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Ab initio study on divacancy binding energies in aluminum and magnesium
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The divacancy binding energies in fcc Al and hcp Mg have been examinadb lnyitio calculations based
on the density-functional theory. Dengepoint meshes and large supercells are used enough to obtained
converged values. For Al, the first-nearest-neightiddN) divacancy is indeed unstable with a negative
binding energy similar to the recent calculations by Caréhgl.[Phys. Rev. Lett85, 3862(2000]. However,
the second-nearest-neighd@NN) divacancy is stable with a positive binding energy larger than their value.
For Mg, both the 1NN and 2NN divacancies corresponding to the 1NN divacancy in fcc structures are stable
with positive binding energies in accordance with the conventional view. The difference in the stability of
divacancies in Al and Mg has been analyzed clearly through the calculations of divacancies in hcp Al and fcc
Mg. The tendency to form local directional bonds with covalency at defects is the electronic origin of the
peculiar nature of divacancies in Al.
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Point defects and their mutual interactions play importanthan Al, or unstable only in Al. Thus in this paper, first, we
roles in various phenomena in metals. Divacancies are comperform similar first-principles calculations of the divacancy
sidered to be formed by attractive interactions betweerbinding energy in Al using theb initio pseudopotentials
monovacancies, and are considered to make an importaniethod. We use larger supercells and dekspoint meshes
contribution to lattice diffusion at high temperature in than those mentioned in Ref. 3. This is because recent
metals! Divacancies are also considered an initial step forstudies®® have shown that such conditions, especially the
loop clustering in a vacancy-supersaturated atmosphereaumber ofk points, are essential to obtain converged nu-
Thus, studies of divacancy properties are of great importancenerical results. As will be shown, we have found that the
for understanding the properties of metals under high tem2NN divacancy is stable with a positive binding energy simi-
perature or irradiation. lar to the binding energy of the 1NN divacancy in Cal-

Many experimental studies on divacancies in metals havéhough it is nearly zero in Ref. 3. Second, we examine the
been performed for some time in order to obtain precise valdivacancy binding energy in Mg within the same theoretical
ues of the divacancy binding energfeRecently, Carling framework. Mg is a neighbor of Al in the periodic table, and
et al. performed theoretical calculations regarding the divadis a typical simple metal with free-electron-like electrons
cancy binding energies in Al using at initio pseudopoten- similar to Al. The properties of Mg are of great scientific and
tial method® To our surprise, Carlingt al2 reported that the technological importance. Comparison between the results of
first-nearest-neighbdd.NN) divacancy binding energy in Al Al and those of Mg should provide insight into the different
is —0.08 eV, which means that the 1NN divacancy is un-nature of two simple metals Al and Mg.
stable against two isolated monovacancies. They also re- In this study, we use the local density approximation
ported that the second-nearest-neigh®NN) divacancy (LDA) in the density function theofy(DFT) because our
binding energy is nearly zere-0.004 eVj. These results are main purpose is to obtain the divacancy binding energy. In
completely contrary to the conventional view of previousRef. 3, it has been shown that the absolute value of the va-
experimental and theoretical studies in which the 1NN diva-cancy formation energy cannot be reproduced with a high
cancy is considered to be stable due to the simple bondegree of accuracy by either LDA or GG4eneralized gra-
counting modef, namely, because of the decrease in thedient approximatio)) because the electron correlation effects
number of unsaturated interatomic bonds as compared withear the electronic edges cannot be accurately dealt with by
the two isolated monovacancies. In Ref. 3, Carlat@l. also ~ such schemes. However, Ref. 3 has shown that the divacancy
pointed out that the temperature dependence of the measurbihding energy can be obtained adequately by LDA or GGA,
vacancy concentration can possibly be explained withoubecause such surface effects are cancelled out. We use norm-
considering the presence of divacancies. conserving Troulier-Martins pseudopotentialsihe elec-

The study of Carlinget al® is a serious challenge to all tronic ground state is efficiently obtained using the
the preceding experimental and theoretical studies on divasonjugate-gradient technigtfewith an effective mixing
cancies in various metals. It is of great importance to examscheme suggested by KerkérFor the fractional occupan-
ine the validity of their results in Al theoretically and experi- cies, we use the Gaussian broadening sch&mith the
mentally. As well, it is of great interest to examine this Gaussian half width of 0.2 eV. The present scheme is very
problem in other metals. There emerges a natural questioefficient for large metallic systens.The cutoff energy for
whether the 1NN divacancy is also unstable in metals othethe plane-wave basis is 15 and 10 Ry for Al and Mg, respec-
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TABLE |. The monovacancy formation energy!, and divacancy binding energiéi;gV’iNN in fcc Al,
whereiNN indicates first neighbofLNN) or second neighbai2NN). N, is the number ok points sampled
in the BZ.N, is the number of atoms per cell, ahfy, is the effective number of atoms in the crys@l, is
the formation volume of the monovacancy. All the energy values are listed in eV, and the formation volume
is listed in units of the bulk atomic volume.

Unrelaxed  Unrelaxed  Full relaxed Full relaxed Exp.

Nz 180 108 108 64, 80

Ny 64 216 216 216, 144

Niot 6912 23328 23328 13824, 11520

HY, 0.58 0.80 0.72 0.7¢%, 0.5 0.67+0.03
HOy 1w -0.11 —0.05 -0.08 -0.07, —0.08 +0.17+0.0%°
Hov o +0.01 +0.05 +0.04 +0.00%, +0.004

Qy 0.69 0.67, 0.67 0.67
@Best value in this work. YRecommended value of Ref. 19.
b DA values in Ref. 3. ®Reference 20.
°GGA values in Ref. 3 Reference 21.

tively_. Stable atpmic configurations are obtained through reverged numerical result$y,,; needs to be sufficiently large.
!axatlon accord|ng-t0 the He||manl’l.-Feynman forces. By US'Of course, the Superce" Size’ namé‘{hé, has to be |arge SO
ing stress calculatior$and generalized Hooke's laithe  that the distance between divacancies can be long enough.
lattice constants at zero pressure are optimized for each su- £or Al monovacancies Chettgt al® examined various

percell containing vacancies. _ values ofN, andN, in the same theoretical framework. Ac-
The monovacafnqy fc_)rmatlon energfprmation enthalpy cording to their study, at leagi,=32 andN,=512 (N
at zero pressujeHy is given by =16384) are necessary in order to obtained converged val-
N—1 ues within~0.01 eV for the monovacancy formation energy.
——E[N], (1)  As will be shown, we have found that the values N
N =108 andN,=216 (N,,;=23328) can give well-converged
whereE,[N—1] is the total energy of the supercell contain- values for divacancies in Al.
ing N—1 atoms and a monovacancy, aBpN] is the total Table |1 lists the results of Al. For unrelaxed values, the
energy of the bulk supercell containiifgatoms. Similarly to  lattice constant and atomic positions are fixed at the ideal
Eq. (1), the divacancy formation e”e“ﬁ;v,iNN is given.  values of the bulk system. It is clear that the larger values of

H{=Ey[N—1]~

The divacancy binding energyg\,’iNN is given by N or Ny, are necessary to obtain converged results. The full
) . . relaxed value of the monovacancy formation energy de-
Hov inn=2Hy—Hov inn (2)  creases by 0.08 eV from the unrelaxed one. However, this

whereiNN indicates a divacancy type such as first-neares
neighbor(1NN).

There are two types of size effects that seriously affect th
numerical results. These are the supercell size and the nu
ber ofk points. In contrast to semiconducting systems, man
k points sampled in the Brillouin zon@®Z) are required for

metallic systems, in order to define the Fermi surface and t%inding energy. Our positive value-0.04 eV is larger than

obtain accurate integrals in the BZ, even if we use Gaussia{he nearly zero value in Ref. 3+-0.005 eV, It should be

broadening. The numbers kipoints required are dependenp noted that a smaller number kfpoints seem to reproduce a

on the cell size, and there is a trade-off between the cell sizg .o value of the ONN-divacancy binding energy as
and the number ok points. The effective total number of _, " “the first column of Table I. Thus the 2NN-

atoms in the crystaly, is useful, and is defined by divacancy binding energy in Ref. 3 should be too small be-

Nio=NaNj , 3) cause of smaller values df or N,;. We emphasize that the

2NN divacancy is stable in Al in contrast to the unstable

whereN, is the number of atoms per supercell a¥gis the 1NN divacancy. Of course, the value of the binding energy is
number ofk points sampled in the whole BZ based on thenot so large and the stability at high temperature may be
concept of Born—von Karman periodic boundary conditions.affected by the vibrational entropy term. However, it should
In this paper, the sampling &fpoints is based on the method be noted that the present value of the binding energy of the
suggested by Monkhorst and Pa€lOf course, the symme- 2NN divacancy in Al is in a similar range of the 1NN-
try operations of the system can reduce the numbek of divacancy binding energy of Cu obtained by recehtinitio
points used in actual calculations. In order to obtain con<alculations.

ies shown in Table I, because the relaxation effects in the
monovacancy and divacancy are canceled each other out.
Our results essentially support the results described by Car-

hg et al® Our value of the 1NN-divacancy binding energy
¥s indeed negative, and is similar to that shown in Ref. 3.
However, there is a remarkable difference in 2NN-divacancy

gelaxation effect is negligible in the divacancy binding ener-
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TABLE Il. The monovacancy formation energy{, and divacancy binding energie‘osz'iNN in hcp Mg,
whereiNN indicates the kind of divacancies form first neighli@NN) to sixth neighbor(6NN). All the
energy values are listed in eV and the formation volume is listed in units of the bulk atomic volume.

Unrelaxed Unrelaxed Unrelaxed Unrelaxed Full relaxed

N, 36 96 96 96 96

Ny 294 18 125 294 125

Niot 10584 1728 12000 28224 12000

HY, 0.80 0.88 0.75 0.77 0.74
Hy 1nn +0.04 +0.13 +0.04 +0.04 +0.06
HOy o +0.05 +0.16 +0.05 +0.06 +0.07
H3y s +0.07 -0.01 -0.01 —0.07
H‘;\,ANN +0.07 +0.01 +0.01 +0.0%
HOy snn +0.07 +0.01 +0.01 +0.08%
HOy enn +0.06 +0.02 +0.01 +0.0

Qy 0.6%

8Best value in this work.

For Mg, the configurations of divacancies from first to divacancy binding energies in Al and Mg. There are two
sixth neighbors are schematically shown in Fig. 1. For thefactors to be examined. One is the crystal structure, and the
ideal hcp structure, the first and second neighbors are sepather is the electronic properties intrinsic to each metallic
rated by the same distance. Both the 1NN and 2NN divacarspecies. From this viewpoint, we have examined the binding
cies in hcp correspond approximately to the 1NN divacancyenergies in imaginary hcp Al and fcc Mg. As mentioned
in fcc. Table 1l lists the results for Mg From the four sets of ear‘”er7 the relaxation effects are neg||g|b|e in the b|nd|ng
unrelaxed results, it is clear that,=96 andN,=125 can  energy. So relaxation is not performed, and the lattice con-
give converged values. From the results of first and secongants of supercells are fixed at the ideal values optimized for
columns, it seems that the value Nf is more important to e pulk crystals. In order to ensure high accuraby=96
obtain converged results. The relaxation effects are ratheénd N,=125 are used for hcp Al, antl,=108 andN,
s_mall as shown in the unrelaxed and relaxed formation ener- 516 are used for fcc Mg. Table ’III Iistas the results. The
gies of a monovacancy. About the fP”'re'a"ed values, theoinding energies of the 1NN and 2NN divacancies in hcp Al
1NN and 2NN divacancies are stable in Mg in contrast to theare negative, which is consistent with the negative 1NN-
divacancy binding energy in fcc Al shown in Table I. The
binding energy of the 1NN divacancy in fcc Mg is positive,
which is consistent with the positive binding energies of the

) - : NN and 2NN divacancies in hcp Mg shown in Table II. It
gi?/%ig\aec'i:g?r?trj]%h tl\r;le ?;8223 ggZirr?Iefootfht:ell%lNNdi&\l/giazr?lc hould be noted that values of the binding energies of diva-
in the fcc structuF;e gre posi'?ive Itgis quite interesting toycanci(_as_in the fcc and hep structures of_each_metal spec_ies
investigate the physical origins 6f the different features of - §|m|lar o those of the Correspondl_ng divacancies n

9 phy 9 imaginary hcp and fcc structures, respectively. It can be said
that the basic electronic structures and properties of simple
metals do not strongly depend on the crystal structures, only
if it is closed packed fcc or hcp. Thus the features of the

unstable 1NN divacancy in Al. As well, the binding energies

from third to sixth neighbor divacancies are nearly zero. All

the results for Mg are consistent with the conventional view.
The binding energy of the 1NN divacancy in fcc Al is

14
onn snn TABLE IIl. The monovacancy formation energy{, and diva-
3nn, cancy binding energieb!kz’vviNN in hcp Al and fcc Mg. Results are
) > given without relaxation. All the energy values are given in eV.
hcp Al fcc Mg
f
inn bHV 0.57 0.79
Hav 1nn —-0.07 +0.08
6nn HEy o -0.10 +0.01
Hgv,3NN -0.03
FIG. 1. Configurations of divacancies in hcp structure. Divacan- HOy ann +0.06
cies are formed between a vacan®) @nd a first neighbof1NN), HBV,SNN —0.02
second neighbok2NN), third neighbor(3NN), fourth neighbor Hgv 6NN —-0.01

(4NN), fifth neighbor(5NN), or sixth neighboi(6NN) vacancy.
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three neighboring atoms. As discussed in Ref. 3, the forma-
tion of such directional bonds at the first shell stabilizes the
monovacancy and causes the excess energy cost to form the
1NN divacancy. On the other hand, neither such bond forma-
tion nor such remarkable charge accumulation are observed
around the monovacancy of Mg as clearly shown in Fig. 2.
Thus the simple bond counting mofieleems to be appli-
cable to the divacancies in Mg. It should be noted that sev-
eral ab initio studies have reported that strong directional
bonds with covalent characters can be locally formed for Al
atoms with reduced coordination numbers at defects or sur-
faces in All’ This tendency of Al has also been observed in
a recenib initio study of the shear deformation of ARl is
trivalent and is a neighbor of Si in the periodic table. Thus it
can be said that Al has a character rather intervening between
simple metals and covalent materials, and that Al can form
bonds with both metallic and covalent characters according
to its environment. Here it should be noted that the 1NN
divacancy is thought both experimentally and theoretically to
be stable in covalent materials such agF&f. 18 due to a
mechanism similar to the simple bond counting model. This
point indicates that the unstability of the 1NN divacancy in
Al is a rather special case caused by the peculiar electronic
nature of Al revealing both metallic and covalent characters.
The present results indicate the quite different characters of
Al and Mg on local atomic bonding dominating defect ener-
gies and structures. Therefore, in developing the effective
interatomic potentials for Al and Mg for large-scale simula-
tions, this point should be incorporated.

In summary, we have performexb initio calculations of
the divacancy binding energies in fcc Al and hcp Mg, and
obtained well-converged values using large supercells and
densek-point meshes. For Al, the 1NN divacancy is indeed
unstable in a way similar to the results of Carling and co-
workers, although the 2NN divacancy is stable with a posi-
tive binding energy against their nearly zero values. For Mg,
both the INN and 2NN divacancies corresponding to the

FIG. 2. Three-dimensional representation of the difference ofl_NN,divacanC_y in.the fcc structure_ are Sta'?'e having positive
the charge density between with and without a monovacanégin Pinding energies in accordance with the simple bond count-
fcc Al and (b) hep Mg. The gray isosurface indicates the surface ofind model. The physical origin of the differing stabilities of
isovalue of the charge-density difference 0.0015 and 0.0007%.u. the divacancies in Al and Mg has been clearly shown
for Al and Mg, respectively. The black spheres indicate the posithrough the calculation of divacancies in hcp Al and fcc Mg
tions of the nearest neighbor atoms of a monovacancy. and the analysis of the charge density redistribution by va-
cancies. The origin of the peculiar nature of Al divacancies is

their tendency to form local directional bonds with metallic

divacancy b_lndmg energies iShQUId be determlngd malr_1ly b)émd covalent characters according to the environment, which
the electronic properties intrinsic to each metallic species. is intrinsic to Al

The 1NN divacancy is unstable in Al due to the genera-
tion of strong directional bonds at the first shell around the We are grateful to the financial support of “the Priority
monovacancy as pointed out in Ref. 3. Figure 2 clearlyGroup of Platform Science and Technology for Advanced
shows the charge accumulation between the neareskdg Alloys, Ministry of Culture, Science and Education”
neighboring atoms of the monovacancy. It is interesting thatGrant No. 11225209and “the Light Metal Educational
the charge density increases at each triangle among eaétoundation Inc.”
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