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Ab initio calculation of the formation and migration energies for monovacancies in Mg
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Within the framework of the density-functional theory in local-density approximation andhiitio
pseudopotential method a monovacancy formation erEﬁgy)f (0.83=0.07) eV and migration energi&s),
of (0.47+0.08) eV and (0.4%0.08) eV are obtained for a vacancy-mediated self-diffusion along tinds
and in the basal plane of hexagonal Mg. The obtained migration energies fit to the experimental value obtained
when assuming that the vacancy migrates in the resistivity recovery stage Ill. However, both the theoretical
values forEflv andEY}, as well as the experimental valu@btained by assuming a vacancy migration in stage
Il add up to values for the activation energy of self-diffusion which are considerably smaller than the
activation energy obtained by tracer self-diffusion experiments.

The investigation of the formation and migration proper-with the migration of the metastable configuration, stage |l
ties of monovacancies in Mg is interesting for the following with the migration of the stable configuration and stage 1V
reasons. with the migration of the vacancy. The two main recovery

(1) There are conflicting experimental results on the for-stage8in Mg are stage Ill and stage IV. Stage Ill is centered
mation energyEflV. The comparison of dilatometric and at about 130 K after neutron irradiatidrat slightly higher
x-ray thermal expansion measurements at elevated temper@mperature$130—170 K after electron irradiatioft® and it
tures lead to a rather low value of 0.58 &¥he experiments appears between 80 and 160 K after "'Heombardment.
were criticized by Tzanetakiet al.? because the dilatomet- Stage IV appears around 215 K after quencHirmgtween
ric and x-ray experiments were not performed for the sam@40 and 280 K after electron irradiati@rand between 200
specimen. Indeed, electrical resistivity measurements at theand 280 K after Hé bombardment. The question under
mal equilibrium or after quenching yielded considerablydiscussion again is whether the free migration of vacancies
larger values(see Ref. 2 and references thejeine., Ef, ~ Should be attributed to stage li¢.g., in Ref. § or stage IV
—=0.79+0.03eV (Ref. 2 and Ef1V=0.83t 0.03eV (Ref. 3 (e.g., in Ref. 9. For avacancy mlgratlon in stange Il centered
when the measurements were performed under conditions Gf @Pout 130 K(Ref. 7) the migration energyyy would be
very low vacancy concentrations to prevent precipitation@20ut 0.45 eV. This value, however, is in conflict with the
during the quench. Positron annihilation experiments in MgPhe obtained fronEzy, =Esp—E;y which is obtained when
are difficult to analyze: Because the binding enegyof a ~ @ssuming that the self diffusiofand hence the activation
positron to a monovacancy in Mg is probably rather sthall, energyEsp for self-diffusion is mediated by monovacan-
trapping-detrapping model has to be fitted to the experimencies. From the experimental valesp=1.44 eV (Ref. 10
tal data, and the rather large number of fit parameters introobtained fby a tracer diffusion experiment, and inserting
duces an uncertainty foEf, . For instance, assuming, 0.8€V<E;,<0.9eV, considerably larger migration ener-
>0.5eV yields El,=(0.9-0.1)eV whereas forE, dies, 0.54eEf,=<0.64eV, are found. The recovery at
—0.4eV the best fit is obtained f@&!, =0.85eV. An accu- Stage IV around 215 K found by Tzanetakisal” is consis-
ratea priori knowledge ofE!,, would help to fixE,. Alto- €Nt with a migration energy of 0.5 to 0.6 eV and hence
gether, the vacancy formation energy in Mg appears to pgompatible with the so obtained range of values for the mi-

between 0.8 and 0.9 e\if we omit the low value from the gration er_'efgies- When judging aI_I these nu_mbers it should
differential thermal dilatometiy be taken into account that the various experimental data ex-

(2) There is a long-standing discussion on the interpretahibit a statistical error and probably also a systematic error

tion of the various recovery stages upon annealing of irragi{for instance, related to a slight curvature of the Arrhenius

ated or quenched metals which are denoted by numbers | fyot for the self-diffusion data due to contributions of com-
V (with stage | being subdivided into various substagese, plex defects such as divacancies or to a temperature depen-

e.g., Refs. 5, 6. In the so-called one-interstitial model it jsdence of the defect Pfopert)esTherefofre, it is not totally
assumed that there are two elementary intrinsic point defecd®ar whether the discrepancy betweeq,=0.45eV found
which exhibit long-range migration, the vacancy and thewhen attributing the vacancy migration to stgge Il and the
stable interstitial configuration, whereas in the two-larger values of the migration energy obtained fréfg,
interstitial model the vacancy, the stable interstitial configu-— E1y is really decisive.

ration and a metastable interstitial configuration are consid- (3) For hexagonal materials the diffusion tensor in general
ered for long-range migration. In the one-interstitial modelis anisotropic, and two migration energig;, for diffusion
staged ¢ and Il are attributed to the long-range migration of along thec axis andEg;, for diffusion in the basal plane are
the stable interstitial configuration and of the vacancyexpected. For Mg at most an extremely small anisotropy was
whereas in the two-interstitial model stdte is associated found in the diffusion experiment§,with EL,=1.44 eV and
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E§D= 1.43 eV and with more or less identical preexponential
factors. For comparison, in hexagonal Be there is indeed an
anisotropy:! with EL,=1.71eV andEg,=1.63eV.

In the present paper the energies of formation and migra-
tion of vacancies in Mg are calculated by thke initio elec-
tron theory. There are only feab initio calculations of the
vacancy formation energy in hexagonal metals. The present
authors considered the case of Bref. 12 and Le Bacq
et al13 the hexagonal phases of Ti, Zr, and Hf.

The calculations were performed within the frame-
work of the density-functional theory in local-density
approximation* and the ab initio pseudopotential
method*>® A supercell formalism is used, i.e., large super-
cells containingN sites and one vacancy were arranged pe-
riodically, and the formation energy was calculated ftbm

FIG. 1. The jump vectors for the four diffusion paths considered

in this paper.
El,=E(N-1 1,Q’)—EE(N 0,0) (1)

v ' N e (4) Jump of an atom from the basal plane to a vacancy on
the nearest-neighbor site along tbexis, i.e., the nearest-
whereE(N—1,10Q") is the energy of the supercell witk neighbor in a parallel next-nearest-neighbor plane.
—1 atoms and one vacancy at the equilibrium volufife Our calculations yielde=3.12A, c=5.06 A, andc/a
andE(N,0,0) is the energy of the perfect supercell wkh ~ =1.62. The experimental values 4tea=3.20280A, c
atoms at the equilibrium volum&. Both the “structural =5.19983A, anct/a=1.62 at 298 K.
relaxation,” i.e., the individual relaxation of the atomic po- ~ The vacancy formation energy was calculated for super-
sitions around the vacancy, and the “volume relaxation,”cells with N=16, 36, and 54 sites. Fdi=54 we obtained
i.e., the change in the supercell volume due to the introducE},=0.83 eV with an estimated numerical error #0.03
tion of the vacancy, were taken into account. Due to theeV due to a nonperfect convergence of the results with re-
nonidealc/a ratio of Mg (see belowa vacancy in the basal spect to the supercell size and with respect to the number of
plane has six nearest neighbors outside the basal plane wiflane waves used in the basis and the numbek pdints
nearest-neighbor distance which is slightly smaller tllan used for the sampling of the Brillouin zone. From the
and six neighbors in the basal plane with distaacéfhe  comparisof® of ab initio data with the best experimental
nearest neighbors of the vacancy exhibit an inward structuralata for the case of other simple metals such as Li, Na, and
relaxation of 1%, the neighbors in the basal plane of 0.6%Al we estimate the uncertainty resulting from the use of the
the relaxations of all the other atoms are at least an order dbcal-density approximation to be smaller than 5%. The in-
magnitude smaller. The volume relaxation has only a neglifluence of nonlocal corrections to the local-density approxi-
gibly small effect orE{,,, no matter whether we allow for an mation has been investigated within the framework of the
isotropic or an anisotropi¢because of the hexagonal sym- generalized-gradient approximation bydgelind et al** for
metry) change of volume due to the vacancy. The vacancyhe case of bcc transition metals. It turned out that there is
migration energyED, is calculated within the framework of only a weak influence on the vacancy formation energy for
the transition state theot¥as the energy difference between 4d and 5 metals and a stronger influence fod 3netals
two static, fully relaxed configurations, the first one with the (éspecially Fewith the strongly localized! states. We think
moving atom in the saddle point configuration between théhat these nonlocal corrections are not important for Mg for
initial and the final state of the jump and the other one withWhich the valence states are much more free-electron-like.
the atom in the initial state. According to our experience forWe thus finally obtainE,=(0.83+0.07) eV, whereby to
Li, Na, K, and Mo we assumed that the difference in volumeour feeling the error limits have been chosen rather gener-
for the supercell with the vacancy in the initial configuration ously. This formation energy is consistent with the range of
and with the moving atom in the saddle point configurationvalues 0.8 E},<0.9 eV found experimentally, see above. It
has only a negligibly small effect oB7,, and we therefore would fit to a binding energy of 0.4 eV between the positron
calculated the energy of the saddle-point configuration fond the vacancy, see above. The vacancy formation energy

the equilibrium volume of the initial configuration. of Mg is smaller than the vacancy formation energy of Be,
We considered all diffusion paths with jump distarice Wwhich is 1.13 e\A? For the vacancy formation volun@},

<c (Fig. ). =Q0'—Q+Q, we obtainedQ !, =0.7), whereQ, is the
(1) Jump of an atom from the basal plane to a vacancy orquilibrium atomic volume of the perfect material.

a nearest-neighbor site in a parallel neighboring plane. The vacancy migration energy first was calculated for a

(2) Jump of an atom in the basal plane to a vacancy on theupercell containing 36 sites. We thereby assumed that the
nearest-neighbor site in the same plane. The jump vector saddle-point configuration corresponds to the midpoint posi-
slightly larger than for diffusion path 1, see above. tion of the jumping atom. For path 2 which turned out to be

(3) Jump of an atom from the basal plane to a vacancy omrenergetically most favorable orieee below we have con-
the next-nearest-neighbor site in a parallel neighborindgirmed this assumption by an explicit calculation of the
plane. whole diffusion path. It turned out that for the diffusion paths
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3 and 4 the migration energies are a factor of about 5 and 8 TABLE I. Comparison of theoretical results with experimental
larger than for the diffusion paths 1 and 2. We therefore havéata(in eV). The experimental data fd7, depend on the assign-
redone the calculations for the diffusion paths 1 and 2 for dnent of the vacancy migration to stage Il or stage IV of the resis-
supercell containing 54 sites. Thereby the migration energie$/Ity recovery, see text.

changed by less than 2%, i.e., we can assume that they are

well converged with respect to the supercell size. We ob- Present Work _ Experiment
tainedEJ,, = (0.47+0.08) eV andE},,=(0.45+0.08) eV for stage lll interpret. stage IV interpret.
diffusion path 1 and 2, where the estimated error IimitsEflv 0.83+0.07 0.79-0.9Refs. 2—4

(again generously choseencompass the numerical errors 047

and the errors from the application of the local-density apEiv 045008 0.45Ref. 7 0.5-0.6(Ref. 2
proximation. Because the'diffusion p_ath 1 exhibi.ts a diS'Eflv+ EM,  1.30+0.15 1.24-1.35 1.29-15
placement along the axis it may mediate a self-diffusion Eeo 1.44 (Ref. 10

along thec axis with an activation energy CEQD, whereas

the diffusion path 2 with the slightly smaller migration en-
ergy will be favored for the diffusion in the basal plane, and
we denote the corresponding activation energy VEtf,.

the basis of this assignment. We just discuss two of these
s ) o : problems and refer to a critical discussion of all experiments
F_or the actnf/atlonmenergles for self—_d|f|1“u3|on via monO\iacanin Ref. 6. First, if we take our values fd!, andE™, seri-
ciesEsp=Ejy+Eyy, we thus obtairEsp=1.3€V andEsp g1y we end up witE sy~ (1.3+0.15) eV. The most prob-
=1.29eV. The calculations thus reproduce the experimental,|e”yajue of 1.3 eV is considerably smaller than the experi-
r(.asult' that very similar 'actlvatl'on energies are founq f‘or themental value of 1.44 eV. We therefore must conclude that
diffusion along thec axis and in the basal plane, Wiy ejther our error estimates for the calculation are too optimis-
slightly larger tharEgp,. tic (although to our feeling they are already rather generously

Our values forE},, ET\, and E¢p=E},+EJ, are com- chosen and that in reality the migration energy and/or the
pared with experimental values in Table |. The calculatedformation energy are larger than obtained by our calcula-
value of Ef;,=0.45 eV fits to the experimental value of 0.45 tions, or that the experimental value for the activation energy
eV which is obtained when assuming that the vacancy miis too large. It therefore would be highly desirable to redo the
grates in the recovery stage lll. In spite of this clear statediffusion experiment. Second, the fact that the recovery state
ment, we want to mention that we run into the same prob{V occurs after quenchingvhere mainly vacancies are pro-
lems as experimentalists when we try to understand not justuced is more naturally explained by assigning the vacancy
one or the other experiment but all available experiments omigration to stage IV.
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