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a b s t r a c t

We have investigated vacancy-assisted diffusion of Xe in uranium dioxide (UO2) calculating incorpora-
tion, binding, and migration energies. All the energy values have been obtained using the density func-
tional theory (DFT) within the generalized gradient approximation (GGA) and the projector-
augmented-wave (PAW) method. Considering spin-polarization effect, we find that the computed migra-
tion energy is reduced by and agrees well with experimental data compared to those obtained from non-
magnetic calculations. We also find that an oxygen vacancy lowers the migration energy of a uranium
vacancy by about 1 eV, enhancing an effective movement of vacancy clusters consisting of both uranium
and oxygen vacancies. Furthermore, the strain energy of Xe is large enough to contribute to the clustering
of vacancies making it the driving force for the vacancy-assisted diffusion of Xe in UO2. In summary all
the calculated results suggest that the trivacancy is a major diffusion pathway of Xe in UO2.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The atomic transport processes in UO2 are of great interest for
understanding UO2’s performance during irradiation. Particularly,
the behavior of fission gases is an important performance-limiting
factor since fission gas release increases the temperature due to a
decrease in the thermal conductivity across the fuel clad gap,
resulting in an increase of the fuel pressure. For these reasons,
the diffusion characteristics of fission gases have been the subject
of extensive research [1–4]. Lawrence [5] has reviewed data on gas
diffusion in UO2 and reported that the diffusion coefficient of fis-
sion gases is significantly affected by the defect structure of UO2.
The detailed lattice structural analysis done by Matzke et al. [6–
8] reports the fission gas diffusion in UO2 at low gas concentrations
to proceed via an electrically neutral trivacancy that consists of a
uranium vacancy and two oxygen vacancies. Recently, experimen-
tal methods using in situ TEM (transmission electron microscope)
experiments [9] and PIXE (particle induced X-ray emission) mea-
surements [10] have been used to investigate the location and dif-
fusion of fission products such as Xe, He, and Nd.

Several theoretical methods have also been used to study the
behavior of fission products in UO2. Catlow et al. [11,12] and
Grimes et al. [13–15] calculated incorporation and solution ener-
gies of Xe and He in UO2 using the Mott–Littleton approximation
with empirical potentials. Ab initio methods based on the DFT
ll rights reserved.

: +46 18 471 3524.
[16] have been successfully used since the mid-90’s. Petit et al.
[17] investigated the stability of Kr in UO2 applying the linear muf-
fin–tin orbital method in the atomic sphere approximation [18,19],
and Crocombette [20] also calculated the energies of Kr, I, Cs, Sr,
and He in UO2. Recently, Freyss et al. [21] compared the volume
variation induced by He and Xe, by using the pseudopotential
and the GGA method [22].

Despite the large amount of work performed, the mechanisms of
fission gas release in UO2 are still not known. One reason for this may
be large variation in experimental data for the diffusion coefficient
and activation energy which make it extremely difficult to develop
constant plausible models based on experimental observations. In
addition to this, most of the previous studies concentrated on the
stability of fission products, rather than on diffusion mechanism.

In this study, we therefore focus on studying the atomic diffu-
sion mechanism of Xe, which is one of the highest fractional re-
leased fission gases in UO2. The GGA-PAW method [23] is used to
obtain energy values. In particular, we focus on the role of point
defect, especially vacancy defects, which is thought to be a major
diffusion channel for fission gases in the UO2 matrix [7,15,17]. A
larger supercell containing 96 atoms is employed to reduce any
artificial error caused due to the use of a small supercell. First,
we calculate the incorporation energy [15,20,21] of Xe located at
different five vacancies. These are the uranium vacancy (VU), oxy-
gen vacancy (VO), divacancy consisting of a uranium and an oxygen
vacancy (VUO), trivacancy (VUO2 ), and tetravacancy (VU2O2 ). The sta-
bility of these vacancies as Xe sites are compared using the relative
incorporation energies. Next, we calculate the movement of defect
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Fig. 2. Incorporation energy of Xe at a vacancy. The system S1 contains XeOIS and VZ:
Xe is located at OIS and VZ is a vacancy of Z-element which is uranium atom, oxygen
atom, or their compounds. The S2 contains XeZ that Xe trapped at VZ. The incorp-
oration energy of Xe for VZ, EI

XeZ
, is calulated the energy difference between the S1

and S2.
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elements and investigate the effect of the spin-polarization on the
computed migration energies. Finally, we examine the diffusion
mechanism of Xe with the effective movements of vacancies and
predict a detailed diffusion process of Xe by a vacancy-assisted
mechanism in the UO2 lattice.

2. Calculation details

Fig. 1(a) and (b) show unitcell and a 2 � 2 � 2 supercell of UO2,
respectively. The energy needed to incorporate a free Xe atom at an
octahedral interstitial site (OIS) in UO2 is calculated as shown

EI
XeOIS
¼ ENþ1

XeOIS
� ðEN

perfect þ EXefree
Þ ð1Þ

where ENþ1
XeOIS

is the total energy of a supercell containing Xe trapped
at an OIS, and EN

perfect is the energy of a defect-free supercell. EXefree
is

the energy of free Xe atom and N is the number of atoms in a super-
cell. In this study, focus is on the relative incorporation energy of Xe
between an OIS and other trap sites assuming that Xe exists in UO2.
We calculate the relative incorporation energies of Xe for five differ-
ent trap sites: VO, VU, VUO, VUO2 , and VU2O2 shown in Table 1.

Fig. 2 describes the details of calculating the relative incorpora-
tion energy. The system S1 in Fig. 2 indicates two structures con-
taining XeOIS and a VZ which is a vacancy of the Z-element (Z=
cation, anion, or their compounds), respectively. These two struc-
tures are far enough from each other to ignore the interaction
between XeOIS and VZ. S2 consists of a perfect crystal and a
XeZ-containing system.

The relative incorporation energy of Xe for an OIS and VZ is cal-
culated from the total energy difference between the S1 and S2 as
follows:

EI ¼ ES2 � ES1 ¼ ðE
N
perfect þ EN

XeZ
Þ � ðENþ1

XeOIS
þ EN�1

VZ
Þ ð2Þ

We calculated the formation energies of the oxygen Frenkel pair
and Schottky defects, respectively, as follows. These are known as
the dominant intrinsic defects in UO2
Fig. 1. (a) Conventional unitcell of UO2. Oxygen atoms are located at the corners of
small cubes, and uranium atoms are located at the center of an alternative cubes. �
indicates the octahedral interstitial site in FCC structure. (b) A 2 � 2 � 2 supercell of
UO2 containing 96 atoms used in the current study.

Table 1
Calculated incorporation energies of Xe for five different vacancies and OIS

Xe sites OIS VO VU VUO VUO2
VU2 O2

Incorporation energy (EI) (eV) 1.43 �2.90 �6.83 �9.71 �10.97 �12.07
Formation energy (Ef

V) (eV) 0.00 1.84 3.27 4.71 6.44 8.13
EI þ Ef

V 1.43 �1.06 �3.56 �5.00 �4.52 �3.94

Ef
FO
¼ 3:7ð3:0—4:0Þ�, Ef

S ¼ 7:0ð6:0—7:0Þ�.
The incorporation energy is increased as the size of vacancy. The formation energy

of each vacancy is derived by using the thermodynamic relation between oxygen
Frenkel pair and Schottky defects [13–15]. (* indicates the experimental data of the
formation energies of oxygen Frenkel pair (Ef

FO
) and Schottky trio (Ef

S) defects [34]).
Ef
FO
¼ EN�1

VO
þ ENþ1

IO
� 2� EN ð3Þ

Ef
S ¼ EN�1

VU
þ 2� EN�1

VO
� 3� EN þ lU þ 2� lO ð4Þ

¼ EN�1
VU
þ 2� EN�1

VO
� 3� EN þ lUO2

ð5Þ

lU and lO indicate the chemical potentials of U and O atoms,
respectively. The U and O chemical potentials are related at equilib-
rium by

lU þ 2lO ¼ lUO2
ð6Þ

where lUO2
is obtained from the cohesive energy per UO2 unitcell

[24,25]. Using the thermodynamic relation between oxygen Frenkel
and Schottky defects, the formation energies of the vacancies con-
sidered as trap sites in UO2 are derived as shown [13–15]

Ef
VO
¼ 1

2
Ef

FO
ð7Þ

Ef
VU
¼ Ef

S � Ef
FO

ð8Þ

Ef
VUO
¼ Ef

S �
1
2

Ef
FO
� Eb

VUO
ð9Þ

Ef
VUO2
¼ Ef

S � Eb
VUO2

ð10Þ

We apply to these relations to the formation energy of VU2O2 as
shown below:

Ef
VUO2
¼ Ef

S þ
1
2

Ef
FO
� Eb

VU2O2
ð11Þ

The movement of vacancies and Xe is investigated by calculating
their migration energies. The corresponding energy barrier is ob-
tained at saddle points in their diffusion pathways (See Fig. 3). All
the energy values were obtained using the VASP code [26–28].
The PAW method is employed to describe the electron-ion interac-
tion. For the exchange and correlation energy of electrons, we have
adopted the conventional GGA approach, because first-principles
calculations to the GGA approximation showed that it can give al-
most correct energy information for UO2, regardless of the fact that
a wrong electronic band structure was predicted [29–32]. Plane
waves with a kinetic energy up to 500 eV were used to expand
the wave functions, and the electron charge density was obtained
by using a 2 � 2 � 2 k-point grid within the Brillouin zone. For all
the defect structures, ionic relaxation was performed, and the force
acting on each ion was calculated until less than 0.01 eV/Å. Mean-
while, it should be noted that the energy calculations were done
by assuming 0 K in this study, even though the movement of point
defects can occur at least over 500–600 �C in UO2. A thermal vibra-
tion of the lattice atoms can increase the total energy of a system by
about 0.1 eV on average when the system temperature is raised to
1000 �C. However, in this study, the energy value of 0.1 eV could
be considered an acceptable error, because the energy change



Table 2
Binding energy is needed to separate VO from an Xe-vacancy complex

Xe-vacancy complexes Product Product Binding energy

XeUO XeU VO 3.27
XeUO2

XeUO VO 1.39
XeU2O2 XeUO2 VO 2.74

The lowest energy value is obtained at an XeUO2
among three kinds of Xe-vacancy

complexes.

Fig. 3. Diffusion pathways of defect elements between their adjacent lattices sites.
The black circles in (a), (b), and (c) indicate the saddle points in the energy path-
ways of Xe, VU, and VO, respectively.

Table 3
Migration energies of single vacancies and XeOIS obtained from non-magnetism and
spin-polarization calculations

Elements Non-magnetism Spin-polarization Experiment [7]

VO 1.24 0.63 0.5
VU 4.43 3.09 2.4
VUO 3.24 2.19 –
XeOIS 5.29 4.48 3.90
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between a perfect crystal and a defect structure was obtained to be
about 1–5 eV. We also note that the DFT method has been used suc-
cessfully to describe numerous materials properties at finite tem-
peratures, despite the limitation of an absolute-zero temperature
calculation.

3. Results and discussion

3.1. Stability of Xe

Table 1 shows the calculated incorporation energy of Xe
trapped at the five different vacancies. The incorporation energy
for an OIS, EI

XeOIS
, was calculated by using Eq. (1), while EXefree

was
obtained from a cubic cell of 10 Å � 10 Å � 10 Å. In Table 1, the po-
sitive value of EI

XeOIS
indicates that a free Xe atom is more stable

than XeOIS in UO2. As mentioned in the previous section, we focus
on the comparison of the site stability between OIS and vacancies
using the relative incorporation energies of Xe. The negative value
for the incorporation energy in Table 1 indicates that the energy is
decreased when Xe moves from an OIS to vacancies, and then the
results show that Xe becomes more stable when it is trapped at a
vacancy than at an OIS. Furthermore, Table 1 shows that a larger
vacancy is more stable for Xe. It may be closely associated with
the size of Xe compared to the host ions in UO2 (Xe=2.15 Å,
U4+=1.01Å, O2�=1.40 Å) [7]. However, if the thermal creation en-
ergy of a vacancy is considered as well as the incorporation energy,
the majority site of Xe may be a VUO with the lowest value for the
sum of incorporation and vacancy formation energy (�5.00 eV) as
shown in Table 1. As described in the previous chapter, the vacancy
formation energies were determined from the thermodynamic
relations [13–15]. We assume that the considered vacancies pre-
exist in UO2. In principle, predominant defects depend on the stoi-
chiometry of UO2, but the irradiation environment continuously
produces point defects on the oxygen and uranium sub-lattices
[33]. Therefore, the existence of the vacancy clusters like VUO,
VUO2 , and VU2 O2 can be assumed, even though they are not created
by thermal activation due to their high formation energies.

The calculated incorporation energies in Table 1 imply that Xe is
more likely to be located at a vacancy cluster than at a single va-
cancy in UO2. Meanwhile, because of the high incorporation ener-
gies, it will be very difficult for Xe to escape from XeUO, XeUO2 , and
XeU2O2 , so we suggest an alternative dissociation process. We pre-
dict that a single vacancy is separated from a Xe-vacancy complex,
and these are calculated the binding energy of a single VO at Xe-va-
cancy complexes and summarized in Table 2.

The lowest binding energy of a VO to XeUO2 is 1.39 eV. This im-
plies that XeUO2 is the most unstable among three Xe-vacancy com-
plexes shown in Table 2 and a VO is more likely to separate from
XeUO2 than other Xe-vacancy complex. From the dissociation of
VO, Xe can be provided a subsequent diffusion pathway. In this
study, the separation of a VU in Xe-vacancy complexes was ignored
because of its much higher binding energy compared to those
of VO.

3.2. Vacancy movement

As we mentioned earlier, we concentrate on vacancy-assisted
diffusion of Xe. This is because Xe is expected to diffuse by the va-
cancy mechanism in UO2, not the interstitial one. This is shown
from our calculated result where the energy barrier required for
Xe to jump to the saddle point between two OIS is 5.29 eV, see
Fig. 3. This relatively-high energy implies that the Xe movement
via the interstitial mechanism seems improbable. It was also pre-
sented in a previous study [11]. To understand the vacancy-as-
sisted diffusion mechanism of Xe, first we investigated the
movement of vacancies. We then calculated the migration energies
of a single VO and VU and obtained the energy barriers of 1.24 eV
for VO and 4.43 eV for a VU, respectively, between their two adja-
cent lattice sites as shown in Fig. 3. The calculated energy barriers
of VO and VU at the saddle point were overestimated when com-
pared to the experimental data of 0.5 eV and 2.4 eV, respectively
[7]. Even though the diffusion process of point defect is very com-
plicated in compound materials and a certain amount of error is ta-
ken into consideration, the energy difference in this case is too
large to be accepted.

We investigate the origin of this discrepancy and find that it is
mainly caused by the spin-restricted calculations. Much improved
results were obtained by performing the spin-polarization calcula-
tions for antiferromagnetic UO2 in the [100] directions [24,25], as
summarized in Table 3. The energy barrier of XeOIS is also reduced
compared to that obtained from non-magnetic calculations. How-
ever, the energy value of 4.48 eV is still too high to take place the
interstitial mechanism. This major improvement of the computed
energies lead by magnetic exchange interaction has already been
presented [35].

For the incorporation and formation energies, relative values
of vacancies are more important to understand the stability of
trap sites than absolute values. In addition, the non-magnetically
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calculated formation energies of oxygen Frenkel and Schottky de-
fects agree well with experimental data.

We now consider effective movement of vacancy clusters and
find that the migration energy of VU in the effective movement
of VUO was calculated to be 2.19 eV which is lower by about
1.0 eV than the energy obtained without VO, as shown in Fig. 4.

This result is very comparable with the experimental data of
2.4 eV and suggests that the migration of VU is likely to take place
via the effective movement of vacancy clusters such as VUO in UO2.
Meanwhile, we note that the present study is restricted to neutral
defects. The effectively charged vacancy may be important when
discussing the atomic transport and energetic calculations. Unfor-
tunately, dealing with charge state of vacancy is beyond a conven-
tional DFT method such as the LDA or GGA, and there is no ab initio
calculated results using an advanced DFT method so far. However,
the energy differences between the different charge states of the
vacancies should be very small and negligible compared to the dif-
ferences between the energies of different kind of defects [36].

3.3. Vacancy-assisted mechanism

In this section, we report the behavior of Xe at various vacan-
cies, in order to understand the vacancy-assisted diffusion mecha-
nism of Xe. From the ionic relaxations, we found that the barrier-
less movements of Xe occur between two adjacent vacancies be-
cause of the strain energy. Fig. 5(a) and (b) show a VO created at
the first nearest lattice site of XeU and XeUO, and then the sponta-
Fig. 4. Migration of VU in an effective movement of VUO. The corresponding energy
barrier of VU is calculated to be 2.19 eV.

Fig. 5. The vacancy-clustering processes and the barrier-less movement of Xe by the stra
respectively, and Xe moves spontaneously to the center of the new configurations during
and XeUO, and then the nearest oxygen atom of Xe is taken out of its lattice site and pus
displaced oxygen atom in (d) can not reach the VO site and locates at an interstitial site
neous Xe movement take place to the center of the new configura-
tion by about 2 Å.

In addition, we found that the strain energy of Xe contributes to
the clustering of vacancies in UO2. Fig. 5(c) and (d) show vacancy-
clustering processes when a VO is created at the second nearest
oxygen site of XeU or XeUO. The nearest oxygen atom of XeU and
XeUO are pushed towards the created VO during the ionic relax-
ations, and XeUO and XeUO2

are consequently formed, respectively.
However, in Fig. 5(d), the oxygen atom which is taken out of the
lattice site cannot reach up to the VO and finally locates at an inter-
stitial site about 0.78 Å away. Furthermore, the strain energy of Xe
is decreased as the trap size is increased and becomes small en-
ough at VUO2 to not affect the displacement of oxygen lattice atom.

By summarizing all the results, we suggest a diffusion process of
Xe by the vacancy-assisted mechanism as shown in Fig. 6. On the
assumption that Xe is trapped at VUO2 , each step can be described
as follows: (1) Xe is moved to the center of the new configuration
by the strain energy after a VO is separated from an XeUO2

, (2) a new
VO is created at the nearest lattice site of Xe, (3) through the effec-
tive movement of a VU with the help of the new VO, a configuration
of VUO2

is formed again, (4) Xe moves to the center of the VUO2
by

the strain energy, (5) and a VU moves out this configuration.
Considering both of energetic and kinematic properties of VUO2 ,

we suggest that VUO2 plays a major role in the vacancy-assisted dif-
fusion of Xe in UO2. VUO2 has not only relatively high incorporation
of Xe compared to single vacancies, but also its electrical charge
neutrality induced by the same stoichiometric composition with
UO2 is expected to be stable for Xe which is one of inert gases.
The formation energy of VUO2 is too large to be created by the ther-
mal activation. However, we find that VUO2 can be created from the
vacancy-clustering process by the strain energy of Xe. In addition,
it has been known that neutral VUO2 is the simplest and most dom-
inant vacancy cluster among the irradiation-induced defects [7].
Furthermore, XeUO2 is more unstable than other Xe-vacancy
complexes and likely to split with XeUO and VO, because of its
lower binding energy. This dissociation process provides a subse-
quent diffusion pathway with Xe. Through these clustering and
in energy. (a) and (b): a VO is formed at the first nearest lattice site of XeU and XeUO,
ionic relaxations. (c) and (d): a VO is formed at the second nearest lattice site of XeU

hed towards the VO. Finally, XeUO and XeUO2
are formed respectively. However, the

about 0.78 Å away.



Fig. 6. A possible diffusion pathway of Xe by the vacancy-assisted mechanism in
UO2: (1) a VO is separated from an XeUO2

, and Xe moves spontaneously to the center
of the new configuration, (2) a new VO is created at the nearest lattice site of Xe, (3)
through the effective movement of a VU with the help of the new VO, a configuration
of VUO2

is formed again, (4) Xe moves to the center of the VUO2
by the strain energy,

(5) and a VU moves out this configuration.
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de-clustering processes of XeUO2 , the Xe is able to move consecu-
tively in UO2. We expect that this vacancy-assisted mechanism
could explain the experimental data reported by Matzke et al, in
that Xe diffusion proceeds via an electrically neutral trivacancy
in UO2[6–8]. In this study, in order to model all the defect struc-
tures, we have used a 96-atom supercell while previously a 12 or
24-atom supercell has been used because of computational limita-
tions [17,20,21,33,36]. The influence of the cell size has been dis-
cussed as insignificant and the difference of the defect energy
between a 12 and 24-atom supercell was 0.05 eV [36]. However,
in using periodic boundary conditions, we feel that a 2 � 1 � 1
supercell containing 24 atoms is not enough to ignore the defect-
defect interaction. A 2 � 2 � 2 supercell used in this study may still
not give an exact energy value, but we stress that the calculation
accuracy is improved by reducing the defect-defect interaction.
In addition the calculated formation and migration energies of
vacancies show a good agreement with the corresponding experi-
mental values as shown in Tables 1 and 3. Thus the 96-atom super-
cell is a reasonable choice.

4. Conclusion

We have investigated the vacancy-assisted diffusion mecha-
nism of Xe in UO2, by performing PAW-GGA calculations. In sum-
mary, we present two important findings: (1) VO not only
actively hops around in UO2 due to its low migration energy but
also enhances the movement of VU by leading the effective move-
ment of vacancy clusters; (2) the large strain energy of Xe contrib-
utes in creating vacancy clusters and is an important driving force
for barrier-less diffusion of Xe in UO2. In conclusion, we predict a
specific diffusion process of Xe via the vacancy-assisted diffusion
mechanism. Furthermore, we suggest that a neutral VUO2 is a major
diffusion pathway of Xe, because VUO2 is energetically very stable
to incorporate Xe, while the XeUO2 complex is kinetically very
unstable to provide Xe with a diffusion pathway. In addition,
VUO2
can be created not only by the strain energy of Xe but also

by radiation damage. Although there have been some restrictive
calculations in this study, we believe the current theoretical simu-
lations contribute strongly to analyzing experimental data micro-
scopically. It also predicts possible fission gas behavior in other
nuclear fuel materials such as mixed oxide, and thorium oxide, etc.
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