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Ab initio study of small vacancy complexes in beryllium
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The paper presents the results of ab initio calculations of formation energies of vacancy and small vacancy
complexes in beryllium. Particular attention is paid to the justification of the relevant computation parameters
and the evaluation of the total and vacancy formation energy convergence. The vacancy formation energy of
~0.8 eV is predicted. The formation of divacancies from individual vacancies is found to be energetically
unfavorable irrespective of the divacancy orientation in the lattice.
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I. INTRODUCTION

Beryllium is one of the advanced materials for the appli-
cation in future fusion reactors. In some concepts of forth-
coming reactors Be is considered as the first wall material.
Even more important may be the use of beryllium in a fusion
reactor blanket with the aim of multiplication of neutrons
from the (n,2n) reaction and the accompanying production
of tritium, which is essentially the fusion reactor fuel. In all
these applications the accumulation of big amounts of pri-
mary radiation defects (vacancies and self-interstitials) in ir-
radiated metal is expected. Together with the nuclear trans-
mutation products, first of all, helium and tritium, these
primary defects can agglomerate into secondary defects (e.g.,
nanosized gas bubbles) that are known to cause at the mac-
roscopic level such undesirable effects as swelling, embrittle-
ment, and degradation of mechanical properties. In order to
counteract these dangerous consequences of fast particle ir-
radiation in real-life facilities, one needs a good understand-
ing of the physical processes occurring in irradiated beryl-
lium, which, in turn, requires the knowledge of basic
properties of primary defects, such as their formation and
migration energies, energies of defect interaction, etc.

Unfortunately, the database of the point defect parameters
in beryllium is very scarce. Even the formation energy of
vacancies is not known for certain. Sometimes 1.11 eV is
cited as an experimental value for the vacancy formation
energy (e.g., Ref. 1), but it is not clear whether this value
was not actually introduced judging from beryllium cohesion
energy. Alternatively, the vacancy formation energy can be
estimated using the known values of self-diffusion activation
energies (1.63 and 1.71 eV for out-of-plane and in-plane
diffusion’) and the vacancy migration energy of
0.7-0.8 eV.? Assuming the vacancy mechanism of self-
diffusion, the vacancy formation energy should fall rather in
the range of 0.8—1.0 eV. An alternative assessment based on
the data of Ref. 4 (1.35 eV for self-diffusion energy and
0.65 eV for vacancy migration barrier) gives the vacancy
formation energy of 0.7 eV, which is also noticeably less
than the traditionally cited value.

In order to follow the kinetics of point defects, one needs
to know more than the point defect formation energies. For
example, in order to model the kinetics of vacancy clustering
into voids (which at the macroscopic level is manifested as
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the increase of material volume), one needs the interaction
energies between vacancies in small clusters, starting from
divacancies. At present, no measured data of this kind are
available. In several papers!”~ the divacancy binding ener-
gies are estimated numerically using semiempirical poten-
tials. The best of such potentials, those of modified
embedded-atom (EAM) type,!7 predict that the formation of
divacancies is energetically favorable, even though the bind-
ing energy is relatively low (~0.2 eV). Unfortunately, quali-
tative estimates of defect parameters with the help of even
the best semiempirical potentials are seldom completely
trustworthy. At present much more reliable techniques are
developed for these purposes, first of all, first-principles (ab
initio) calculations based on the density-functional theory
(DFT). However, while first-principles studies of the bulk
beryllium properties are not rare (see, e.g., Refs. 8-10, and
references therein), we are aware of only one paper'' that
estimates in this way the formation energy of monovacancy
in Be. To the best of our knowledge, neither ab initio predic-
tions of the divacancy interaction energies, nor other esti-
mates of the vacancy formation energy, have been reported
in the literature.

Here we present the results of DFT calculations for va-
cancies and small vacancy complexes in beryllium. The lat-
ter include three divacancies with physically nonequivalent
orientations in the hexagonal-close-packed (hcp) beryllium
lattice and two bigger cluster configurations, namely, a zig-
zag trivacancy and an infinite vacancy chain in the prism
direction. The latter two configurations were considered as
possible nuclei of a unique defect observed during irradiation
of beryllium—very narrow empty channels aligned along
prism direction.'>!3

II. SIMULATION RESULTS

Our calculations have been performed using the VASP
code'* with the generalized gradient approximation (GGA),
which is known'> to describe the bulk and surface properties
of beryllium better than the other widespread approximation
for exchange-correlation energy, namely, the local-density
approximation (LDA). The effect of core electrons was rep-
resented by ultrasoft Vanderbilt pseudopotentials imple-
mented in VASP. During structural optimization, atoms were
allowed to relax until the residual forces fell below
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FIG. 1. The dependence of the total energy of the bulk 36-
atomic supercell on cutoff energy for different densities (n,n,n) of
k-point grids. Values of n corresponding to each particular curve are
indicated in the legend.

0.01 eV/A. Brillouin-zone sampling of the wave functions
and charge density was done using the gamma-centered
Monkhorst-Pack k-point grid.'®

Due to the lack of earlier calculations of point defect
properties, it was not a priori clear how big should be the
simulation cell size, or how dense a sampling grid should be
selected in order to guarantee the convergence of results.
However, judging from the published studies of the bulk Be
properties,'? it could be expected that quite dense k-point
grids should be used. For this reason, we have performed
first of all a thorough analysis of the total-energy conver-
gence for the bulk Be lattice, using both LDA and GGA
approximations.

Having in mind the necessity to simulate point defect
properties, the size of the superlattice had to be selected suf-
ficiently big in order to minimize the interaction of defects
with their images imposed by periodic boundary conditions.
On the other hand, the size of the computation cell had to
allow calculations within reasonable time in spite of rather
high computational resources required. As a reasonable com-
promise, we have selected a 4 X 4 X 3 (96-atomic) supercell
as a basic one for this study. In addition, we have thoroughly
studied a supercell consisting of 3X3X2 (36 atoms) el-
ementary cells in order to get a database for comparison with
the earlier calculations for a monovacancy,!! though even for
a monovacancy such a cell is insufficient in order to com-
pletely avoid the influence of the defect images caused by
periodic boundary conditions. Finally, in order to estimate
the convergence of results with the cell size increase, a num-
ber of calculations were performed for 128- and 200-atomic
supercells (4X4X4 and 5X5X4 elementary cells), but
these were restricted to monovacancy only, because accurate
simulations of beryllium behavior are quite demanding in
terms of computation resources.

Indeed, for both 36-atomic (as shown in Fig. 1) and 96-
atomic supercells we have found that the energy cutoff of
~900 eV and a high number of k points [at least (12,12,12)
sampling mesh] are required to reach the total-energy con-
vergence of the bulk lattice. Note that the recent calculations
of the bulk beryllium properties'® also employ a dense
k-point mesh. In compliance with the earlier results,' it has
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FIG. 2. The dependence of the vacancy formation energy on the
number of points in the k-point grid at different cutoff energies (as
indicated in the legend). The supercell sizes and cutoff energies are
summarized in the legend. The dashed lines indicate the converged
levels of formation energies for different supercell sizes.

been found that GGA reproduces the experimental equilib-
rium lattice parameters somewhat better than LDA and so
only GGA was used below to determine the defect proper-
ties.

In order to specify the supercell edge lengths, the bulk
lattice energy of the supercell was minimized with respect to
both basal (in-plane) and prism lattice parameters, denoted
below a and c, respectively. The optimized total energy E,
=-3.73 eV/atom was reached at parameter values a
=2.259 A and c/a=1.572, which are in reasonable agree-
ment with the experimental ones [a¢=2.286 A and c/a
=1.568 (Ref. 17)]. These values of lattice parameters were
used in all subsequent calculations of defects, where no fur-
ther supercell size relaxation was allowed. The total energy
in the vicinity of the optimized lattice parameters could be
excellently fitted by a parabolic function of ¢ and a, while
the curvature of the fitting function in the minimum of the
total crystal energy allowed us to estimate the elastic con-
stants (in Voigt’s notation) as C;;+C,=294 GPa, C)3
=27.9 GPa, and C33=389 GPa, in reasonable agreement with
both the experimental data, C;;+C;,=300-320 GPa, C;
=5-14 GPa, and C33=340-370 GPa (see Ref. 18, and ref-
erences therein), and the earlier computer estimates (summa-
rized, e.g., in Ref. 15). The cohesive energy, determined as
the difference between the optimized total energy per atom
and the energy of one Be atom in vacuum, was found to be
—-3.70 eV/atom, which agrees well with the numerical esti-
mates for similar calculation conditions'> and is in reason-
able agreement with the experimental value of —3.32 eV."”

Like in the bulk lattice case, the total-energy convergence
was checked during the relaxation of supercells with vacancy
defects. The general behavior of the total energy as a func-
tion of the cutoff energy follows closely that shown in Fig. 1
for the bulk crystal. However, the monovacancy formation
energies practically cease varying for cutoff energies above
~600 eV. At lower cutoff energies (from 300 to 600 eV) a
steady increase of the vacancy formation energy with the
increase of the cutoff energy is observed, but for both 36-
and 96-atomic cells this increase did not exceed 0.01 eV (see
Fig. 2), and it may be expected that, quite generally, the use
of the cutoff energy of 300 eV only slightly underestimates
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TABLE 1. The ab initio predictions of the vacancy formation
energy in beryllium for different supercell sizes, in comparison with
the literature data.

Supercell size E{,, eV
36 atoms 0.98
96 atoms 0.86
128 atoms 0.83
200 atoms 0.81

Earlier predictions

AD initio (Ref. 11) 1.12
EAM (Ref. 7) 1.12
EAM (Ref. 6) 1.13
EAM (Ref. 1) 1.23

the defect formation energy. On the other hand, the sensitiv-
ity of the vacancy formation energy to the choice of k-point
sampling density is only slightly decreasing with the growth
of the supercell size and in order to reach a good conver-
gence (within +0.01 eV), at least an (11,11,11) sampling
mesh is required even for the biggest considered supercell.
As can be seen in Fig. 2, if the convergence is not achieved,
the deviations from the converged values can reach 0.2 eV
and be of any sign.

The best converged estimates of the vacancy formation
energy Efv for different used supercell sizes are summarized
in Table I (the latter includes also the earlier calculation pre-
dictions from both ab initio and EAM calculations). As can
be seen, the values obtained here are close to the numbers
derived from the known experimental data (see the Introduc-
tion), but are noticeably less than the earlier predictions. The
latter is not very surprising as far as the semiempirical po-
tentials are concerned. Even though all of these consistently
give values above 1.1 eV, such consistency for pronouncedly
different many-body potentials results largely from the fact
that the potential parametrizations oriented at the value of
1.11 eV, assumed to be the experimental vacancy formation
energy. Much less clear is the discrepancy between the
present results and the value of 1.12 eV predicted by the
earlier ab initio calculations.!! Even in the 36-atomic cell, as
used by Krimmel and Fihnle,!' we get for the vacancy for-
mation energy the converged value of 0.98 eV, which is
much closer to our results for the bigger cells. Possibly, the
reason for the remaining difference should be ascribed to the
insufficient amount of k points in Ref. 11 (which was, unfor-
tunately, not stated explicitly) and/or to the use of LDA ap-
proximation, which, as we have already mentioned, gives
somewhat worse predictions for Be than GGA.

As can be seen in Fig. 3, the vacancy formation energy
decreases noticeably when coming from 36 to 96 atoms per
cell, but the subsequent supercell size increase changes the
vacancy formation energy only moderately. The energy de-
crease as a function of the cell volume can be nicely fitted by
a power law with the exponent of —1. If this trend holds true
for higher supercell sizes, the vacancy formation energy
would tend to ~0.78 eV as the cell volume tends to infinity.
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FIG. 3. The monovacancy formation energy as a function of the

supercell size [all values are for energy cutoff 300 eV and
(14,14,14) k-point mesh]. Dashed line shows a power law fit.

The good convergence of the vacancy formation energy with
the supercell size is most probably due to the fact that the
vacancy dilatation in Be is small, so that the effect of the
vacancy elastic interaction with its periodic images is not
pronounced.

The relaxation pattern around a vacancy is shown in Fig.
4(a). Six atoms in the basal plane, located at the first-nearest-
neighbor separation from the vacant site, shift towards the
vacancy by less than 0.2%, while the shape of the hexagon
formed by these atoms slightly distorts. The triangles of the
first-nearest-neighbor atoms lying in the basal planes above
and below the vacancy stay practically within their planes
and remain perfectly equilateral, but the distances between
the atoms shrink by approximately 1%. The overall lattice
relaxation around a vacancy is very small, especially in com-
parison to fcc and bec metals, where the vacancy dilatation is
typically ~—20%.2° Such low elastic relaxation is consistent
with both the earlier ab initio predictions'! and the results of
EAM-based calculations.

In addition to monovacancy, we have studied three diva-
cancy configurations, as shown in Figs. 5(a)-5(c), namely,
in-plane and out-of-plane vacancy pairs at the first-nearest-
neighbor (INN) separation (denoted as 2V,, and 2V, re-
spectively) and a vacancy pair at the 3NN separation, aligned
along the ¢ axis (2V,.). The effect of the k-point grid density
on the divacancy formation and binding energies, Ef;V and
Egv, is demonstrated in Table II. The binding energy for di-
vacancies is defined as the energy gain from putting together
two separate vacancies, EZV=2E{/—EJ;V. It is seen that suffi-
ciently dense k-point grids provide the good convergence of
results.

Like in the monovacancy case, the elastic relaxation of
atoms surrounding divacancies is very low, but the symme-
tries of relaxation patterns are more complicated and depend
very much on the divacancy orientation. The simplest situa-
tion is met for 2V, where the relaxation pattern around each
vacancy in the pair practically replicates that for a monova-
cancy, as shown in Fig. 4(a). For the in-plane divacancy
2V, the relaxation of the neighbor atoms surrounding the
vacancy pair in the same basal plane shows a low-symmetry
pattern with some bond lengths changing up to 3%, while the
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FIG. 4. Atomic relaxation pattern around a vacancy (a), diva-
cancy 2V,, (b) and divacancy 2V,. (c). The numbers in the figure
indicate the distances between corresponding neighbor atoms in A.
Dark spheres represent atoms in the vacancy basal plane, light
spheres—in the adjacent basal planes. In (c) the relaxation only
around one vacancy is shown, the relaxation around the other one
(visible as a circle under the left bottom light sphere) is symmetric.
Distortions of the atomic configurations around the defects are
largely exaggerated in order to clearly illustrate the relaxation
symmetry.

neighbors in the adjacent basal planes somewhat rearrange,
but remain practically in their own planes, Fig. 4(b). The
modification of the short-range environment symmetry for
the out-of-plane divacancy, 2V,,., is shown in Fig. 4(c).

The converged divacancy formation and binding energies
are summarized and compared with the earlier predictions in
Table II. The discrepancy between the current estimates of
the divacancy formation energies and those by EAM poten-
tials (e.g., Ref. 6) is quite pronounced. On the contrary, the
divacancy formation energies predicted by MEAM potentials
are reasonably close to ab initio values. However, ab initio

(b) (c) (d)

Bl B

FIG. 5. The configurations of considered vacancy clusters: (a)
divacancy 2V,,, (b) divacancy 2V, (c) divacancy 2V,,, and (d)
trivacancy 3V,,. in beryllium lattice. Dark spheres represent Be
atoms, light spheres are vacant sites.
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TABLE II. Small vacancy cluster formation and binding ener-
gies in 96-atomic cell for different densities of the k-point grid and
300-eV energy cutoff. For comparison, the literature data are in-
cluded, where available.

Configuration k points Eév, eV ES,, eV
2V, 1IX1IX11 2.00 -0.21
12X 12X 12 1.97 -0.24

13X 13X 13 1.96 -0.26

14X14X 14 1.96 —-0.26

Earlier predictions

EAM (Ref. 7) 2.09 0.15

EAM (Ref. 6) 1.58 0.68

EAM (Ref. 1) 2.29 0.17

2V 1IX11X11 2.09 -0.36
12X 12X 12 2.11 -0.32

13X 13X 13 2.08 -0.35

14X 14X 14 2.07 -0.37

Earlier predictions

EAM (Ref. 7) 2.11 0.13

EAM (Ref. 6) 1.51 0.75

EAM (Ref. 1) 2.25 0.21

2V, 1IX1IX11 2.00 -0.21
12X 12X 12 1.97 -0.24

13X 13X 13 1.96 -0.27

14X 14X 14 1.97 -0.27

3Veue 7.08 —-0.35%
¢ chain 7.40 -0.36°

“Estimate for the binding between monovacancy and 2V,. diva-
cancy.
PEnergy gain per vacancy.

and semiempirical predictions are qualitatively different,
where the divacancy binding energies are concerned. Due to
the fact that vacancy formation energy is found to be lower
than usually assumed, the agglomeration of individual va-
cancies into divacancies is energetically unfavorable. We
have checked that the increase of the cell size to 200 atoms
practically does not change the binding energy values,
though a systematic search for converged numbers for the
binding energies in this case was not attempted due to pro-
hibitively high computational costs.

The unfavorability of vacancy binding is a matter of prin-
ciple for the predictions of vacancy clustering kinetics in
beryllium. Indeed, positive vacancy binding, as expected
from semiempirical estimates, means a possibility of pure
void swelling of beryllium. The fact that the divacancy bind-
ing is relatively weak (at the level of 0.2 eV) means only that
the range of experimental parameters (temperatures, point
defect generation rates) required for void swelling observa-
tion can be rather narrow. A similar situation is met in the
case of pure iron and ferritic steels, which are able to swell
(e.g., Ref. 21), even though the divacancy binding energies
in iron are of approximately the same magnitude.?> On the
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contrary, the energy penalty for the divacancy formation
means in practice that the void swelling of beryllium is com-
pletely suppressed, unless, naturally, the crystal contains im-
purities (e.g., gas atoms) that stabilize vacancy clusters.

Indeed, when divacancy formation is suppressed, chances
for the formation of bigger vacancy clusters become negli-
gible, even if these bigger clusters were energetically favor-
able. However, the latter also does not seem to be the case in
beryllium, as can be judged from our calculations for a triva-
cancy [denoted as 3V,,. and shown in Fig. 5(d)] and a zigzag
chain of vacancies in the prism direction (c-chain). Within
one elementary cell the latter defect looks as in Fig. 5(d), but
it runs through the whole simulation cell and includes six
vacancies in a 96-atomic cell; having in mind periodic
boundary conditions, this defect represents an infinite chain
along the ¢ axis. As can be seen in Table II, an addition of
one more vacancy to a 2V,. divacancy is as energetically
unfavorable, as the formation of the divacancy itself. The
formation of a c-chain from six individual vacancies also
requires additional energy of ~0.36 eV per vacancy. This
means that the formation of experimentally observed thin
open channels, like the formation of more common 3D cavi-
ties, is most probably promoted by gaseous impurities, intro-
duced in Be samples during implantation.

The inherent stability of beryllium against void formation
means that one should expect no void swelling in pure be-
ryllium irradiated with electrons in the 1-2 MeV range,
which produce point defects but do not contaminate the
samples with undesirable impurities. Unfortunately, this con-
clusion is not easy to verify, because the reported swelling
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measurements in beryllium have been done under neutron
irradiation in nuclear reactors.>>>* They generally report
quite low swelling of irradiation beryllium, but do not allow
us to completely exclude the effect of nuclear transmutation
products (helium and tritium atoms), that are known to effi-
ciently promote bubble formation.'>!132

III. CONCLUSIONS

In this paper the formation energies of vacancies, divacan-
cies, and some other small vacancy clusters in hcp beryllium
have been estimated using first-principles quantum-
mechanical simulations. It has been found that the energy of
vacancy formation is close to 0.8 eV, which is less than pre-
dicted by the earlier numerical simulations, but falls in the
range expected from the available experimental data. In con-
trast to the earlier calculations based on semiempirical po-
tentials, it has been demonstrated that the formation of diva-
cancies and other considered small vacancy complexes from
individual vacancies is energetically unfavorable, which can
be a microstructural reason for the high resistance of Be to
void swelling.
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