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The formation energies, diffusion barriers, and vibration frequencies of complex iodine defects in zirconium are
calculated with first principles calculations and nudged elastic band method. The effective diffusion rates of
these complex defects are evaluated in the temperature range from 300 K to 2000 K. The iodine interstitial
diffusion and the iodine diffusion via I, — V are the dominant diffusion mechanisms. The vacancies may be
traps for iodine diffusion and they can slow down the diffusion of iodine atoms. For the zirconium cladding
materials in light water reactors, various point defects may be generated. Our calculated effective diffusion

coefficients agree with the experimental data well and it indicates that bulk diffusion may be a main diffusion
mechanism for the iodine diffusion in zirconium alloy.

1. Introduction

The fuel cladding material in the light water reactor (LWR) is an
important safety barrier which is used to prevent the radioactive fuel
products from releasing to the cooling water [1]. How radioactive fuel
products release from the cladding materials is of great interests to
engineers and researchers to develop high quality cladding materials
[2].

One important fission product in LWR is radioactive iodine. For
example, iodine isotopes *?°I (T},, = 15.7 x 10° years) and **'I (j,, = 8
days) in the thyroid gland is harmful to human body [3,4]. In light
water reactors, iodine induced stress corrosion cracking (ISCC) occurs
on the inner side of the zirconium fuel cladding [5-7]. As a result, the
diffusion of iodine in zirconium alloy is an interesting topic. Diffusion of
various fission products in cladding materials have been studied with
experimental methods [8-14]. For example, ion implantation method is
used to generate iodine impurity in cladding materials, and following
high temperature annealing is used to activate the diffusion process,
then, Rutherford back scattering spectrometry (RBS) is used to detect
the concentration and analyze the diffusion for the iodine diffusion in
Zr [8] and SiC [10-12].

Computational simulations are also used to study the iodine in
cladding materials [15-21]. They provide insights for material design
and overcome the limitation of the experimental study. For example,
irradiation facilities are expensive and the accuracy of the detection
method is limited. Diffusion of Cs, Ag, and B in silicon carbide have

been studied by Morgan et al. [22-27]. Trinkle and his co-authors
studied oxygen diffusion in various hcp metals, including zirconium
[28,29]. Interstitial iodine diffusion in a stoichiometric SiC sample is
calculated and compared with the diffusion of iodine interstitial in
zirconium by first principles calculation and nudged elastic band
methods [30]. Since neutron irradiation will generate various point
defects in the cladding material, defect effects on iodine diffusion in
zirconium is an important topic [31-34].

In this paper, first-principles calculations [15,35] and nudged
elastic band (NEB) method [36-38] are used to study the formation
energies, migration energy barriers, and attempt-to-diffuse rates of
various iodine defects in bulk zirconium material. Effective energy
barriers and attempt-to-diffuse rates can be used to analyze the differ-
ences among different diffusion mechanism [22,23] and they are cal-
culated for iodine diffusion via different point defects.

2. Calculation methods
2.1. Density functional theory calculations

In the diffusion calculations, density functional theory (DFT) cal-
culations [15,35] are performed to calculate the system energies with
Vienna ab initio Simulation Package(VASP) code [39-41]. Projected
augmented wave (PAW) method [42,43] is used to deal with the wave
functions near the core region of atoms and the exchange correlation
functional within the generalized gradient approximation (GGA)
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parameterized by Perdew, Burke, and Enzerof (PBE) [44,45] is used in
the calculations. The cutoff of the plane-wave kinetic energy is 350 eV.
The spin polarization is used in all calculations. The residual mini-
mization method with direct inversion in the iterative subspace (RMM-
DIIS) [46,47] is used in the electronic relaxation and the energy con-
vergence criterion is 10~ eV. Conjugate gradient method is used to
minimize the Hellmann-Feynman forces in the ionic relaxations and the
force stopping criterion is 0.05eV/A. A 6 x 6 x 3 super cell with 216
Zr atoms is fully relaxed and then it is used for the formation energy
calculation. During the defect formation energy calculations, the box
size is fixed and the atoms inside are relaxed. The summations over the
Brillouin zone are performed with a 2 x 2 X 2 Monkhorst-Pack k-point
mesh.

2.2. Formation energy of a point defect

Since point defect may affect the diffusion of iodine atom in bulk
zirconium, various point defects are generated in the zirconium super
cell. The formation energy (F) of certain point defect in a zirconium
super cell is defined as the following equation [48],

F = E' = Epyp + Zdn,F,

E" — Epure + dng, Ez. — E. [¢))
Here, F represents the formation energy of certain point defect; E" re-
presents the energy of a structure which contains certain defect; E,, is
the system energy of the zirconium super cell without any defect; E;
represents for the energy of certain single atom or the cohesive energy
per atom of certain bulk material, for example, E; is the energy of an
iodine atom inside a box with same shape and volume as the zirconium
super cell and E, is the cohesive energy per atom of bulk zirconium; dn;
is the corresponding atom number change for the species s inside the
super cell after the doping process.

2.3. Diffusion rate calculations

Climb image nudged elastic band (CI-NEB) method [36-38] is used
to search the minimal energy paths and calculate the diffusion energy
barriers of an iodine atom diffusion inside zirconium with certain point
defect. VIST code [49] coupled with VASP package are employed to
perform the NEB calculations. There are four or more images between
the initial and the final configurations for the NEB calculations. The
fictitious spring constant is 5.0 eV/A? and the force convergence criteria
is 0.05 eV/A. The volume is fixed in NEB calculation since the volume
change can be ignored during diffusion process.

The frequency of diffusion follows the Arrhenius law [50],

AE
FO“P(‘W)’
B

where AE represents the diffusion energy barrier and I’y is the attempt-
to-diffuse frequency. Considering the transition state theory (TST)
[51,52] and the classical harmonic approximation, the attempt-to-dif-
fuse frequency is I, = nv, where n is the number of equivalent diffusion
paths and v is,

r
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v; and v/ represent the normal vibration models of initial state and
transition state. There are 3N — 1 normal models at transition state
because one of the frequencies is imaginary. N is the atom number.

Since NEB calculations need more computer resource, balancing the
computing time and the accuracy, a 4 X 4 x 2 super cell with 64 Zr
atoms is used for the NEB calculations.
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2.4. Effective diffusion coefficient

The effective diffusion coefficient corrected by defect’s concentra-
tion ratio can be used to describe iodine diffusion in zirconium with
various defect types [48,53]. Iodine diffusion in zirconium had been
investigated with ion implantation and Rutherford back scattering
spectrometry (RBS) analysis [8]. The ion implantation is used to gen-
erate iodine impurity in various types. After ion implantation, high
temperature annealing are used to activate the diffusion process and
RBS is used to detect the concentration of iodine in Zr. If there are
vacancies near the iodine impurities, local quasi-chemical equilibrium
will be established between the vacancies and iodine atoms quickly
[54,55]. With this equilibrium assumption, the effective diffusion
coefficient can be written as [48,53],

G

2 @
D& and D™ in Eq. (4)represent the effective and intrinsic diffusivity of
certain diffusion mechanism via specified defect. The c; represents the

concentration of certain point defect in the zirconium sample. The
diffusion coefficient obeys the Arrhenius relationship,

Diejf — Diim

AE
D = D exp(——),
0 ks T )
and the diffusivity Dy can be written as [48],
Dy = dT, = d*nv. (6)

Here, d represents the diffusion length. Ty is the attempt-to-diffuse
frequency of certain diffusion mechanism and it is defined in Egs. (2)
and (3).

The denominator of the concentration part in Eq. (4) is the sum-
mation of the concentrations of all types of defects. This concentration
part represents the probability of an iodine atom passing through cer-
tain type of defect. The concentration of certain type of defect can be
estimated by the formation energy of this type of defect,

¢ = Apexp (— kFiT )
B

F; is the formation energy of the defect type i.

Then we substitute Egs. (5)-(7) into Eq. (4). Since the pre-factor A,
in numerator and denominator of the concentration component are
canceled, we get the following result,

F
en(~57)

) int ( AEiim)
= v exp|— =
Zexf’(‘_kgr) ®

ks T
The formation energies F;, intrinsic vibration models v, and the dif-
fusion energy barriers E can be calculated from ab initio simulations
and NEB method. Then the effective vibration model ¢/ and diffusion
energy barrier Eieff of certain defect can be evaluated via Eq. (8) within
certain temperature range. EZ is linear proportional to E/™ + F.
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3. Results and discussion
3.1. Formation energies of iodine defects

As a cladding material, various point defects are generated in zir-
conium by irradiation effects. The fission product iodine may diffuse
into the cladding tube via pellet cladding interaction (PCI). Point defect
effect may affect the diffusion rate of iodine in zirconium. In this work,
four types of point defects associated with iodine impurities in zirco-
nium are studied. They are iodine interstitial, substitutional interstitial,
substitutions, and substitutions with vacancies. The schematics of these
four types of point defects are shown in Fig. 1.

The schematic of an iodine interstitial is shown in Fig. 1(a). For the
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substitutional interstitial case, an iodine atom takes the position of a
lattice zirconium atom and pushes the zirconium atom into a nearby
interstitial site (see Fig. 1(b)). For a substitutional defect, an iodine
atom takes the position of a zirconium atom and this intrinsic atom is
kicked out (see Fig. 1(c)). Frenkel pairs are created during nuclear re-
actor operation by irradiation effect. The vacancies generated in this
process may move close to the iodine atoms and affect the iodine dif-
fusion. The schematic of a substitutional iodine atom with a vacancy
nearby in bulk zirconium is shown in Fig. 1(d).

Since the substitutional interstitial is a type of interstitial, they are
discussed in the subsection of interstitial below.

3.1.1. Iodine interstitial defects

Eight iodine interstitial sites in a zirconium unit cell are shown in
Fig. 2. The tetrahedral (T) and octahedral (O) sites are two high sym-
metry interstitial sites. At these sites, an iodine interstitial atom has four
or eight nearest Zr neighbor atoms. At a crowdion site (Crow), an iodine
atom is surrounded by four nearest neighbor atoms. The formation
energies for an iodine interstitial at the sites Ir, Io, and I¢ are 1.01 eV,
1.21 eV, and 1.13 eV, respectively.

All of the three type of interstitial sites have their corresponding
basal sites, they are basal tetragonal center(BT) site, basal octahedral
center (BO), and basal crowdian (BC) site. Among these configurations,
only the BC site is stable, which has a formation energy of 1.21 eV.

If an interstitial iodine atom sharing a lattice site with a lattice
zirconium atom, they form a split defect, or a dumbbell defect. There
are two types of dumbbell configurations for this type of defect along
different directions, for example, the dumbbell along <001 direction or
<100) direction. They are named as S, and S,, respectively. The S, site is
not stable, and the defect S, is stable with the formation energy of
1.20 eV.

Fig. 2. Schematic of an iodine atom in bulk zirconium. The yellow balls re-
present zirconium atoms. The red balls are iodine atoms. The dash square re-
presents a vacancy. (a) tetrahedral center; (b) octahedral center; (c) crowdion
site; (d) split site along z direction; (e) basal tetrahedral center; (f) basal octa-
hedral center; (g) basal crowdion site; (h) split along x direction. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 1. Schematics of point defects associated
with iodine atom in bulk zirconium (the direction
out of the paper is <001)). The yellow balls re-
present zirconium atoms. The red balls are the
iodine atoms. The dash square represents a va-
cancy. (a) an interstitial iodine defect; (b) sub-
stitutional interstitial defect; (c) substitutional
defect; (d) a substitutional iodine atom with a
vacancy. (For interpretation of the references to
colour in this figure legend, the reader is referred

Table 1
The formation energies (F) of iodine interstitial and sub-interstitial defects in Zr

(eV).

Defects F (eV) Defects F (eV)
Inc 1.21 Icrow 1.13

Ino Unstable Io 1.21

Ipr Unstable I 1.01

Is, 1.20 Is, Unstable

In summary, Iy is the most stable interstitial defect. (Table 1)

3.1.2. Substitutional defects
If a zirconium atom is replaced by an iodine atom, a substitutional
defect I, is formed. The formation energy of I, is — 0.73 eV.

3.1.3. Vacancy included defects

When zirconium cladding material works in water reactors, va-
cancies are generated in bulk zirconium by irradiation effects. Iodine
diffusion may be affected by vacancies. The formation energies and the
diffusion barriers of an iodine atom diffusion in zirconium with va-
cancies are calculated in this work. If there is a vacancy near an iodine
substitutional atom, the notation of I, — V7 is used to describe this
defect. The formation energies of various configurations of iodine im-
purity coupled with vacancies are listed in Table 2. In this table, the
atom numbers of each element in the same row are the same for the
different configurations. For example, in the first row, both of the de-
fects I, — Vz (A-Type) and I — V (B-Type) lose two lattice zirco-
nium atoms and gain an extra iodine atom. The difference of these two
defects is whether the impurity atom and the vacancy are in the same
layer or not (See Fig. 3). The formation energies of these two defects are
0.89 eV and 0.83 eV respectively. It shows B-Type is energetically more
stable than A-Type. Similarly, if the system has one more vacancy, three
configurations are studied. They are Lz — Vz, Iz — 2Vz, and
Iz, — Vz — V. In the configuration of Lz, — Vy,, an iodine interstitial is
at a divacancies site and there is another vacancy nearby; in the con-
figuration of I, — 2V, an iodine atom substitute a Zr atom with two
vacancies which are in the same layer; in the configuration of
I;, — V. — V., an iodine atom substitute a Zr atom with two vacancies
which are in different atomic layers. The formation energies of these
three defects are 2.19 eV, 2.30 eV, and 2.33 eV respectively. So,
Lz — Vy is more energetic favorable than the other two types (See
Fig. 4).

The configurations with an iodine atom co-existing with more va-
cancies or other point defects are not considered in this work.

3.2. Diffusion of iodine in a—Zr with point defects

Point defects in a—Zr may affect the diffusion rate of an iodine atom
in Zr. NEB method is used to search the minimal energy paths (MEP) of
iodine diffusion processes in bulk zirconium and calculate the corre-
sponding diffusion energy barriers via certain complex defects in this
section. Since there are a lot of isomers for many types of defects, the
configuration with the lowest formation energy for certain type of



R. Tuet al

Table 2
Formation energies F (eV) of an iodine impurity associated with vacancies.
Defects F Defects F Defects F
Zreshy  Izr — Vg (A- 0.89 Iz — Vg (B- 0.83
Type) Type)
Zresly  bzr — Vzr 219 Iz — 2V 230 Iz — Vz — Vz 233

defect is considered to design the initial diffusion paths. For example,
an iodine atom diffuses from a configuration with low energy to an-
other symmetrical site. Since diffusion paths may be composed of sev-
eral steps through several meta-stable configurations, the control steps
of the diffusion paths are analyzed.

3.2.1. Intrinsic diffusion rate

The intrinsic diffusion rate is calculated with the diffusion energy
barriers and vibration models directly from the first-principle calcula-
tion with NEB method without considering the concentration of certain
defect. Since iodine diffusion in zirconium is not an isotropic process,
two diffusion directions are considered. The inter layer diffusion is
along the <001) direction, and the inner layer diffusion between two
atomic layers is along <100)> direction. The diffusion energy barriers
and the vibration frequencies for each diffusion process are listed in
Table. 3. The possible diffusion paths in the nearest neighbor of the
impurity defect are investigated to find the control step of each diffu-
sion mechanism and corresponding energy barrier. Since a diffusion
path A may be composed of several steps, the energy barriers for all the
diffusion steps are calculated with NEB method. The step with the
highest barrier (AE,) among these steps is the control step of this path
and AE, is the barrier for the whole path because this step is the bot-
tleneck of the whole path. Suppose there is a parallel path B of which
the barrier of its control step is AEg, the path with the lower control
barrier is energy favorable. For example, if AE, < AEg, the path A is
energy favorable with the barrier of AE,. After the calculation of var-
ious diffusion mechanisms, the diffusion barriers and corresponding
attempt-to-diffuse frequencies of the control steps of them are listed in
Table 3. The diffusion energy barriers of inner layer and inter layer
diffusion are 0.14 eV and 0.24 eV, which are close to the former cal-
culations of 0.16 eV and 0.23 eV [30].

Because the diffusion of I;, — V, is an important mechanism and it
is relatively easy to describe compared with other mechanisms, it is
described in detail as an example to demonstrate the MEP of the dif-
fusion mechanism. The schematics of iodine diffusion via the defect of
I, — Vz, are shown in the Figs. 5 and 6. For the inter layer diffusion of
an iodine via I, — V7, the iodine atom moves to the vacancy at the first
step (see Fig. 5(a)). And then a neighbor zirconium atom moves to the
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vacancy or the original site of the iodine atom. In the third step, a
zirconium atom at upper layer moves to the vacancy and forms a va-
cancy there until a symmetrical vacancy forms by at upper layer zir-
conium migration. Finally, the iodine atom and the corresponding va-
cancy move to a upper atomic layer. The final symmetrical
configuration is shown in Fig. 5(e).

An jodine diffusion facilitated with a vacancy between two atomic
layers (Izr — Vz) is schematically shown in Fig. 6. This path is com-
posed of several serial diffusion steps, in which the one with the highest
diffusion energy barrier is the control step of the whole path. The en-
ergy barrier and vibration frequency of the controlled step are listed in
Table 3. For the intrinsic diffusion data, the diffusion barrier of the
interstitial mechanism is the lowest and that of the substitutional me-
chanism is the highest. The diffusion energy barriers of the diffusion
mechanisms via other defects are between these two situations.

Since HCP structure is not isotropic, the contributions from the
inner and inter diffusion to the total diffusion coefficient are different.
Due to the random nature of diffusion, the contribution from the inter
diffusion (D;, parallel to the T axis) and the inner diffusion (D i, Der-
pendicular to the ¢ axis) of the diffusion mechanism i to the total
diffusion coefficient would be % and % respectively [54]. Then the total
diffusion coefficient can be written as,

1 2
Dyt = — ZDH' + 2 Z Dy;
34 31 9

At 600 °C (873 K), our calculated diffusion coefficients of iodine
interstitial, I, I; — Vz, and Lz — Vz; are 9.18 X 10~°m?™!,
3.65 X 107'm?%s7!, 5.36 x 10~''m?s~1, and 7.77 x 10~*m?s~! respectively.
Comparing to the experimental data at the same temperature
(4.77 x 107m?s7! [8]), the iodine diffusion via the mechanisms of in-
terstitial, I, — V., and Lz — V7 is faster than experimental data; on
the other hand, iodine diffusion via I, is much slower than the ex-
perimental data. It suggests that the experiment data is a combination
of all possible diffusion mechanisms.

3.2.2. Effective diffusion coefficient

Because various point defects may be generated during the irra-
diation process, effective diffusion coefficients are calculated to eval-
uate their impacts on the diffusion of iodine. The effective diffusion
coefficient of certain diffusion mechanism is proportional to the con-
centration of the corresponding point defect. Especially, the formation
energies of the point defects and the diffusion barriers are at the same
level for iodine defects in zirconium, both of the formation and the
diffusion processes can be activated by thermal energy. Because the
concentration of certain defect is determined by the corresponding
formation energy (see Eq. (7)), the effective diffusion coefficient of
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Fig. 3. Schematics of an iodine atom substitutes a zirconium atom with a vacancy nearby (I, — V). The yellow balls are zirconium atoms and the red balls are
iodine atoms. Dash-line square represents a zirconium vacancy. (a) in type A of I, — V;, (A-Type), the iodine atom and the vacancy are in the same layer; (b) in type

Bof I, —
referred to the web version of this article.)

Vz (B-Type), that the iodine atom and the vacancy are in different layer. (For interpretation of the references to colour in this figure legend, the reader is
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(b)

Fig. 4. Schematic of three isomers of iodine impurity with two vacancies in
bulk Zr. Yellow balls represent Zr atoms. The red balls are iodine atoms. The
dash square represents a vacancy. (a) an iodine interstitial atom is at a diva-
cancies and there is another vacancy nearby; (b) an iodine atom substitutes a Zr
atom and there are two vacancies nearby which are in the same atomic layer;
(c) an iodine atom substitutes a Zr atom and there are two vacancies nearby
which are in different atomic layer. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Table 3

Formation energy F (eV), diffusion barrier AE™ (eV), effective diffusion barriers
AE¥ (eV), and their corresponding attempt-to-diffuse frequencies /™ (THz), v
(THz) for various inner-layer or inter-layer diffusion mechanisms. Each diffu-
sion mechanism is related to a certain point defect.

Defects F Inner layer Inter layer

A Eint yi.m: A Eeff l/eff A Eint yl'.rlt A Eeﬂ‘ Deff
I 1.01 0.14 073 188 036 024 171 198 0.85
I -073 336 0.83 336 041 336 0.83 336 041
Izr — Vg 0.83 0.54 168 209 084 074 218 230 1.09
bzr — Vzr 219 091 287 383 143 1.02 225 429 1.12

certain diffusion mechanism is a function of the defect formation en-
ergy, the diffusion energy barrier, and the vibration frequencies of the
system (see Egs. (4) and (8)). In Eq. (8), since the summation term in
the denominator is a constant at a certain temperature, the two ex-
ponential terms in the numerator can be combined together as

o~

tional to AE™ + F; (See Table 3) and the constant term is a normalizing
factor. The formation energies, the effective diffusion barriers, and the
corresponding vibration frequencies are listed in Table 3. Besides these
parameters, the diffusion lengths (d;) and the number of equal diffusion
paths (n) in Eq. (6) together are used to calculate the diffusivity of the
iodine diffusion in zirconium via various point defects.

The effective diffusion coefficients for the diffusion mechanisms
listed in Table 3 are plotted in Fig. 7. The temperature ranges from
300 K to 2000 K. Different colors represent different diffusion me-
chanisms. For each diffusion mechanism, solid line represents the inter-

AE[ + Fy

prral The effective diffusion barrier AEY is linearly propor-
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layer diffusion and the dash line represents the inner layer diffusion.
First of all, the iodine diffusion via interstitial diffusion site is the fastest
diffusion mechanism. Both of the iodine interstitial mechanisms via
inner layer channel or inter layer way are fast diffusion paths for iodine
atoms diffusion in a—zirconium. On the contrary, the iodine diffusion
rate is slowed down via the point defect of Lz — V7. That is, the va-
cancies are traps for the iodine atoms in a—zirconium and it results in
the decrease of the diffusion rate of iodine in a—zirconium. Finally, the
experimental data [8] matches the upper lines well. Since the fastest
diffusion mechanism may dominate the diffusion process and it can be
measured by the experimental methods. Recall the data in Table 3,
although the formation energy of I, is very low, its diffusion barrier is
rather high. The formation energy and the diffusion barrier of Lz, — V7,
are both much higher than that of I; and it makes the diffusion very
slow. Because the formation energy of the defects and their diffusion
barriers are at the same level and they can be both activated by thermal
energy, both of the two parameters are important for the diffusion
coefficient of iodine in zirconium.

From Eq. (9) at 400 °C (673 K) and 600 °C (873 K) the effective
diffusion  coefficient  equals to D = 5.20 X 107?m?s'and
9.95 X 107m?s~!. (see Table 4) Comparing to the experimental data
from paper of Monocoffre [8], they get D equals 9 X 10~*?m?s~! and
7 x 107°m?s~L. They are almost in the same order of our calculation
results.

So the dominate diffusion mechanism are interstitial diffusion and
the substitutional diffusion under the help of vacancy. And they might
cause the major release path of iodine through Zr clad.

4. Conclusions

Iodine is one of the fission product of fuel in nuclear reactors. One
main function of a cladding material is to prevent the fission products
from releasing to the cooling water. Since neutron irradiation may
generate complex point defects in the cladding material, iodine atom
diffusion rates via complex point defects in the cladding material are
calculated with first principles calculations and NEB diffusion path
search calculations. Effective diffusion rate is used to evaluate the de-
fect effect on iodine diffusion in Zr. Effective diffusion rate is de-
termined by the formation energy, diffusion energy barrier, and vi-
bration model.

Our calculations show that in the temperature range from 300 K to
2000 K, the iodine interstitial diffusion and the iodine diffusion via
I, — Vz, are the dominant diffusion mechanisms. Compared with the
iodine interstitial diffusion, vacancies increase the effective barriers and
slow down the effective diffusion coefficient. The vacancies may be
traps for iodine diffusion. Especially, the point defect of Lz — Vz
makes the iodine diffusion rather slow. Our calculated iodine diffusion
coefficients agree with the experimental data well [8]. This indicates
that bulk diffusion may be one main diffusion mechanism for the iodine
diffusion in zirconium alloy.
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(d)

Fig. 5. Schematic of iodine diffusion with a vacancy nearby (I, — V) in bulk zirconium. After diffusion, the iodine atom and the vacancy move to the upper atomic
layer symmetrically. The yellow balls represent zirconium atoms and the red balls are iodine atoms. The dash squares are vacancies in the bulk zirconium. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Schematic of iodine diffusion with one vacancy nearby (I, — V,,) between two atomic layers in bulk zirconium. The yellow balls are zirconium atoms, the red
balls are iodine atoms. Dash squares are vacancies. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

Fig. 7. Effective diffusion coefficients of io-
dine impurity in zirconium as a function of

temperature for various diffusion mechan-
isms (calculated with Eq. (8)). The tem-
perature ranges from 300 K to 2000 K. The
purple triangles represent experimental data
[8]. (|| represents the diffusion along the T
axis, L represents the diffusion perpendi-
cular to the T axis.) . (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of
this article.)
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