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Abstract

The paper applies ab initio methods for investigation of possible origin of the superior

swelling resistance of titanium beryllide Be12Ti over beryllium. Both materials are consid-

ered as neutron multiplier materials in some design concepts of tritium breeding blanket of

future fusion reactor. The only stable tetragonal crystal structure of Be12Ti was studied in

this work. Hydrogen solution energy in all non-equivalent interstitial positions of Be12Ti

was found to be lower than that for beryllium suggesting easier dissolution of hydrogen

atoms in Be12Ti. Maximal binding energy of hydrogen atoms in vacancy linearly decreases

with the number of hydrogen atoms both in beryllium and Be12Ti. Hydrogen binding in

a vacancy is 0.4 eV lower in Be12Ti, suggesting easier release of hydrogen from beryllide

with respect to beryllium. No formation of chemical bounds between hydrogen atoms in-

side both beryllium and Be12Ti vacancies were observed.
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1 Introduction

Intermetallic beryllium compounds possess number of outstanding properties

which make them attractive for different industrial applications. Advanced mechan-

ical properties such as high strength at elevated temperatures, excellent oxidation

resistance and low density are indispensable for aerospace industry [1]. Be2Ti com-

pound demonstrates anomalous behavior in magnetic fields [2] and has a potential

to be used as a hydrogen storage material [3].

Such compounds as Be12Ti, Be12V and Be12Zr are considered as possible can-

didates for fusion applications, namely as neutron multiplier for breeder blanket

of the demonstration nuclear fusion power reactor (DEMO) to be used instead of

pure beryllium. Conceptual design of DEMO supposes an operation at significantly

harder conditions in contrast to the International Thermonuclear Experimental Re-

actor ITER (stronger irradiation load and higher temperatures). Therefore such

materials should obey high melting point, high oxidation resistance, low tritium

retention and low swelling.

Materials working in fusion environment should withstand severe operation con-

ditions including irradiation with fast neutrons. Collisions of the latter with atoms

of material generate atomic displacement cascades in which individual point defects

(vacancies and interstitials) and their clusters can be formed. Moreover, neutron

induced transmutation results in accumulation of gaseous atoms (helium and hy-

drogen) which grately facilitate formation of gas bubbles and swelling at elevated

temperatures [4–8].

Beryllides show higher resistance to volumetric swelling than pure beryllium.

Usually, swelling of nuclear materials is associated with formation of gas bubbles

promoted by helium. Vacancies in beryllium are also known to be efficient traps for

hydrogen isotopes [9–11]. Gaseous atoms stabilize vacancy clusters allowing them

to grow above the critical radius. Understanding of hydrogen trapping in irradiated

beryllium and Be12Ti is extremely important for the reduction of tritium radioactive

inventory within fusion reactor as well as for proper handling of radioactive wastes

during decommissioning of the fusion blanket. On the other hand, facilitation of

tritium release will significantly facilitate recycling of about 300 tons of beryllium

pebbles required for the DEMO reactor blanket [12].

Among the plenty of experimental studies on beryllium compounds [13–21], there

is a lack of theoretical understanding of the reason why beryllides demonstrate out-

standing properties with respect to pure beryllium for fusion blanket applications.
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The present paper is devoted to elucidation of the origin of accelerated tritium

release from Be12Ti by performing comparison of hydrogen isotope retention proper-

ties with pure beryllium using ab initio methods. The paper is organized as follows.

In section 3.1, we review recent situation with controversial interpretation of Be12Ti

structure. Elastic moduli of Be and Be12Ti are calculated and compared with previ-

ous findings in section 3.2. Hydrogen solution energy in all non-equivalent interstitial

positions of both Be and Be12Ti are calculated in section 3.3. Hydrogen binding en-

ergies with Be and Be12Ti vacancies are reported in section 3.4.

2 Computational methodology

Static ab initio calculations based on density functional theory were performed us-

ing simulation package VASP [22, 23]. The standard pseudopotentials for beryllium

(with two valence electrons), titanium (with four valence electrons) and hydrogen

were taken from the VASP library [24,25]. The projector augmented wave potential

(PAW) was used to describe the interactions between ions and electrons. The gen-

eralized gradient approximation (GGA) of Perdew and Wang [26] was employed to

determine the exchange-correlation energy.

During static relaxations the volume and the shape of the simulation cell were

fixed. No restrictions on relaxation of atoms within the cell were imposed. A Fermi

broadening of 0.2 eV and the cut-off energy of the plane waves of 450 eV were chosen

for both Be and Be12Ti. The mesh of 15 × 15 × 15 k-points was used for sampling

of Brillouin zone. The cells of the sizes of 4 × 4 × 2 (64 atoms) and 1 × 1 × 2 (54

atoms) were used for computation of hydrogen solution as well as binding energies

in Be and Be12Ti, respectively. Periodic boundary conditions were applied along all

crystalographic axes.

Atomic structures were visualized with the open source program Jmol [27].

3 Results and discussion

3.1 Structure and lattice parameters

3.1.1 Beryllium

Beryllium has a hexagonal close-packed (hcp) structure. The calculated lattice

parameters for bulk beryllium [28–30] and comparison with some theoretical and
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experimental data are presented in Table 1. More complete review of the studies

devoted to determination of lattice constants is given in Refs. [31,32].

3.1.2 Intermetallic Be12Ti

Analysing the literature data on crystal structure of Be12Ti we faced with a

controversial situation. Crystallographic databases (see e.g. ICSD [33]) report the

structure of Be12Ti both as hexagonal P6/mmm and tetragonal I4/mmm. Tracing

back through the references we found that Raeuchle et. al. [34] were the first who

determined the crystal structure of Be12Ti as disordered hexagonal with the space

group of P6/mmm. Some years later, Raeuchle and von Batchelder [35] reported

that the structure of Be12Mo is tetragonal with the space group of I4/mmm and with

the local atomic configuration similar to that of Be12Ti. The molybdenum analogue

was chosen since it was simpler for a study and belongs to the group of compounds

obtaining the same crystal structure as Be12Ti. Number of later publications [36–39]

confirmed tetragonal structure I4/mmm of Be12Ti.

Recently Peng, Liu et al. [40, 41] have performed first-principle calculations of

structural and elastic properties of Be12Ti with the use of the hexagonal structure

erroneously identified by Raeuchle et al. in their first publication [34]. Our analysis

have shown the non-equivalence of positional parameters of Be12Ti with tetragonal

and hexagonal structures.

This controversy regarding the structure of Be12Ti were recently highlighted by

Jackson et al [42], where detailed correspondence between the I4/mmm tetragonal

and the P6/mmm hexagonal unit cell was considered. Namely, calculation of phonon

dispersion curves has shown that the P6/mmm hexagonal structures is unstable in

the ground state (at the M-point). Such instability of the P6/mmm structure should

lead to hexagonal → tetragonal transformation and corresponding displacements of

Ti and Be atoms. Liu et al. [41] have performed similar calculations and did not

observed any instability at the M-point in the undeformed state, while imaginary

phonon frequency was found at the A-point at high pressure of 45 GPa thus suggest-

ing dynamical instability of hexagonal Be12Ti structure (see Fig. 5 in Ref. [41]).

We have repeated the calculation of formation energies of the tetragonal and

hexagonal Be12Ti phases similar to that made by Jackson et el. [42] using the fol-

lowing expression

Ef = EBe12Ti
total − n · ETi −m · EBe, (1)

where EBe12Ti
total is the energy of the computational cell containing n titanium and m
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beryllium atoms; ETi=−7.7432 eV and EBe=−3.7278 eV are the cohesive energies

per one titanium and one beryllium atoms, respectively. Calculation for the tetrag-

onal and hexagonal Be12Ti phases gives −3.67 and 1.12 eV, respectively, suggesting

that stability of the tetragonal phase and instability of the hexagonal one. A differ-

ence between formation energies of 4.79 eV is noticeably larger than that obtained

in Ref. [42], i.e. 1.08 eV.

In the present work we use the tetragonal structure with the unit cell containing

24 beryllium and 2 titanium atoms as demonstrated in Fig. 1. For convenience, the

Cartesian coordinates of all non-equivalent atoms within the tetragonal unit cell of

Be12Ti are given in Table 4. The corresponding positional parameters for tetrago-

nal cell are Be1(1/4,1/4,1/4), Be2(0.361,0,0), Be3(0.277,1/2,0) and Ti4(0,0,0). The

optimized lattice parameters of Be12Ti at 0 K and zero external pressure are pre-

sented in table 1. As seen, our results are in a good agreement with experimentally

measured values [37, 38]. Electron structure of Be12Ti was studied by Munakata et

al. [43].

(a)
3D

(b)
front

(c)
left

Figure 1: Crystallographic (tetragonal) structure of Be12Ti: (a) three-dimensional,

(b) the front and (c) the left views. Atoms are colored according to their type: Be1

(light green), Be2 (lime), Be3 (dark green) and Ti4 (grey).

3.2 Elastic properties

The elastic constants Cij were calculated in the classical way via Taylor expan-

sion of the total energy for the unit cell with respect to a small strain. Detailed

descriptions of the strains and energy changes for hexagonal and tetragonal crystal

structures can be found in Refs. [44–48]. Hexagonal beryllium crystal is characterized

by five independent elastic constants: C11, C12, C13, C33 and C44, while tetragonal

Be12Ti structure obtains all above listed moduli and C66. For hexagonal structure the

following relation is valid C66 = (C11 −C12)/2. Bulk modulus B and shear modulus
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Table 1: The lattice constants a and c (Å) at 0 K for Be and Be12Ti. The experi-

mental values were measured at room temperature.

Material a c c/a Reference

Be 2.265 3.562 1.573 present work

Be 2.248 3.529 1.570 ab initio [58]

Be 2.286 3.584 1.568 experiment [59]

Be12Ti 7.326 4.147 0.566 present work

Be12Ti 7.359 4.164 0.566 ab initio [42]

Be12Ti 7.350 4.190 0.570 experiment [37]

Be12Ti 7.360 4.195 0.570 experiment [38]

Table 2: Elastic moduli Cij (GPa) for beryllium and intermetallide Be12Ti calculated

at 0 K. Corresponding values of the Young’s modulus E, the bulk modulus B and

the shear modulus G for polycrystalline aggregates are also presented.

Material C11 C12 C13 C33 C44 C66 E G B

Be 344 14 -8 415 163 165 351 122 172

Be12Ti 338 -8 58 240 125 79 280 126 124

G of a polycrystalline aggregate were determined from the calculated elastic con-

stants Cij using Voigt-Reuss-Hill approximation [45, 48–50]. The Young’s modulus

was then evaluated from the relation for isotropic materials E = 9BG/(3B +G).

As seen in Fig. 2a, the calculated elastic moduli for beryllium are in general

consistent with the previously published data [51–58]. However, the magnitude of

the moduli C11, C33, C66, E and B are somewhat higher. Negative value for C13 was

obtained in our simulations (see Table 2), which is also confirmed experimentally [52].

The measurements [51] have shown that C12 might be also negative. In beryllium

C12 is positive, but much lower in comparison with the other elastic moduli.

Figure 2b demonstrates the elastic constants for Be12Ti compound. The mod-

ule C12 is found to be negative. We are aware of the only one publication, where

the stiffness constants Cij obtained via density functional theory were reported for

tetragonal structure of Be12Ti [42]. The values of C11 and C33 are higher, C13 is lower,

while all other moduli differ insignificantly as compared to our data. For comparison
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Fig. 2b shows also the results of Peng [40], which obviously are not consistent with

our findings due to different crystal structure of Be12Ti used in their work. Experi-

mental values measured at 20◦C for Be12Ti are: 282 GPa for the Young’s modulus,

128 GPa for shear modulus and 117 GPa for the bulk modulus [60]. These are in a

very good agreement with our values obtained using Voigt-Reuss-Hill approach (see

Fig. 2b).

All calculated elastic constants Cij fulfil the mechanical stability criteria for

hexagonal (Be) and tetragonal (Be12Ti) systems [61, 62]: C11 > |C12|, C33(C11 +

C12) > 2C2
13, C44 > 0 and C66 > 0. The anisotropy factor A = 2C44/(C11 − C12)

is equal to 0.99 for Be and 0.72 for Be12Ti. This large deviation from the unity

illustrates the strong anisotropy of intermetallic Be12Ti. For comparison, we have

calculated also the elastic constants for the unstable hexagonal phase of Be12Ti. Sur-

prisingly, they also fulfil the mechanical stability criteria suggesting that the latter

is necessary, but not sufficient condition.

3.3 Hydrogen in interstitial position

Evaluation of hydrogen retention behavior is very important especially from the

point of view of assessment of tritium radioactive inventory in pebbles for handling

of the radioactive waste after the end-of-life of the blanket. Such characteristic as

solution energy is responsible for dissolution of hydrogen atoms. The solution energy

was defined as

Es = EX+H
total − EX

total −
1

2
· EH2

ref , (2)

where EX+H
total and EX

total (X=Be, Be12Ti) are the energies of simulation cell with and

without hydrogen; 1/2 ·EH2
ref = −3.3590 eV is the energy of one hydrogen atom in H2

molecule. Diffusion of hydrogen atoms in metal lattices occurs by jumping from one

interstitial site into another. Further hydrogen solution energies in all non-equivalent

interstitial sites were calculated for both beryllium and Be12Ti compound.

3.3.1 Beryllium

There are four non-equivalent high-symmetry interstitials positions for hydrogen

in hexagonal lattice of beryllium. Two of them, tetrahedral and octahedral, are

located between the neighboring basal planes, while basal tetrahedral and basal oc-

tahedral are projections of tetrahedral and octahedral positions onto basal plane.

However, as shown by Ganchenkova et al. [63], only two of them (basal tetrahedral
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Figure 2: Comparison of elastic moduli Cij (GPa) for beryllium (a) and intermetallic

Be12Ti (b) at 0 K with the previously reported theoretical and experimental data.

The bulk modulus B and shear modulus G were calculated using the Voigt-Reuss-

Hill approach. The Young’s modulus E was determined with the help of the classical

relation for isotropic materials.
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and octahedral) are found to be stable. Figure 3 illustrates these positions in hexag-

onal lattice of beryllium. The energies of hydrogen located at basal tetrahedral and

octahedral interstitial positions are 1.54 and 1.74 eV, respectively. Obtained results

are very close to those found in Refs. [63,64].

Figure 3: Stable interstitials positions of hydrogen (white) in hexagonal lattice of

beryllium (green). Red lines connect hydrogen atom at basal tetrahedral site with

adjucent beryllium atoms above and below it. Half of the octahedral hole containing

hydrogen atom is drawn with blue lines.

3.3.2 Intermetallic Be12Ti

Tetragonal lattice of Be12Ti contains four crystallographcally non-equivalent po-

sitions: three occupied with beryllium (denoted as Be1, Be2 and Be3) and one with

titanium (denoted as Ti4) as demonstrated in Fig. 1. The first shell atomic environ-

ment for these atoms are presented in Fig. 4.

Initially every hydrogen interstitial position was chosen to be equidistant from

all the vertices of a tetrahedron formed by four neighboring atoms within the lattice

of Be12Ti. The results of calculation of solution energy for hydrogen atom in all non-

equivalent interstitial positions are summarized in Table 3 and plotted in Fig. 5. As

seen, hydrogen solution energy is completely determined by the local environment of

hydrogen atom and is varied within the range from 0.43 to 1.38 eV. Note, that the

corresponding value of the solution energy at the most favorable stable interstitial

site (basal tetrahedral) in beryllium is 1.54 eV, which is at least 0.2 eV higher. The

latter fact clearly suggests that dissolution of hydrogen atoms in Be12Ti should occur

easier in comparison with beryllium.

Recently similar calculations of hydrogen solution energy at six interstitial sites

in the lattice of Be12Ti were performed by Fujii et al [65]. They also found that the

solution energies are positive for all studied configurations and change from 0.11 to
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1.06 eV, i.e. in the range of 0.95 eV, which is in accordance with our findings. It

seems that there is a systematic shift between the solution energies from [65] and

ours, which might be tentatively explained by the difference in the reference energies

used for hydrogen molecule in formula (2).

yBe1 yBe2 yBe3 yTi4

Figure 4: The first shell atomic environment for four non-equivalent positions in

tetragonal crystal lattice of Be12Ti. Atoms are colored accordingly: Be1 (light green),

Be2 (lime), Be3 (dark green) and Ti4 (grey). Before relaxation hydrogen atoms were

placed in all possible tetrahedrons formed by four non-equivalent neighboring atoms.

3.4 Hydrogen in monovacancy

Such characteristics as hydrogen binding energy reflects the ability of hydrogen

atoms to be trapped by a vacancy. The binding energy of hydrogen with monova-

cancy in beryllium and Be12Ti was calculated using the following expression:

Eb = E
(n−1)H
V + EH

int − EnH
V − Ebulk (3)

where E
(n−1)H
V and EnH

V are the total energies of the system containing (n − 1)

and n hydrogen atoms, respectively; EH
int is the most favorable energy among the

configurations containing one hydrogen atom at interstitial site; Ebulk is the energy

of the ideal lattice. As follows from the expression (3), negative energy means an

absence of binding.

Monovacancy was chosen since the formation of divacancies in beryllium is en-

ergetically unfavorable irrespective of the divacancy orientation [66]. Similar results

were obtained recently by Jackson et al. [67] for Be12Ti who showed that divacancies

are also unstable with the only exception of Be2-Be2 divacancy with the binding

energy close to zero.
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Table 3: Non-equivalent interstitial positions for hydrogen in tetragonal lattice of

Be12Ti. For brevity, beryllium atoms Be1, Be2 and Be3 are denoted by numbers 1,

2 and 3, titanium atom Ti4 as 4. Each tetrahedron is represented by a sequence of

four digits designating type of the atoms located at its vertices, i.e. i-j-k-l, where

i, j, k, l=1,4. EBe1−3/Ti4
s in eV is the solution energy for one hydrogen atom calculated

using expression (2).

Be1 EBe1
s Be2 EBe2

s Be3 EBe3
s Ti4 ETi4

s

1-1-2-3 1.18 1-1-2-3 1.18 1-1-2-3 1.18 1-1-2-4 0.82

1-1-2-4 0.82 1-1-2-4 0.82 1-1-3-3 1.38 1-2-3-4 0.66

1-1-3-3 1.30 1-2-2-3 1.01 1-2-2-3 1.01 1-3-3-4 0.76

1-2-2-3 1.01 1-2-3-4 0.66 1-2-3-4 0.66 3-3-3-3 0.43

1-2-3-4 0.66 2-2-2-2 0.90 1-3-3-4 0.76

1-3-3-4 0.76 2-2-2-3 0.85 2-2-2-3 0.85

3-3-3-4 0.43
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tetragonal crystal lattice of Be12Ti. Horizontal dashed lines connect position with

the same local environment. Notation of tetrahedra is explaned in the caption to

Table 3.
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3.4.1 Beryllium

Our simulations demonstrate that single hydrogen atom is unstable in the center

of beryllium vacancy. Addition of two and more hydrogen atoms does not lead to a

formation of chemically bound hydrogen molecule, which is also consistent with the

earlier predictions [63, 68]. Single vacancy in beryllium can accommodate up to five

hydrogen atoms [63]. The binding energy as a function of the number of hydrogen

atoms in vacancy EV H
b (n) is displayed in Fig. 6. As seen, EV H

b (n) decreases with

increase of n and can be fitted with the following linear function:

EV H
b (n) = 1.2− 0.2(n− 1). (4)

The binding energy for single hydrogen atom in a vacancy in BT position is 1.21 eV.

The trap of second, third etc. hydrogen atoms noticeably reduces the binding energy.

For instance, EV H
b (5) is of about 0.4 eV (see Fig. 6). Thus, the higher is the amount

of hydrogen atoms, the weaker they are bound within beryllium vacancy. Data in

Fig. 6 are systematically lower by an average of 0.1 eV as compared with those

reported in Ref. [63], which is related to the usage of different pseudopotential. In

addition, the difference between the binding energies of hydrogen in 2T2 (T2 stands

for tetrahedral position slightly shifted upwards with respect to normal tetrahedral

position T) and BT+T2 (BT stands for basal tetrahedral position) configurations is

noticeably smaller than obtained by Ganchenkova et al [63].

3.4.2 Intermetallic Be12Ti

The binding energy of hydrogen-vacancy complex was calculated for all four types

of monovacancies corresponding to the absence of each non-equivalent atoms in the

unit cell of Be12Ti. In order to avoid running through all possible combinations of

first and subsequent hydrogen atoms within a vacancy, the following procedure for

their arrangement was applied. (1) The first hydrogen atom was positioned within

triangle faces formed by the first coordination shell of a vacancy. Non-equivalent

hydrogen sites were denoted in the same way as interstitial positions in the section

3.3 but using three digits designating apexes of the triangle face, i.e. i-j-k, where

i, j, k=1,3. Unique identification of each hydrogen position within vacancy is ensured

by addition of the fourth index corresponding to the type of the removed atom (Be1,

Be2, Be3 or Ti4) which index is typed in boldface. (2) The configuration with the

highest binding energy was chosen from the results obtained on previous step and

the next hydrogen atom was positioned at all non-equivalent empty sites. (3) This

12
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Figure 6: Binding energy of hydrogen-vacancy complex in beryllium for different

number of hydrogen atoms in a vacancy. Shaded area illustrates the region with

negative binding energy. Dashed line is an approximate linear fit through the data.

procedure was repeated for subsequent hydrogen atom placing.

The results of calculations for one hydrogen atom are presented in Fig. 7a. The

binding energies strongly depend on the specific hydrogen position and vary in the

range from -0.2 to 0.8 eV. For instance, hydrogen has no binding at 2-2-3 site within

Be1 vacancy, while maximal binding energy appears to be at 1-3-4 site within Be2

vacancy. It is interesting to note that the values of the binding energy of hydrogen

with vacancy in beryllium are higher by at least 0.25 and 0.4 eV (for T2 and BT

sites, respectively) than the maximal value of the binding energy of hydrogen with

vacancies in Be12Ti.

Dependence of the binding energy for two, three and four hydrogen atoms in all

types of vacancies are demonstrated in Fig. 7b. In order to avoid an overlapping, the

dots corresponding to the same number of hydrogen atoms were slightly displaced

along the abscissa. Figure 7b shows a clear decrease of maximal binding energy with

the increase of the number of hydrogen atoms similar to that found in beryllium (see

Fig. 6). The binding energy significantly depends on hydrogen adsorption site. For

every number of hydrogen atoms within vacancy, there are sites at which hydrogen

has no binding. All other binding energies for a certain number of hydrogen atoms
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are more or less uniformly distributed between their maximum and minimum values.

Vacancies with more than four hydrogen atoms were not studied in the present

work. Hydrogen atoms in a vacancy are often three-coordinated with metal atoms

and rarely are two-coordinated with the length of bond between 1.40 and 1.67Å.

The distances between hydrogen atoms in all types of vacancies are in the range of

1.6−2.7Å, i.e. much larger than the bond length of the H2 molecule.

Similar to the case of pure beryllium the maximum values of EV H
b (n) can be

fitted as:

Eb(n) = 0.8− 0.2(n− 1). (5)

Using Eq. (5) one can estimate that for five hydrogen atoms inside a vacancy the

binding energy close to zero is expected.

For all investigated vacancy types with hydrogen occupation up to four atoms

in Be12Ti and five in beryllium, no formation of hydrogen molecule was observed.

Analysis of electron density maps confirms an absence of chemical bond between hy-

drogen atoms. In addition, our simulations demonstrate that hydrogen atoms prefer

to occupy the periphery of vacancy similar to that found previously for beryllium [63]

and other metals [69–73]

As follows from the obtained results, single hydrogen atom is weaker bound in

Be12Ti (0.8 eV) than in pure beryllium (1.3 eV). According to the extrapolation

of the obtained binding energies, less than seven hydrogen atoms can be bound in

a beryllium vacancy, whereas only four in Be12Ti. If the same tendency will be

confirmed for trapping of helium, the lower swelling of beryllides might be traced

back to the lower trapping ability of gaseous atoms within a vacancy.

4 Conclusions

The origin of the superior properties of titanium beryllide Be12Ti over beryllium

by comparison of the corresponding properties of both materials were studied using

ab initio methods. The main conclusions can be summarized as follows.

1. Structure and lattice parameters for beryllium and Be12Ti with tetragonal

lattice structure were calculated. Elastic constants for both the materials are

consistent with the available experimental and theoretical studies.

2. Hydrogen solution energy in interstitial positions of Be12Ti are at least 0.2 eV

lower then that for beryllium suggesting easier dissolution of hydrogen atoms

in Be12Ti.
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Figure 7: Binding energy of (a) one hydrogen atom located at all non-equivalent

sites within four types of vacancies in Be12Ti and (b) hydrogen-vacancy complex in

Be12Ti for different number of hydrogen atoms in a vacancy. Shaded area illustrates

the region with negative binding energy. Horizontal dashed line in (a) demonstrates

maximum binding energy of one hydrogen atom in beryllium monovacancy [63].
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3. Maximal binding energy of hydrogen atoms in a vacancy decreases linearly

with the number of hydrogen atoms both in beryllium and Be12Ti. Hydrogen

binding in vacancy is 0.4 eV lower in Be12Ti, suggesting lower trapping abil-

ity of hydrogen from beryllide with respect to beryllium. This fact explains

earlier hydrogen release during thermal desorption experiments (i.e. at lower

temperatures) from Be12Ti.

4. No formation of chemical bounds between hydrogen atoms inside both beryl-

lium and Be12Ti vacancies were observed up to five hydrogen atoms in Be and

four in Be12Ti.
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Appendix A. Cartesian coordinates of atoms in tetragonal unit cell of

Be12Ti

Table 4: The Cartesian coordinates (in Å) of all non-equivalent atoms within the

tetragonal unit cell of Be12Ti with the lattice parameters a = 7.326Å and c = 4.147Å.

Number Atom Atom Type x y z

1 Be 1 1.831 1.831 1.037

2 Be 2 2.572 7.326 4.147

3 Be 3 2.069 3.663 4.147

4 Be 1 5.494 5.494 3.111

5 Be 2 4.754 7.326 4.147

6 Be 3 5.257 3.663 4.147

7 Be 1 5.494 1.831 1.037

8 Be 1 5.494 5.494 1.037

9 Be 1 1.831 5.494 1.037

10 Be 2 7.326 2.572 4.147

11 Be 2 7.326 4.754 4.147

12 Be 3 3.663 2.069 4.147

13 Be 3 3.663 5.257 4.147

14 Be 3 1.831 5.494 3.111

15 Be 1 1.831 1.831 3.111

16 Be 1 5.494 1.831 3.111

17 Be 1 6.235 3.663 2.074

18 Be 2 3.663 6.235 2.074

19 Be 2 1.091 3.663 2.074

20 Be 2 3.663 1.091 2.074

21 Be 2 5.732 7.326 2.074

22 Be 3 7.326 5.732 2.074

23 Be 3 1.594 7.326 2.074

24 Be 3 7.326 1.594 2.074

25 Ti 4 7.326 7.326 4.147

26 Ti 4 3.663 3.663 2.074
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