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To discuss the half-life of the electron-capture decay of "Be in cluster and crystal forms of beryllium, we
performed density functional calculations of the electron density p(0) at the Be nucleus by assuming an inversely
proportional relationship between them. We found that the electron density p(0) decreases with cluster size in
Be clusters and increases at an interstitial site in crystalline Be. The electron density p(0) at the hexagonal close
packed (HCP) lattice point, i.e., the substitutional site, is about 1.7% smaller than that at the center of Cgy, which
perfectly coincides with the recent experimental evidence [Phys. Rev. C 108, LO11301 (2023)] that the half-life
of "Be in metallic Be at 7 = 5K is 1.7% longer than that of 'Be@Cy at T = 5K (i.e., at the center of Cg).
This strongly suggests that at 7 = 5K all "Be stay at substitutional sites of the Be metal. For an interstitial Be
atom, we found that the basal octahedral (BO) site is energetically most stable, and the basal split (BS) dumbbell
structure is second most stable. Performing first-principles MD simulations of a system having an interstitial
Be atom at room temperature, we found that (1) in a system having *Be atoms only, BO can quite rapidly
migrate through BS; (2) BS made of "Be and °Be atoms very rapidly changes into BO of "Be; and (3) "Be stays
very stably at a BO site and seldom changes its position. Therefore, "Be stays more likely at BO than °Be at
room temperature. The electron density p(0) at BO is 0.54% higher than p(0) at a substitutional site, which is
about double the experimental difference of 0.26% in the half-life of "Be in Be metal between T = 293K and
T = 5K. This means that half of "Be atoms are at BO sites, but the other half still remain at substitutional sites
at T = 293 K. So, we expect that the half-life of "Be can be further shortened at higher temperatures. Performing
unit cell relaxation of a Be crystal, we found that the difference in the total energy between BO and BS is only
0.03 eV. Thus, if there is no "Be, BO can very easily migrate throughout the crystal through the BO — BS —

BO pathway at room temperature.

DOI: 10.1103/PhysRevC.109.024609

I. INTRODUCTION

The electron-capture (EC) decay rate of a 'Be nucleus has
attracted considerable interest because it has recently been
recognized that its value can significantly change according
to its environment. By the EC decay reaction described as

pte —>n+v, (1)

(p, e~, n, and v, are proton, electron, neutron, and neutrino,
respectively), a 'Be nucleus decays to a ’Li nucleus. Segré
et al. first suggested that the EC decay rate should linearly
depend on the electron density p(0) at the "Be nucleus [1-3],
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which enabled one to predict the EC decay rate from the
first-principles calculation of the electron density. Even 'Be
nuclei have a finite size, and there is a volume overlap between
the "Be nucleus and the s electrons where they can interact
each other. The chemical environment may alter the s electron
density p(0) at the nucleus, and thus affect the EC decay rate.
Hence the half-life is inversely proportional to the electron
density p(0) at the nucleus.

In previous studies, many experimental measurements and
calculations were performed on the change in the half-life
of "Be according to the host materials [4—13], chemical
forms [14-18], and pressure [19,20]. Although, in most of
these environments, the half-life of 'Be was longer than
53.10 days (d), Ohtsuki ef al. found, based on their ex-
perimental measurements supported by calculations, that the
half-life of "Be@Cg is 52.65 + 0.04d at room temperature
(T =293K) and 52.47 &+ 0.04 d at liquid-helium temperature
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(just nearly T = 5 K) [21-23]. In these studies, the amount of
radioactivity associated with the decay of "Be could uniquely
be analyzed through the identification of characteristic y rays
(E, =478 keV). Several calculations have further been per-
formed to estimate the EC-decay rate of "Be encapsulated in
Ces0, Cr0, and carbon nanotubes [24-28]. Quite recently, we
performed both experiments and calculations [29] to show that
the half-lives of "Be@C>, at room temperature (7" = 293 K)
and at liquid-helium temperature (7' = 5 K) are comparable to
or still slightly shorter than that of "Be @Cg at liquid-helium
temperature (7' = 5K), which was previously thought to be
the shortest half-life of "Be. In this paper, it was also reported
that the half-life of "Be in a metallic Be is 53.39 £ 0.03d at
liquid-helium temperature (7 = 5 K), which should be com-
pared with 53.25 £ 0.04 d at room temperature (T = 293 K)
[22,30]. This is about 0.26% difference. In this experiment, a
Be(y, 2n) "Be reaction in a pure Be crystal sample (by irradi-
ating with a high energy y -ray produced by bremsstrahlung of
50 MeV electrons under a magnetic field) was used to create
"Be inside the Be crystal. The form of the emitted neutron
spectrum is expected to be approximately Maxwellian, and
the average neutron kinetic energy (KE) seems to be about 2-3
MeV, while the initial KE of the recoiled "Be nuclides can be
estimated to be about a few hundred KeV even if the reaction
is accompanied by two neutron emissions. Therefore, the "Be
atoms being produced can escape from their original hexag-
onal close packed (HCP) structure due to the KE. The KE is
reduced in the lattice with elastic and/or Coulomb multiple
scattering and the radioactive "Be finally stop at interstitial
sites. Then, the sample was baked in an electric oven with
1100°C for 1 hour and annealed after that to recover more
stable lattice structure [21]. However, the "Be positions inside
the Be metal were not determined experimentally.

The purpose of the present paper is to theoretically search
various Be morphologies, which may exhibit drastic change
in the half-life of "Be, and to theoretically elucidate the tem-
perature dependence of the half-life of "Be in the Be metal,
which was quite recently reported experimentally [29]. For
this purpose, we systematically calculate the electron density
p(0) at the Be nucleus position in various cluster and crystal
forms of beryllium using density functional theory (DFT)
[31,32]. In the course of this study, we will clarify that the
electron density p(0) drastically changes according to the size
of the Be cluster and also to the substitutional or interstitial
sites in the Be crystal.

II. METHODOLOGY

In this study, we use the all-electron first-principles cal-
culation program, DMol® [33,34], which adopts numerical
localized orbitals (on an atomic-centered spherical radial
mesh) as basis functions in a linear combination of atomic
orbitals (LCAO) approach. We use the double-numeric qual-
ity basis set with polarization functions (DNP). The size
of the DNP basis set is comparable to Gaussian 6-31G**,
but the numerical basis set is much more accurate than a
Gaussian basis set of the same size to describe the cusplike
behavior of the electron density near the nucleus. This is

the essential advantage in our calculations of p(0). For the
exchange-correlation (xc) functional, like our previous stud-
ies [22,23,25,29], we mainly employ the BLYP functional,
which combines the exchange functional due to Becke [35]
with the correlation functional of Lee-Yang-Parr [36], but
we also employ the strongly constrained and appropriately
normed meta-GGA functional (SCAN) [37] and the revised
Tao, Perdew, Staroverov and Scuseria meta-GGA functional
(revTPSS) [38]. One of the reasons that we chose the BLYP
functional is that we have consistently chosen this functional
throughout our previous papers [22,23,29]. Another reason is
that this functional works excellently well for all our target
systems (isolated Be atom, Be@Cg, and Be @C7) as well as
Be metals without problems. We have tested other functions
as well. Table I lists the resulting electron density p(0) at the
Be nucleus position using a variety of exchange-correlation
functionals, among which B3LYP, Minnesota M06(-2X), and
SCANO are hybrid functionals, and -TS means Tkatchenko-
Scheffler (TS) dispersion (van der Waals) correction [39].
From this table, we find that BLYP and B3LYP show a
similar behavior, while Minnesota functionals (M06, M06-
2X) and the strongly constrained and appropriately normed
meta-GGA functionals (SCAN, SCANO) show a somewhat
different trend. Maybe this is related to the weaker perfor-
mance of Minnesota functionals [40] and SCAN [41] for
noncovalent or weekly bound compounds. Although B3LYP
will slightly change the absolute value of p(0), it is of limited
significance, because only the relative changes of p(0) are
important for consideration.

In the crystal calculations, primitive cell and appropriate
supercells as well as k-point samplings are used as described
in the next section.

The interstitial migration path is determined using the
FlexTS module [42—44] integrated with DMol®. FlexTS uses
the doubly nudged elastic band method to obtain a reaction
pathway, and then optimizes the energy maximum to obtain
the transition state using the hybrid eigenvector following
method. Once the transition state is found, the geometry
optimization for plus and minus directions along the lowest
Hessian eigenvector is performed to obtain the reactant and
product for the reaction path. FlexTS automatically repeats
this procedure until the reaction path connecting the reac-
tant and product is achieved. First-principles MD (molecular
dynamics) simulations at room temperature (7" = 293 K) are
also performed by DMol® with the BLYP functional and a
massive generalized Gaussian moments thermostat [45].

For the unit cell relaxation of the Be crystal with an inter-
stitial atom, we use the CASTEP program [46] with the BLYP
functional.

III. RESULTS AND DISCUSSION
A. Be Clusters

Structures of Be clusters have already been intensively
investigated by many first-principles calculations [47-50].
We performed geometrical optimization starting from the
structures given by Abyaz et al. [50] and estimated average
nearest-neighbor (n.n.) bond length (d), total energy per atom
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TABLE I. Functional dependence of p(0) at the Be nucleus position for an atom, at the center of Cgy, at the center of Cyp, and at X = 1.1
A from the center of C;y [29]. The small 4 values below the main values indicate the deviation from p(0) of a Be atom.

p(0) (a.u.)

BLYP BLYP-TS B3LYP B3LYP-TS MO06 MO06-2X SCAN SCANO
Be atom 35.953 35.953 35.692 35.695 35.816 35.837 35.797 35.825
Be@Cy 36.016 36.019 35.772 35.773 35.868 35.820 35.826 35.862
center +0.063 +0.066 +0.080 +0.078 +0.052 —0.017 +0.039 +0.037
Be@Cy 35.990 35.990 35.737 35.737 35.822 35.767 35.787 35.819
center +0.037 +0.037 +0.045 +0.042 +0.006 —0.070 —0.010 —0.006
Be@Cy 36.007 36.009 35.760 35.761 35.819 35.818 35.823 35.856
X=114A +0.054 +0.056 +0.068 +0.066 +0.003 —0.019 +0.026 +0.031

E /N, spin state [singlet (S) or triplet (T)], Kohn-Sham energy
eigenvalues of highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) levels,
average electron density p(0) at the Be nucleus position, and
its standard deviation A p(0) among all Be atoms in the cluster
by using the BLYP functional. All these results are listed in
Table II. The values E/N and p(0) [Ap(0)], are in atomic
units (a.u.), which are equal to Hartree (= 27.2114eV) and

TABLE II. Calculated average nearest-neighbor bond length (d),
total energy per atom E /N, spin state [singlet (S) or triplet (T)],
Kohn-Sham energy eigenvalues of HOMO and LUMO levels, aver-
age electron density p(0) at the Be nucleus position, and its standard
deviation Ap(0) among all Be atoms in Be clusters with size N =
1-25. (BLYP result.)

Size  (d) E/N  Spin HOMO LUMO p(0) Ap(0)
N A  @u /T V) (V) (au) (auw)
1 —14.6581 S —5.253 —1.191 35.953

2 2472 —14.6632 S —4.164 —2.308 35851 0.000
3 2185 —14.6766 S —4.436 —3.064 35731 0.000
4 2051 —14.6973 S —4.800 —3.156 35.667 0.000
5 2049 —147011 S —4.009 —3.047 35615 0.014
6 2083 —147011 S —3.586 —3.076 35543 0.015
7 2138 —147067 S —4.096 —3.296 35.562 0.022
8 2118 —147121 S —4.006 —3.572 35552 0.039
9 2123 —147183 S —4260 —3.870 35554 0.023
10 2.111 —14.7241 S —4.267 —3.081 35579 0.031
11 2111 —147251 T  —3.904 —3.444 35556 0.020
12 2120 —14.7259 S —4.159 —3.414 35550 0.038
13 2125 —14.7277 S —4.127 —3.258 35.550 0.033
14 2117 —14.7293 S —4.120 —3.102 35.549 0.031
15 2122 —14.7290 S —3.779 —3.091 35.517 0.048
16 2112 —14.7304 S —4.416 —3.622 35517 0.061
17 2124 —14.7340 S —4.570 —3.595 35.529 0.012
18 2.132 —14.7347 S —4.243 —3.874 35529 0.035
19 2.146 —14.7358 T —4.398 —4.119 35527 0.043
20 2128 —14.7372 S —4.584 —3.759 35546 0.042
21 2160 —14.7387 S —4.582 —3.676 35.545 0.041
22 2153 —14.7388 S —4.416 —3.660 35.536 0.042
23 2181 —14.7379 T —4.586 —4.297 35515 0.037
24 2167 —147391 S —4716 —3.768 35521 0.048
25 2177 —14.7401 S  —4.513 —3.876 35.519 0.030

e Jag 3, respectively. The averaged n.n. bond length is large
(2.472 A) for the beryllium dimer Be,, as reported in previous
studies [51,52], but it is shorter than its bulk value (2.285 10\;
see later) for all other clusters Bey (N = 3—25). The Kohn-
Sham HOMO-LUMO energy gap is large in the Be atom and
beryllium dimer Be,, but, for all other clusters there is no
clear tendency versus the cluster size. Among other results,
total energy per atom E /N and average electron density p(0)
at the Be nucleus position are plotted versus the cluster size
N in Fig. 1. It is clearly seen in this figure that both total
energy per atom E /N and average electron density p(0) at the
Be nucleus decrease with the cluster size. In particular, p(0)
decreases more rapidly between N = 1 and N = 6. There is a
1.2% difference in p(0) between the Be atom and Beg, which
indicates the 1.2% difference in the half-life of "Be. We will
see that p(0) = 35.543 a.u. of Beg and 35.519 a.u. of Be,; are
already not so much different from the bulk value (see later)
p(0) = 35.417 a.u. The difference is about 0.3%.

If we include the TS dispersion correction (BLYP-TS),
0(0) ({(d)) changes to 35.880 a.u. (2.743 A) and 35.729 a.u.
(2.223 A) for Be, and Bejs, respectively, although p(0) of a Be
atom does not change, as shown in Table I. However, p(0) of
larger clusters does not change much from its BLYP value.

-14.65F 336.0
= -14.66F —e— Total Energy per Atom (Ha) —_
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FIG. 1. Calculated total energy per atom E /N and average elec-
tron density p(0) at the Be nucleus position versus the cluster size
N (= 1-25). (BLYP result).
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FIG. 2. (a) Relative total energy (eV) and (b) electron density
p(0) at the Be nucleus of Be crystal versus the lattice constant a (with
c/a fixed at 1.569) calculated by using BLYP, SCAN, and revTPSS.

B. Perfect Be crystal

For the perfect Be crystal, we performed the HCP primitive
cell calculation with 13 x 13 x 8 k points. Figure 2(a) plots
the total energy versus the lattice constant a (with ¢/a fixed
at the experimental value 1.569 [53,54]) for different xc func-
tionals: BLYP, SCAN, and revTPSS. As well, Fig. 2(b) plots
the calculated electron density p(0) at the Be nucleus position
versus the lattice constant a. The electron density p(0) slowly
decreases with the lattice constant. Although the system is
different, the EC decay rate is increased under pressure in
BeO [19,20], which favors the present result. The electron
density p(0) at the optimized lattice constant is summarized
in Table III. The optimized lattice constant is comparable to
the previous results of first-principles calculations [55-59] as
well as the experimental value of @ = 2.285 and c¢/a = 1.569
[53,54]. Even if we use BLYP-TS with the same lattice con-
stant of BLYP, the resulting p(0) = 35.418 a.u. is almost the
same as p(0) = 35.417 a.u. of BLYP.

Since the thermal expansion coefficient of Be crystal is

1da
=—— =(5.0-11.1) x 107% (K" 2
o= ( ) X (K™) 2

in the temperature region T = —120-20 °C [60], the lat-
tice constant changes only 0.007 A between absolute zero

TABLE III. Estimated electron density p(0) (a.u.) at the Be nu-
cleus at the optimized lattice constants, a (A), ¢ (A), and c¢/a, in
various xc functionals and experiments [53,54].

a c p(0)
xc (A) (A) < (au)
a
BLYP 2.292 3.597 1.569 35.417
SCAN 2.275 3.584 1.575 35.440
revTPSS 2.282 3.606 1.580 35.424
experiments® 2.285 3.585 1.569 —

4References [53,54].

temperature and room temperature, and there is no visible
change in the electron density p(0) at the Be nucleus in this
temperature range.

By performing a first-principles MD simulation of a Be
crystal at room temperature (T = 293 K), we found that the
average electron density (0(0)) at the Be nucleus is increased
to 35.426 a.u. at T = 293K from 35.417 au. at T = 0K as
shown in Fig. 3. In this simulation, one of the stable nuclei ‘Be
was replaced with radioactive "Be in the 3 x 3 x 2 supercell;
p(0) of "Be is plotted with a red line and p(0) of the remaining
9Be is plotted with a black line in the figure. Although p(0) of
"Be becomes as large as 35.457 a.u. momentarily at t = 2.7
ps, its average value (p(0)) (horizontal red dashed line) is
only very slightly larger than the average value (0(0)) of *Be
(horizontal black dashed line); their difference is only in the
fourth decimal place, which is less than the accuracy of the
simulation.

Since the isolated Be trimer (Be;) has a shorter bond
length than the Be crystal and shows larger p(0), one might
expect a large temperature dependence of p(0) by considering
a shrinking oscillation of the basal regular three-membered
rings (triangles) in the HCP crystal. To see if this is the case
or not, we performed supercell calculations, in which one
or all of the regular triangles (three-membered rings) are
shrunk to the size of the Be; cluster, whose bond length is

35.46F °Be
_______ °Be (Average)
35.45] ’Be
S N I p— ’Be (Average)
3 35.44|
L
i 1)
35.43
g N ,[\A »/\ Ao M A
g ViaAs \% | V \I
€ 3542f
=)
35.41)
35.401 - - : : : ) '
10 15 20 25 30 35 40 45 50

Time (ps)

FIG. 3. Temporal change in electron densities p(0) at the "Be
nucleus (red line) and °Be nuclei (black line) during MD simulation
at T = 293 K. Horizontal dashed lines represent their average values.
(BLYP result).
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FIG. 4. Unit cells where (a) one triangle or (b) all triangles are
replaced with that of a smaller isolated Be; in a perfect Be crystal
with the original lattice constant fixed.

2.185 A, which is shorter than the assumed bulk length
of 2.286 A by 0.1 A. Weuseda6 x 6 x 4 supercell [including
288 atoms; see Fig. 4(a)] with 4 x 6 x 7 k points and a
3 x 2 x 1 supercell [including 12 atoms; see Fig. 4(b)] with
2 x 2 x 2 k points, respectively, for one or all of the regular
triangles with the shrunk size. All these assumed structures
come back to the original regular HCP structure after relax-
ation, and they can be realized only through lattice vibrations.
Although the isolated Bes cluster has p(0) = 35.731 a.u. (see
Table II), the same Be; cluster embedded in the crystal has
p(0) = 35.430 a.u., which is larger than p(0) = 35.426 of the
perfect Be crystal at 7 = 293 K only by 0.037%, irrespective
of the number of the shrunk three-membered rings in the
HCP crystal. From these analyses, we think it is difficult to
see any significant change in the value of p(0) in the perfect
Be crystal in the temperature range between absolute zero
temperature and room temperature.

C. Interstitial Be atom in a crystal

Next, we consider an interstitial Be atom in a HCP crystal.
For this calculation, we used 5 x 5 x 3 supercell (including
151 atoms) with 3 x 3 x 2 k points. For the “off-plane” inter-
stitial sites out of the basal plane, we considered tetrahedral
(T), octahedral (O), crowdion (C), and split (S) sites [61-65],
where C is the center of an “off-plane” tetrahedral bond and S
is the split dumbbell along the (0001) direction; see Fig. 5.
For the interstitial sites in the basal plane, we considered
basal tetrahedral (BT), basal octahedral (BO), basal crowdion
(BCO), and basal split (BS) sites [61-65], where BT and BO
are the centers of basal triangles of a tetrahedron and octa-
hedron, respectively, BC is the center of a bond of a basal
triangle, and BS is the basal split dumbbell along the (1120)
direction in the basal plane; see Fig. 5. We found that BO

Rk 0

% oT

. © c © C
© CQL‘("' © e BO
¢ BT

L ¢ BC

©

FIG. 5. Eight conventional interstitial sites in HCP crystal. Tetra-
hedral (T), octahedral (O), crowdion (C), basal tetrahedral (BT),
basal octahedral (BO), and basal crowdion (BC) sites in the upper
panel, and split (S) and basal split (BS) sites in the lower panel.

is the energetically most stable interstitial site and BS is the
second most stable geometry. BC is unstable and moved to
BO after relaxation. These results are all in accordance with
the previous first-principles study by Ganchenkova et al. [63].
Moreover, by performing a transition state (TS) search using
FlexTS (see the previous section), we found that there are
transition barriers between BS and BO [Fig. 6(a)] and between
C and BO [Fig. 6(b)]. The energy difference between BO and
BS is 0.064 eV, corresponding to 6.2 kcal/mol, and the tran-
sition barrier height measured from the BO level is 0.069 eV.
The electron density p(0) at the Be nucleus decreases from
35.610 a.u. at BO to 35.586 a.u. at BS; the difference is only
0.06%. Similarly, the energy difference between BO and C is
0.093 eV and the barrier height from the BO level is 0.190 eV,
while the electron density p(0) changes around 35.57-35.62
a.u. The octahedral interstitial site O itself is the saddle point
in the path BO — BO, as shown in Figs. 6(c) and 7. The
results are listed in Table IV. The magnitude of the displace-
ment (from the lattice point) of neighboring atoms (NAs)
around the interstitial atom is Ad = 0.484 A for three NAs
around BO; Ad = 0.283 A for six NAs around O; and Ad =
0.973 A for one NA, 0.398 A for two NAs, 0.307 A for two
NAs, and smaller than 0.150 A for one NA around BS.

We found that the interstitial Be atom is energetically
most stable at BO, which is depicted as a large blue ball in
Fig. 7(a). In this figure, there are also six side nonregular
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FIG. 6. Change in the relative (total) energy and the electron
density p(0) at the Be nucleus along the migration path coordinates
(a) from BO (path length 0) to BS (path length 0.4 A), (b) from
BO (path length 0) to the crowdion site C (path length 1.45 A), and
(c) from BO (path length 0) to the octahedral interstitial site O (path
length 0.9 A), which is a saddle point. (BLYP result).

triangles besides upper and lower regular triangles in the
octahedron composed of the six middle-sized moss green Be
atoms. However, the positions at the center of these nonregular
triangles are all unstable and the Be atom put there moves
to the most stable interstitial sites at the upper or lower BO
after relaxation. Moreover, from the TS search, we found that

L(, »Cca£ L(, »tLLL
(c)o “0 LL (d)o 9 cc
© ° © °

© @
@ 5 Qo 5
© © © ©
© © < ©
L(, gc ° Cc L(, °

FIG. 7. Migration path of the large blue interstitial atom from
(a) BO, through (b) and (c), toward (d) the octahedral interstitial
site O, which is the saddle point, determined by the transition state
search using FlexTS. Six middle-sized moss green atoms represent
an octahedron.

the octahedral site O [Fig. 7(d)] is not the metastable site
but the saddle point (transition state) in the path between the
lower and upper BO sites; see Fig. 7. The total energy and
the electron density p(0) at the Be nucleus change along this
migration path as shown in Fig. 6(c). The energy difference
between these two points (BO and O) is about 1.1 eV, which
corresponds to 25 kcal/mol. The electron density p(0) at the
Be nucleus increases from 35.610 a.u. at BO to 35.725 at
O, which is about 0.33% difference. To depict the difference
in the charge density distribution between the interstitial Be
atom and the isolated Be atom, the total electron density
is subtracted by the following two densities: (i) density of
a system without the interstitial atom, and (ii) density of a

TABLE IV. Estimated electron density p(0) (a.u.) at the Be nu-
cleus which is located at various interstitial sites (BO, BS, BC, C, T,
S, O, and BT) together with its total energy relative to BO. Note that
BC is unstable and moved to BO after relaxation. The relative total
energy of the transition state (TS) toward BO is also shown in the
third column. O itself is the saddle point (TS) in the path BO — BO.
(BLYP result.)

Site Relative total Energy of TS p(0)
energy (eV) toward BO (eV) (a.u.)
BO 0.000 35.610
BS 0.064 0.069 35.586
BC unstable (relax to BO)
C 0.093 0.190 35.602
T 0.990 35.584
S 1.075 35.600
o 1.077 saddle point 35.725
BT 1.587 35.654
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FIG. 8. Difference in the electron density when the interstitial
atom is at (a) BO and (b) O. The blue (¢™) and red (e*) isosurface
values are =+ 0.02 A=3.

system composed of the interstitial atom only, i.e., almost the
isolated Be atom. The result is shown in Fig. 8, where the
electron rich and poor regions are represented, respectively,
in blue and red colors. The difference in the electron density
near the center of the interstitial atom is negative, i.e., electron
poor and red, because p(0) = 35.610 a.u. or 35.725 at the
interstitial site (BO or O) is smaller than p(0) = 35.953 of an
isolated Be atom; see Tables II and IV. Almost the amount of
one electron is accumulated around the interstitial atom (blue
region). This means that electrons are confined in the narrow
interstitial region compared with a widely spread out electron
distribution of an isolated atom. The electron depletion region
around it (red region) represents the tail of the electron dis-
tribution of an isolated atom. The red region located at six
surrounding islands is somewhat larger when the interstitial
atom is located at BO [Fig. 8(a)] compared to the case when
it is at O [Fig. 8(b)], while there are many small remote
red islets in the latter case. This reflects the electron density
distribution being narrowly compressed on the basal plane but
widely spread out in the direction perpendicular to the basal
plane at the BO site, whereas there is an almost isotropically
compressed electron density distribution in the O site. This is
probably the reason for the higher electron density p(0) at the
nuclear position at the O site. That is, the interstitial O region
is more compressed from all directions and corresponds to
the circumstance in the compressed lattice constant of the Be
crystal, in which p(0) becomes higher as shown in Fig. 2(b).

We performed two different first-principles MD simula-
tions of a Be crystal (5 x 5 x 3 supercell) including one
interstitial Be atom at room temperature (7 = 293 K) for a
period of 5 ps using DMol® with the BLYP functional.

The first simulation is for a system consisting of °Be atoms
only, and starts from the optimized geometry with one BO as
shown in Fig. 9(a). Soon, at 1.8 ps, this BO involves a Be
atom at the adjacent lattice point, becoming BS as shown in
Fig. 9(b). Then, at 2.0 ps, this newly included Be atom remains
at BO and the other Be atom, which originally constituted the
initial BO (large ball), comes back to the nearest lattice point
as shown in Fig. 9(c). In this way, the BO site moves from
the original position to the adjacent position through the inter-
mediate BS geometry. Since this movement of BO frequently
happens in the simulation, we conclude that a rapid migration
of BO through BS may occur at room temperature. The second
simulation is for a system consisting of all *Be except one "Be,

© ‘ © ‘ ©
© ¢ @ ‘ ©
© e ©
() 0.0 ps (b) 1.8 ps (c) 2.0 ps

FIG. 9. Snapshots of MD of a system consisting of all Be show-
ing a rapid migration of BO through BS: (a) initial (optimized) BO
at O fs, (b) BS by including upper Be in the dumbbell at 1.8 ps, and
(c) BO of the upper Be, leaving the lower Be to the lattice point, at
2.0 ps.

and starts from the optimized geometry with one BS made up
of a "Be atom and a °Be atom as shown in Fig. 10(a). Very
quickly, at 0.3 ps, the 9Be atom (medium ball) moves from BS
to a lattice point as shown in Fig. 10(b). Then, at 0.5 ps, the
other "Be (large ball) remains at BO as shown in Fig. 10(c).
However, after the BO of "Be is created, the geometry does
not change during the simulation. We performed another MD
simulation starting from a geometry having a BO of "Be in the
Be crystal, and confirmed that this is a very stable geometry
and there is no change in the geometry during the simulation
period of 5 ps. Thus we find that, at room temperature, BS
very quickly changes into BO which consists of "Be and is
locationally very stable.

IV. DISCUSSION

In the half-life measurement of "Be in a metallic Be done
by Ohtsuki et al. [29], the gBe(y, 2n) "Be reaction was used to
create 'Be inside the Be crystal. In this reaction, high energy
"Be atoms are created with neutron emissions, repeat many

© © ©
© © ©
° © ° © ° ©
© © © © © ©
© © © © © © © ©
° © o @ © ° @ ©
© ° © © ° © © ° ©
© © © © © ©
(% © ©| © © © @ © ©
(% © (% © (% ©
© © (% © (% ©
© © ©
© © ©
(a) 0.0 ps (b) 0.3 ps (c) 0.5 ps

FIG. 10. Snapshots of MD of a system consisting of *Be (small
and medium balls) except one "Be (large ball): (a) initial (optimized)
BS made up of "Be and °Be at 0 fs, (b) Be moving from BS to a
lattice point at 0.3 ps, and (c) "Be remaining at BO at 0.5 ps.
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FIG. 11. Half-life of "Be experimentally measured by Ohtsuki
et al. (after Ref. [29]).

elastic scatterings, and finally stop at certain positions inside
the Be metal. Although the sample was baked in an electric
oven at 1100 °C for 1 hour and annealed after that to recover
a more stable lattice structure [21], there is a large possibility
that interstitial atoms still remain in the metal [66,67].

The half-life of "Be in the Be metal at liquid-helium tem-
perature (7 = 5K) is 53.39 £ 0.03d, which is about 1.7%
longer than the half-life 52.47 & 0.04 d of "Be @Cg at liquid-
helium temperature (T = 5 K) [22] and 0.26% longer than the
half-life 53.25 + 0.04 d in the Be metal at room temperature
(T =293K); see Fig. 11. Now, we will discuss a possibility
of explaining these experimental facts using our BLYP results.

First, we calculated the Frenkel defect formation energy
by using DMol® with the BLYP functional. We assumed that
a Frenkel defect is made of one BO and one atomic vacancy.
When the distance between BO and vacancy is infinite, the
Frenkel defect formation energy can be determined by the
equation [68]

AEdefect = El(glg)Jrl) + E(Nil) - ZE(N) (3)

vacancy crystal®
where Ego"", ENZD and E(Y) are the total energies of an
(N + 1)-atom system with one BO, an (N — 1)-atom system
with one vacancy, and an N-atom system of a perfect crystal,
respectively. The Frenkel defect formation energy in this case
is estimated as 4.62 eV. When BO and vacancy are located
on the same basal plane and their distance is about 6.62 A
as shown in Fig. 12(a), the Frenkel defect formation energy
is 4.43 eV. When BO and vacancy are located on different,
adjacent basal planes and their distance is about 3.91 A as
shown in Fig. 12(b), the Frenkel defect formation energy is
4.31 eV, which is comparable to the previous result of 4.2 eV
[63]. When BO and vacancy are put closer to each other,
they merge to recover a perfect crystal or the local geom-
etry of BO is broken after relaxation. Thus, comparing the
resulting Frenkel defect formation energy with the thermal
energy of order ~kgT, we conclude that Frenkel defects in
the Be crystal cannot be created by the thermal fluctuation
at room temperature, but can only be created by the initial
9Be(y, 2n)7Be reaction. Thus, in the following discussion,

(@) (b) 5
©
O e © ©
© e © ©
© © e © e © ©
° © OL e ©
© © © e © o(' e o©
c @ © ¢ @ e o
© ° © © © ° o e ©
© © ¢ © e ©
© © © © o o e ©
o © Q e o©
© © © e ©
© ©
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FIG. 12. Frenkel defect made of one BO (large blue ball) and one
atomic vacancy (red circle) (a) on the same basal plane and (b) on
different, adjacent basal planes. In (b), small light green and moss
green balls are atoms on the different basal planes.

we assume that some interstitial atoms already exist in the Be
crystal by construction.

From Table III, the electron density at the HCP lattice
point, i.e., the substitutional site, is p(0) = 35.417 a.u., which
is about 1.7% different from the value p(0) = 36.016 at the
center of Cgo (Table I) [23,29]. This is perfectly coincident
with the 1.7% difference in the half-life of 'Be at T = 5K
between 53.39 4 0.03 d of the Be metal and 52.47 4 0.04 d of
"Be@Cyy (at the center of Cgg) [29]. Therefore, we conclude
that at T = 5K all "Be are at the substitutional site of the Be
crystal. This conclusion seems statistically quite reasonable,
because the numbers of 'Be atoms and interstitial atoms are
both very limited compared to the vast numbers of *Be atoms
and substitutional sites in the Be metal.

On the other hand, from our MD simulations having an
interstitial atom at room temperature, the 0.26% difference in
the half-life of "Be in the Be crystal between T = 5K and
T = 293K may be explained as follows. First, from the first
conclusion above, we can readily see that p(0) of "Be in the
Be metal at T = 5K is equal to p(0) at the substitutional site.
When all the atoms are °Be, a rapid migration of BO through
BS occurs at room temperature, as shown in Fig. 9. When
one of the atoms is ’Be, which constitutes BS together with
another °Be, this BS changes quite rapidly into the BO of
"Be as shown in Fig. 10. This BO of "Be is locationally very
stable and seldom changes its position. From these results, it
is clear that "Be stays at BO with higher possibility than *Be
at room temperature. This is an isotope effect. Concerning the
action and reaction due to the interatomic force between "Be
and °Be constituting BS, the acceleration of "Be is 9 /7 times
larger than that of *Be. Therefore, 'Be prefers looser space
than ?Be, and keeps staying at BO by pushing *Be back to
the HCP substitutional site, which is tightly surrounded by
12 n.n. atoms. From Table IV, we find p(0) = 35.610 a.u.
at BO, which should be compared with p(0) = 35.417 a.u
at the substitutional site. This is 0.54% difference, which is
about double the experimental difference of 0.26%. However,
we do not know what percentage of 'Be are located at BO
at T =293 K. If we assume that all "Be are located at BO
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at T = 293 K, then the calculated 0.54% difference obviously
does not explain the experimental 0.26% difference. Now, we
use the key point that p(0) of 'Be in the Be metal can be
estimated by the weighted average of p(0) = 35.610 a.u. at
BO and p(0) = 35.417 a.u. at the substitutional site with the
weights proportional to the respective populations of "Be at
BO and at the substitutional site. To match the experimental
0.26% difference, we are led to the second conclusion that, at
T =293 K, 48% of "Be are located at BO and 52% of "Be
are located at the substitutional site. Then, we can success-
fully reproduce the experimental 0.26% difference as 0.48 x
0.54% = 0.26%. That is, although we could not identify only
from our calculation what percentage of 'Be are located at BO
at T = 293 K, the comparison between the calculated 0.54%
and the experimental 0.26% enabled us to conclude that 48%
of "Be are located at BO and the remaining 52% are located
at the substitutional site at 7 = 293 K. However, this does not
necessary mean that all the atoms filling the BO sites are 'Be
isotopes only. Needless to say, there are many other BO sites
filled by Be atoms as well.

(The half-life of "Be in metallic Be at room temperature
was first reported as 53.12 £ 0.06d in the earlier work of
Ohtsuki et al. earlier work [21,69], and then modified to a
more reliable 53.25 & 0.04 d in their later work by the mea-
surements of repetition [22,29,30]. Although this earlier value
might not be suitable, we can still theoretically justify it,
because it is different from 53.39 £ 0.03d at T = 5K [29] by
0.51%, which is slightly less than 0.54%, and the "Be atoms
can be considered to be mostly at BO sites in this sample).

In order to check the effect of unit cell relaxation, we
performed unit cell relaxation of the Be crystal with an in-
terstitial atom by using the CASTEP program with the BLYP
functional. The total energies of BO (without symmetry) and
BS (with symmetry) are, respectively, —59239.897eV and
—59239.864 eV, and the difference between them is 0.03 eV.
(Such a small energy difference between different interstitial
sites under the cell relaxation has been found in the HCP
zirconium system also [65]). This result strongly supports our
conclusion that BO can easily migrate throughout the crystal
through the BO — BS — BO pathway, if there is no ’Be in
the crystal.

V. SUMMARY

Since "Be nuclei have a finite size, there is a net volume
overlap between the "Be nucleus and the s electrons where
they can interact each other. The chemical environment may
alter the s electron density p(0) at the nucleus and thus affect
the EC decay rate. In this paper, by assuming the inverse pro-
portionality between the half-life and the electron density p(0)
at the "Be nucleus position, we have systematically calculated
the latter in Be, (n = 1-25) clusters and in Be crystals by
using density functional theory.

In the case of clusters, the value of p(0) quite rapidly
decreases from n = 1 to n = 6, and its value of Beg is already
close to its bulk value; the difference is only 0.3%. On the
other hand, in a perfect single Be crystal, the value of p(0)

hardly changes in the temperature range between absolute
zero temperature and room temperature either by thermal
expansion or by lattice vibration. The electron density at the
HCP lattice point, i.e., the substitutional site, is about 1.7%
smaller than that at the center of Cgy, which perfectly coin-
cides with the experimental evidence [29] that the half-life of
"Be of the Be crystal at T = 5K is 1.7% longer than that of
"Be@Cgp at T = 5K (i.e., at the center of Cgp). Thus, we are
led to the first conclusion that at 7 = 5K all "Be are at the
substitutional site of the Be crystal.

Next, we considered an interstitial Be atom in a Be crystal.
The energetically most stable interstitial position is the basal
octahedral (BO) site, while the octahedral interstitial (O) site
is the transition state on the path between two facing BO sites.
According to our BLYP result, the energy difference is 1.1 eV
(25 kcal/mol) and the electron density difference Ap(0) is
about 0.33% between the BO and the O sites. The second most
stable interstitial site is the basal split (BS) site. The energy
difference is 0.064 eV (6.2 kcal/mol) and the electron density
difference Ap(0) is only 0.06% between the BO and BS sites.

We performed MD simulations of a system having an
interstitial Be atom at room temperature, and found that (1) in
a system with °Be atoms only, BO can quite rapidly migrate
through BS; (2) BS made of 'Be and °Be atoms very rapidly
changes into BO of "Be; and (3) "Be stays very stably at a
BO site and seldom changes its position. Thus, we expect
that "Be stays more likely at BO than °Be at room tem-
perature. The electron density p(0) at BO is 0.54% higher
than p(0) at the substitutional site, which is about double the
experimental difference of 0.26% [29] in the half-life of "Be
between T = 293K and T = 5 K. This brings us the second
conclusion that half of the "Be atoms are at the BO sites, but
the other half remain at the substitutional sites at T = 293K,
which again perfectly explains the experiment. So, we expect
that the half-life of "Be can be further shortened at higher
temperatures.

We have also performed unit cell relaxation of the Be
crystal and found that difference in the total energy between
BO and BS is only 0.03 eV. This result strongly supports
the statement that BO can very easily migrate throughout
the crystal through the BO — BS — BO pathway at room
temperature if there is no 'Be in the crystal.

Finally, in our calculation, the Frenkel defect formation
energy is 4.62 eV when the distance between BO and vacancy
is infinite, and decreases to 4.31 eV when the distance is
391 A

We conclude that first-principles studies of the struc-
ture, electron density, and formation energies greatly help us
quantitatively understand the EC decay rate of 'Be in vari-
ous morphologies of beryllium as well as the diffusion and
migration of interstitial atoms in beryllium crystals.
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