× 20× 20 k-point grid in a
conventional cell.

3. Results and discussion
3.1. Bulk properties of ThC

The bulk properties of ThC including the lattice param-
eters, the bulk modulus, and the electronic properties were
calculated from the ab initio method, and compared with the
previous theoretical and experimental results. As a whole, the
current method with the GGA describes these properties pretty
well.

In detail, thorium monocarbide (ThC) has a face-centered
cubic lattice as shown in Fig. 1. Our calculated lattice parame-
ter and bulk modulus obtained from the GGA are 5.352 Å and
133.33 GPa, which agree well with the experimental values of
5.335 Å and 125 GPa, respectively. However, the calculated
results from the LDA do not fit well with the experiment as
shown in Table 1, in particular for the bulk modulus with a
relatively large error of 15.9%. Our results demonstrate that
the GGA is much better than the LDA. Therefore, the GGA
functional is adopted in the rest of this work.
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Fig. 1. (color online) (a) Crystal structure of ThC. Black dotted circle represents tetrahedral interstitial site. (b) Electronic band structure and
(c) total density of state as well as projected density of states of ThC.

The electronic band structure and total DOS as well as
projected DOS calculated by GGA are shown in Figs. 1(b)
and 1(c), respectively. The total DOS is also calculated by
using GGA +U (Ueff = 4 eV), as shown in Fig. 1(c). The
profiles of total DOS for these two kinds of methods are al-
most the same. It means that for the ThC system the strong
correlation effect of f orbital electrons can be ignored and the
electronic properties can be described sufficiently by using the
GGA method. Both Figs. 1(b) and 1(c) show that there is no
band gap between the valence and conduction band, indicat-
ing that ThC is metal. The electrons around the Fermi level
come mainly from Th-5f, Th-6d, and C-2p states, which are
mostly located around the Γ point. The conduction band is

strongly dominated by Th 5f and Th 6d states, with a little bit
of the degree of C 2p states. As for the valence band, the hy-
bridization of C 2p states with the Th 6d states from −4 eV
up to the Fermi energy level contributes to Th-C interaction.
Our calculated electronic properties agree well with the pre-
vious theoretical results by Aydin et al.[28] Our Bader charge
density analysis provides 1.84 electrons charge transfer from
Th atom to C atom, with respect to their original electron oc-
cupation. In the previous calculation of uranium monocarbide
UC,[8] a Bader charge transfer of 1.6 electrons occurs from U
atom to C atom. The relatively larger charge transfer value of
ThC reflects that the carbon atom takes more electrons away
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from thorium than uranium.

Table 1. Calculated equilibrium lattice parameters a and bulk modu-
lus B of ThC. ∆a and ∆B are the relative errors of calculated results
compared with the experimental values.

a/Å B/GPa ∆a/% ∆B/%
Exp. 5.335−5.344a 125b

LDA 5.268 (5.269c) 144.83 (143.41c) −1.339 15.9
GGA 5.352 (5.341c) 133.33 (134.33c) 0.234 6.7

aExperimental value in Ref. [16]
bExperimental value in Ref. [36]
cTheoretical results in Ref. [28]

3.2. Single point defects and complex defects

We mainly study five types of point defects including va-
cancy defect, interstitial defect, antisite defect, schottky de-
fect, and composition-conserving defect. To calculate the de-
fect formation energy of single point defects, we use the fol-
lowing formula for one vacancy (VX ) or one interstitial defect
(IX ) (where X labels thorium or carbon defect). The formation
energies EF

VX ,IX are

EF
VX ,IX = EVX ,IX −EN±Ex, (1)

where EN is the energy of the defect-free ThC supercell, EVX ,IX
is the energy of the supercell containing corresponding de-
fects, and Ex is the energy per atom of each chemical species
in its reference state. Here the reference states are the ground-
state crystalline phases of thorium and carbon, namely, the α-
thorium crystal and the carbon graphite phase.

As we know that a point defect would interact with its im-
age in the adjacent supercell because of the periodic boundary
conditions in our calculation method. Therefore, five differ-
ent supercell sizes were tested to check the convergence of
the formation energy including 1× 1× 1 (8 atoms), 2× 1× 1
(16 atoms), 2× 2× 1 (32 atoms), 2× 2× 2 (64 atoms), and
3× 2× 2 (96 atoms). Two types of interstitial defects includ-
ing Th tetrahedral interstitial defect (ITh) and C2 dimer defect
along the 〈110〉 direction were chosen to justify the conver-
gence as illustrated in Table 2. The table shows that the dif-
ference in the formation energy for the ITh between a 64-atom
and a 96-atom supercell is 0.117 eV. Therefore, we conclude
that the calculated formation energies are well converged in a
64-atoms supercell. Eventually, the 64-atoms supercell will be
taken in our remaining calculations.

Table 2. Formation energies (eV) of Th tetrahedral interstitial defect
(ITh) and C2 dimer defect along the 〈110〉 direction in ThC as a func-
tion of the supercell sizes used in the calculation.

Supercells 1×1×1 2×1×1 2×2×1 2×2×2 3×2×2
ITh 7.381 5.757 4.552 4.395 4.278

C2〈110〉 2.327 1.308 1.155 1.044 0.997

Concerning the single point defects, four types of de-
fects will be considered in our study including single car-
bon vacancy (VC), single thorium vacancy (VTh), single carbon

tetrahedral interstitial (IC) defect, and single thorium tetrahe-
dral interstitial defect (ITh). The tetrahedral site is illustrated
in Fig. 1(a), and the calculated formation energies for these
defects are listed in Table 3. The table shows that among
these defects the carbon vacancy has the lowest formation
energy (0.29 eV). This is consistent with the experimental
observations,[18,37] in which the carbon vacancies were con-
sidered to be the predominant defects in the nonstoichiomet-
ric ThC. It is noted that our result for the carbon vacancy is
also in good agreement with the previous result (0.32 eV) by
Shein et al.,[24] in which this energy was calculated by the
full-potential DFT in an eight-atom supercell. The calculated
energy for the tetrahedral interstitial carbon (IC) is quite high
(3.67 eV), indicating that this kind of defect is almost impos-
sible in ThC. According to Table 3, the carbon vacancy and
carbon interstitial defects have lower formation energies than
the thorium vacancy and thorium interstitial defects, respec-
tively. This phenomenon is consistent with that in UC,[8] in
which the radiation damage and deviation from stoichiometry
are more probably generated in the carbon sublattice.

Table 3. Formation energies (Eform) of carbon/thorium vacancy (VC and
VTh) and tetrahedral interstitial (ITh and IC) defects, as well as atomic
displacements of the first shell (s) and second shell (s) (δR) due to the
presence of point defects in ThC. Negative (positive) value indicates a de-
crease (increase) of the interatomic distance with relating element symbol
in parentheses.

Eform/eV δRfirst/Å δRsecond/Å

VTh 5.75 +0.276(C) −0.046(Th)

VC 0.29 +0.088(Th) −0.023(C)

VC 0.32[24]

ITh 4.39 +0.531(Th)/+0.088(C) +0.022(Th)/+0.132(C)

IC 3.67 +0.187(Th)/−0.487(C) +0.012(Th)/+0.091(C)

As we know that due to the defects the atomic position
will deviate from the original (equilibrium) one. This devi-
ation is defined as the atomic displacements δR, i.e., changes
in atomic separation distance due to the presence of the defect.
The displacements for the above four defects were calculated
and presented in Table 3. For the single carbon vacancy defect,
Table 3 shows that the displacements of the first nearest neigh-
bor (1NN) thorium atoms are in the order of 0.088 Å. This is
consistent with the experimental results of ThC1−x obtained
by neutron diffraction,[38] which indicates that the displace-
ments of neighboring Th atoms are in the order of ≈ 2% of
the lattice parameter. For the thorium vacancy defect, the dis-
placements of the 1NN atoms of 0.276 Å are induced. For the
carbon tetrahedral interstitial defect, Table 3 shows that this
causes the inward displacements of carbon atoms of 0.487 Å,
and conversely this causes the outwards displacements of the
thorium atoms of 0.187 Å. Concerning the thorium tetrahe-
dral interstitial defect, it induces the largest perturbation on
its surrounding atoms as shown in Table 3, i.e., the thorium
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and carbon atoms move outward of 0.531 Å and 0.088 Å, re-
spectively. Actually, this defect also has the largest effect on
the second near neighboring (2NN) atoms among the four de-
fects, i.e., the displacements for the defect is 0.132 Å, and the
displacements for the other three defects are almost zero.

Concerning the complex interstitial defects, we have stud-
ied the stabilities of C3 trimer and C2 dimers along different
crystallographic orientations as sketched in Fig. 2. Their for-
mation energies are listed in Table 4. The table shows that the
C2 dimer along the 〈110〉 direction has the lowest formation
energy of 1.04 eV among these defects. This rationalizes the
experimental conclusion that some introduced carbon atoms

could link with the existing carbon atoms to form “C2” groups

as high carbon compositions are reached in ThC.[39] It is noted

that the energy differences among these defects are small with

the largest one being 0.22 eV, suggesting that they could pos-

sibly coexist in ThC. Considering the similar energy level be-

tween the dimer and the trimer according to Table 4, we can

predict that the C3 trimer configuration may be a transition

state of the C2 dimer diffusion in ThC. We also present the

charge density map of the dimer and the trimer in Fig. 3. The

figure shows that it is the carbon–carbon bonding interaction

that stabilizes these defects.

Table 4. Formation energies of complex defects, including C2 dimer (C2〈110〉, C2〈100〉, and C2〈111〉), C3 trimer (C2),
antisite defects (CTh and ThC), Frenkel carbon (FPC), Frenkel thorium (FPTh), Schottky (Sch), C2〈100〉 dimer plus carbon
vacancy (C2〈100〉+VC), and trimer C3 plus carbon vacancy defects (C3 +VC).

C2〈110〉 C2〈100〉 C3 C2〈111〉
Interstitial defects 1.04 1.13 1.16 1.26

CTh ThC

Antisite defects 10.47 5.72

Sch

Schottky defects 4.79

FPC FPTh C2〈100〉 + VC C3+ VC

Composition-conserving defects 3.96 10.14 0.49 1.25

(a) d(C-C)=1.309 A (b) d(C-C)=1.314 A (c) d(C-C)=1.375 A (d) d(C-C)=1.299 A

Fig. 2. View of (a) C2〈110〉, (b) 〈100〉, and (d) 〈111〉 dimer together with (c) C3 trimer. Th atoms in green, C atoms in black. d (C–C)
represents the C–C distance of C2 dimer and C3 trimer.

0

0.4(a) (b)

Fig. 3. Charge density distribution graph in (010) plane of ThC for
(a) C2〈110〉 dimer and (b) C3 trimer. Red color for high electron den-
sity and blue color for low electron density. The contour interval is 0.05
electrons/Bohr3.

To calculate the defect formation energy of the complex
defects, we use the following formulas. For an antisite defect
(removing a B atom from its current position and replacing it
by an A atom), formation energy EF

AB
reads

EF
AB

= EAB −EN−EA +EB. (2)

For a bound Frenkel pair, the formation energy EF
FPX

reads

EF
FPX

= EFPX −EN. (3)

For a bivacancy, the formation energy EF
BiVacXX ′

reads

EF
BiVacXX ′

= EBiVacXX ′ −EN +Ex +Ex′ , (4)

where EN is the energy of the defect-free ThC supercell, EAB ,
EFPX , and EBiVacXX ′ are the energies of the supercell contain-
ing corresponding defects, Ex, EA, and EB are the energy per
atom of each chemical species in its reference state. Here the
reference states are the ground-state crystalline phases of tho-
rium and carbon, namely, the α-thorium crystal and the carbon
graphite phase.

The antisite defect is an exchange of one Th and one
C atom in ThC. The calculated formation energies of carbon
antisite and thorium antisite are listed in Table 4. The ta-
ble shows that the energies for the two defects are quite high
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(larger than 5 eV), indicating that the two defects are unstable.
This is in line with the experimental observation, in which the
antisite defects were not observed in ThC.[27]

The Schottky defect is a type of electrical neutrality point
defect in which an equal number of cations and anions are
missing from their lattice sites and the stoichiometry of the
crystal is maintained. In ThC, the Schottky defects are re-
sulted from the simultaneous creation of thorium and carbon
vacancies as illustrated in Fig. 4. The calculated formation en-
ergy for this defect is 4.79 eV as listed in Table 4. This value
is lower by about 1.25 eV than the sum of the energies of the
isolated thorium and carbon vacancy defects (as listed in Ta-
ble 3). This phenomenon suggests that the defect will be stabi-
lized when thorium and carbon vacancies are placed as the first
neighbor. It is in accordance with the properties of a Schottky
defect for UC.[8,9] Therefore, the widely existing carbon va-
cancy may aggregate together around the thorium vacancy in
ThC.

Since single point defects alone are not composition-
conserving, then thermal defects have to appear in balanced
combinations in order to maintain the overall composition of
ThC crystal. Actually at finite temperature, thermal defects
will be activated in ThC. Usually the composition-conserving
defects are in pairs of single point defects or in more complex
forms.

The most common composition-conserving defect is a
Frenkel pair. There are two kinds of common Frenkel defects:
one is the carbon Frenkel pair as illustrated in Fig. 5(a), and
another is the thorium Frenkel pair as illustrated in Fig. 5(b).
The calculated formation energies for the two defects are listed
in Table 4. It shows that the energies for the two cases (3.96 eV
and 10.14 eV, respectively) are quite high, indicating that the
two defects may not exist.

In addition, we have also considered two special types of
Frenkel defects: one is a carbon dimer plus a carbon vacancy

as indicated in Fig. 5(c), and another is a carbon trimer plus a
carbon vacancy as indicated in Fig. 5(d). The formation ener-
gies for the two defects are presented in Table 4. Interestingly,
the energy for the carbon dimer plus carbon vacancy is as low
as 0.49 eV. This value is close to that (0.29 eV) for a single
carbon vacancy, indicating that this kind of defect could be
stable. This is consistent with the literature view which states
that ThC may contain some C2 groups compensated by some
carbon vacancies.[40] The energy for the carbon trimer plus
carbon vacancy is 1.25 eV which is a little higher than that
of the carbon trimer (1.16 eV). The clustering of carbon va-
cancy and carbon trimer is also favored from the energy point
of view at high temperature. In consideration of the existence
of the C2 dimer plus the carbon vacancy discussed above, the
C3 trimer plus vacancy might be a transition state of the C2

dimer diffusion in ThC.

V
C

V
Th

Fig. 4. (color online) The diagram for Schottky defect: the positions
of carbon vacancy (VC) and of thorium vacancy (VTh) are indicated by
the arrows. Th atoms in green, C atoms in black, carbon vacancy and
thorium vacancy in black dotted circle.

V
C

I
C

I
Th

V
Th

(a) (b) (c) (d)

Fig. 5. (color online) (a) Simplified diagram for carbon Frenkel defect: the positions of the carbon vacancy (VC) and of the carbon
interstitial (IC) are indicated by the arrows. (b) Simplified diagram for thorium Frenkel defect: the positions of the thorium vacancy (VTh)
and of the thorium interstitial (ITh) are indicated by the arrows. (c) Carbon dimer plus carbon vacancy: a carbon vacancy (VC) is formed and
a carbon dimer (C2) appears. (d) Carbon trimer plus carbon vacancy: a carbon vacancy (VC) is formed and a carbon trimer (C3) appears.
Th atoms in green, C atoms in black, carbon vacancy and thorium vacancy in black dotted circle.

4. Conclusions

The defects of thorium monocarbide (ThC) have been
studied by means of density functional theory based on the

projector-augmented-wave method. Five types of point de-

fects have been considered in our study including the va-

cancy defect, interstitial defect, antisite defect, schottky de-
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fect and composition-conserving defect. Among these defects,
the carbon vacancy defect has the lowest formation energy of
0.29 eV. This conclusion is consistent with the experimen-
tal phenomenon that the carbon vacancies are the predomi-
nant defects in nonstoichiometric ThC. Through the investi-
gation of displacements (δR) for the single point defects, we
have confirmed one experimental speculation that there are im-
portant atomic displacements around carbon vacancies. The
second most stable defect (0.49 eV) is one of composition-
conserving defects in which one carbon is removed to another
carbon site forming a C2 dimer (C2 along the 〈100〉 direction).
According to our calculations, we think that the C3 trimer con-
figuration may be a transition state of the C2 dimer diffusion
in ThC. Concerning the antistructure defects, our calculations
have verified another experimental speculation that there is no
antistructure defect in ThC.
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