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Unrelaxed vacancy formation energies in group-1V elements calculated by the full-potential
linear muffin-tin orbital method: Invariance with crystal structure
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The unrelaxed vacancy formation energies have been calculated for group-IV elémiedts Hf) in the
hexagonal close packdticp and body centered cubibcg structures within the local density approximation
to the density functional theory using the full-potential linear muffin-tin orbital method. In hcp-Hf the calcu-
lated value of 2.37 eV is in excellent agreement with the experimental value otR.25eV. The results
found in hcp-Ti and hep-Zr, i.e., 2.14 eV and 2.07 eV, respectively, can therefore be considered as reliable
predictions. In the more open bcc structure, after very conclusive validations of the present procedure in Mo
and W by comparison with experiments and otlar initio calculations, vacancy formation energies of
2.2-2.4 eV are obtained in Ti, Zr, and Hf. These energies, which are very similar to those in the hcp structure,
are significantly larger than the experimental activation energies for self-diffusion in the bcc structure. Assum-
ing that the monovacancy mechanism is dominang-i, 8-Zr, and 8-Hf, this demonstrates that structural
relaxations with particularly large amplitudes are expected around the va¢&@d63-182609)00313-4

[. INTRODUCTION where the self-diffusion is commonly regarded as anomalous
in these elements, because the activation energies—deduced
Group-IV elementsTi, Zr and Hf) are known to exhibit from the slopes of the Arrhenius plot of the self-diffusion
very similar self-diffusion behaviors characterized by acoefficients—normalized to the melting temperatures are
strong crystal-structure dependence between dhghase, two-to-three times lower than expected farmaldiffusion,
ture, and thegB-phase, i.e., the high temperature body-the melting temperature are more than five orders of magni-

centered cubidbcd structure! When plotted on a normal- tude larger than in other pcc transition mefa&everal mod- _
ized Arrhenius plot, the self-diffusion coefficients are indeed®!S Nave been proposed in the past to interpret the very wide

almost identical for the three elements in a given structure, 107
and change by several orders of magnitude from one struc-

ture to the other at the transition temperat(see Fig. 1

The intrinsic self-diffusion coefficient measurements can 10°
now be considered as reliable for these three elements in

both phases, after the important improvements made
recently?® but very little is known about their defect param- 10
eters, such as defect formation and migration enthafpies.

The vacancy mechanism is confirmed to be dominant in =~ "o _
. o ~«_ 10 -
face centered cubi¢fcc) metals at low temperatures; it is E
therefore expected to be also the case in hcp-metals, because n
of the strong similarities between these two structures. As a 10 4

matter of fact, there is compelling evidence that intrinsic
self-diffusion ina-Ti, a- Zr and a-Hf, characterized by ac-

tivation energiesQ), respectively of 3.14 eV, 3.17 eV, and 10
3.72 eV, is normal and vacancy control®et® This mecha-

nism is supported by the value of the vacancy formation .

energy, i.e., 2.450.2 eV, which was deduced from posi- 10 10 1'2 1'4 1'6 1'8 2'0 22
tron annihilation spectroscopy measurements of the vacancy ) ) ) T /T- ) )
concentrations inx-Hf.® Such studies are not possible in Ti m

and Zr due to the limited temperature range available for the |G, 1. Arrhenius plot for the experimental tracer self-diffusion
a-phase. The determination of vacancy formation and migracoefficients for group IV elements in their low temperature hcp
tion enthalpiesH¢ andH,,, are therefore needed in these structure and high temperature bcc structure: (flil line), Zr
elements to validate and characterize the vacancy mechgiashed ling and Hf (dotted ling. The inverse temperature is nor-
nism. The situation is more complex in the bcc structuremalized to the melting temperaturg,, .
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spreading of self-diffusion behaviors among the variougresults concerning the vacancy-formation energies and vol-
element<. Diffusion via monovacancies remains the mostumes in the hcp and bcc structures of group-1V elements are
likely mechanism. In this context any information about theirpresented and discussed in Sec. IV.

defect parameters may give the key to understand their un-
usual diffusion behavior. For the vacancy mechanism to be
dominant in both structures, a large difference between the
two structures in vacancy diffusion, i.e., in vacancy migra- The electronic states and the total energies presented here
tion energy, is not sufficient, and a large difference in va-are calculated using the density-functional thedBFT)
cancy concentration, i.e., vacancy formation energy, is rewithin the local density approximatioiLDA).”*~?* The
quired. Kohn-Sham equations are solved using a fast full potential

The studies of defect properties with empirical potentialsversion of the LMTO methdd proposed by Methfessd,
are not very conclusive in these elements. When based ofhich has been described in Refs. 18-20,25. Within this
pair potentials their predictive character is uncerfaamd  Scheme the potential and charge density are treated without
when more realistic many-body potentials—EAM or secondspherical-shape approximation inside the nonoverlapping
moment approximatioiSMA) type—are used, they suffer muffin-tin spheres, and they are obtained by an interpolation
from the fact that the vacancy formation energy is most ofteriechnique in the interstitial region. In the present calcula-
one of the fitted quantity. The experimental values whichtions, three LMTO envelopes of Hankel functions with ki-
were taken for the latter are now known to be incorrectnetic energies—0.01 Ry, —1.0 Ry, and—2.3 Ry were
However one study, which does not have this drawback, persed. For all elements, the wave-function basis set consisted
formed in zirconium, shows that the unrelaxed vacancy forof s,p, andd orbitals from the first and second envelopes,
mation energies are almost identical in both structureginds andp orbitals from the third envelope. For Hf, tte
(2.14 eV and 2.10 eV in the hcp and bec structures, respe@rbitals were added in the first and second envelopes and the
tively) and that the relaxation energy is particularly large ind orbitals were added in the third one. Hankel functions with
the bcc structure, with a value of 0.67 é\One can now Kinetic energies of-1 Ry and—3 Ry were used for the
take advantage of first principles electronic structure calcuinterstitial fit and the density and potential were expanded in
lations, which have recently shown to be very efficient forspherical harmonics up to angular momentyg~=4 inside
quantitative defect studies, to provide new data for underthe spheres. The extendeg 3Jrespectively 4 and )
standing self-diffusion in these elements. The vacancy forstates of 8 (respectively 4 and 5) metals were treated as
mation energies have indeed been successfully calculatexlsemicore by performing a separate diagonalization at each
within the local-density approximation to the density func-iteration according to the two panel treatmé&hall calcula-
tional theory, in metals with cubic structure like alumind®n, tions are performed in the scalar relativistic approximation.
lithium,** sodium?? and a series of transition metdfs’  The number ok points,n,, used in the Brillouin zone inte-
The purpose of the present paper is to perform similar calgration will be specified in the text for the various calcula-
culations in Ti, Zr, and Hf, both in the hcp and the bcctions. They are taken on normal meshes, except for the cal-
structures. The very specific self-diffusion behavior commorculations with 54 atomic sites, where 10 special points were
to these three elements is indeed believed to originate frorased?® The k-point meshes used for the second panel are
their similar electronic structure, as is the case for their phastaken here to be approximately eight times less dense than
diagrams. The full-potential linear muffin-tin orbitdFP-  for the first panel. Standard values are taken for the radii of
LMTO) method® has been adopted here beca(isé allows ~ the muffin-tin spheres, i.e., 0.84, 0.88 and 0.876 times the
to handle large supercellaip to 54 atoms in the present Wigner-Seitz radius respectively for the bcc, fcc, and hcp
study) at a reasonable computational cost diigl to treat  structures. The empty spheres used for the vacancy calcula-
equally metals of the @ 4d and & series making possible a tions are identical. The summation over eigenstates is per-
systematic in group IV ; andiii) it avoids the difficulty of ~formed using the Hermit-Gaussian smearing technique,
the generation of pseudopotentials. Because it is not possibigith a smearing widtho=20 mRy.
to calculate forces within the present implementation of the The equilibrium volumes()y, and bulk moduli,B, are
FP-LMTO method, the structural relaxations around the vaobtained by fitting Birch-Murnaghan’s equation of states us-
cancy are not taken into account in this work. The aim of theing 195k points in the irreducible part of the Brillouin zone
present calculations is therefore to look whether there is afBZ) for bcc and fcc structures, and 2R@oints for the hcp
intrinsic effect of the crystal structure on the unrelaxed va-structure. They are summarized in Table I, together with the
cancy formation energy, and to provide referemadeinitio  c/a ratios for the hcp structure. Their agreements with
data for these energies in both structures. In the hcp structuexperiment®?® are as expected within LDA, i.eQ), andB
the relaxation effects are expected to be small, making thare respectively slightly underestimated and overestimated.
calculated vacancy formation energies highly predictive,The comparison with previous FP-LMTO calculations in
while the relaxation effects in the bcc structure are a quitegroup IV shows some small scatter due to differences in the
open issue. basis set for hcp-Ti and hep-ZRef. 30 and in the imple-

The organization of the present paper is as follows. Thenentation of the FP-LMTO method for hcp-EffFinally, the
main characteristics of the present FP-LMTO calculationsbulk properties from the previous vacancy studies, which
and the computational procedure are described in Sec. IWill be discussed in the following, are also reported in Table
They are then validated in Sec. Il by comparing with experi-l1 for comparison, namely the FP-LMTO calculations in Mo,
ments and otheab initio calculations the vacancy formation W, and Cu(Ref. 195 and the pseudopotential calculations in
energies in reference systems, namely Cu, Mo, and W. Thilo (Ref. 16§ and W’

Il. TECHNIQUES AND DEFINITIONS
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TABLE |. Calculated and experimental equilibrium volufg, bulk moduliB, andc/a ratios for the six
metals studied in their equilibrium structures, as well as in the bcc structure for group IV elements. The
present FP-LMTO results are compared with other similar FP-LMTO computations as well as with the
pseudopotentidPP values for previous vacancy studies. All calculations are within LDA. Experimental data
for )y andc/a are taken at room temperature from Ref. 28, while thoseBfare at low temperature from
Ref. 29. The volumes are expressed if @nd the bulk moduli in Mbar.

hcp-Ti  bece-Ti hep-Zr  bee-Zr  hep-Hf  bee-Hf Mo W Cu

Qg present work 16.20 15.88 2193 21.01 21.14 20.82 15.14 1553 10.99

FP-LMTO  15.7% 21.88 20.1¢ 1476 15.14 10.94

PP 15.37 16.4F

expt. 17.67 23.28 22.41 1558 15.85 11.76
B present work  1.25 1.18 1.02 0.96 1.20 1.10 2.87 3.26 1.83

FP-LMTO 1.14 1.06 264 329 19%

PP 277 33%

expt. 1.10 0.97 1.11 2.65 3.14 142
c/a present work 1.585 1.621 1.580

FP-LMTO  1.589% 1.613 1.594

expt. 1.588 1.592 1.583

8Reference 30.
bReference 31.
‘Reference 15.
dReference 16
®Reference 17.

@

The vacancy computations are performed by the supercell AQ\2 BQ,
approact?? using periodically repeated cells, with various A (Q—) m
numbers of atomic siteld:N=32N=236, andN=27 and 54, 0
respectively, _for the fc_c, hcp, and_bcc structures. T_he Vap(), indeed increases by more than a factor of two from
cancy form_atlon ener_g|e:Ef, were first calculated at fixed group IV to group VI, andBQ,/E,., increases linearly
supercell size according to along the transition metal series. Becandeis negligible in

group 1V, for simplicity the formation energies reported be-
N—1 low will always correspond to calculations at constant super-
Ef=E(N-1,ANQg)— TE(N,O,NQO), (1)  cell volume: they will be notedE; while H; will be used to
represent either results from fully relaxed calculations or ex-
perimental values.
where E(N—1,1NQ,) denotes the energy of a supercell
with N—1 atoms and one vacancy at volurh&),, and
E(N,0NQ,) is the bulk energy calculated fof atoms at the
equilibrium volume. In order to obtain a maximum accuracy,
the bulk energie&(N,0N(},) were calculated with a super- ~ The aim of this section is to assess the reliability of the
cell and using the samie points as for the computation of present procedure, based on the FP-LMTO method, to calcu-
E(N—1,1NQ,). These energies where found to differ by late unrelaxed vacancy energies both in close packed struc-
less than 2 meV fronNE(1,0£},), provided that the same tures and in the bcc structure of transition metals. Going
k-point density is used. beyond the atomic sphere approximati@8A) is a prereg-

We have studied the effect of volume relaxation, by mini-uisite for such calculation$:** As shown in the Appendix,
mizing the energy of the supercell with a vacancy with re-the value of the vacancy formation energy calculated with
spect to homogeneous volume changes, leading to a contrare LMTO-ASA method is indeed too large by almost a
tion denotedA Q) and a decrease in energyE. This allows  factor of 2: we have reproduced this result in Cu and con-
the calculation of the formation volum&;=Q,—AQ. The firmed it through hcp-Zr for the elements of interest in this
formation enthalpy at constant pressupe=(0) is given by  paper.

E:— AE; its difference withE; vanishes whemN—~ and The present FP-LMTO results for test calculations of the
was found here to be less than 0.04 eV for group-1V elewvacancy formation energy for two elements with the bcc
ments forN= 27 and 36. These relaxation energies are rathestructure(Mo and W and one with the fcc structuf€u) are
small, when compared to the results found in(Ref. 17 reported in Table II. The result in Cu, 1.35 eV, is in excel-
even in relative value, i.e., when normalizedBpor to the lent agreement with previous similar FP-LMTO
cohesive energ\E ... This behavior can be partly explained calculations**'® 1.29 eV and 1.33 eV. The very good
by the fact thatAE is proportional toBQ, througH® agreement with the experimental value of 1.28 eWas

lll. VALIDATION OF VACANCY CALCULATIONS
IN Mo, W, AND Cu
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TABLE II. Calculated values of the vacancy formation energies in Mo, W, and Cu. The experimental
values are recalled in parentheses. The other FP-LMTO results are from Ref. 15, and the pseudgp®ential
results from Ref. 16 in Mo and from Ref. 17 in W. The calculations are at fixed supercell size and without
structural relaxation, except for the last line where fully relaxed results are rephirtedhe number of sites
andn, the number ok points. The energies are expressed in eV.

Mo W Cu

N Ny (2.95+0.25) (3.55:0.25) (1.28£0.05)
Present work 27 16 3.14 3.53

54 10 3.16 3.54

32 35 1.35
FP-LMTO 27 16 3.13 3.27

32 10 1.33
PP 54 4 3.16 3.68
PP relaxed 54 4 2.90 3.44

expected since similar agreements were obtained by Kor- As a summary, the present procedure for calculating un-
honenet al. within a systematic FP-LMTO study performed relaxed vacancy formation energies with the FP-LMTO
over six fcc metal$® This demonstrates that, in compact method which was already known to be reliable in compact
structures:(i) neglecting the structural and volume relax- structures is shown here to be also reliable in the bcc struc-
ations and using supercells with 32 atoms or more are verjure with an estimated accuracy for transition metals of
good approximations andi) the FP-LMTO method allows 0.2 eV within the DFT-LDA. There is no reason to suspect
to compute reliable vacancy formation energies. insufficiencies in the DFT-LDA itself. Therefore the results
For the bcc structure, Mo and W were chosen because, ipresented below in group IV, can be considered as reliable
addition to experimental data, a large body of information ispredictions for the unrelaxed values of the vacancy forma-
available for these elements from previous very conclusivdion energies, and the only missing quantities for the direct
DFT-LDA studies usingab initio pseudopotentialé®P):'%17  comparison with the exact values for the real material are the
the values of the fully-relaxed vacancy formation energiesstructural-relaxation energies, which will be the object of
are within the experimental error bafs>® and the gain in  forthcoming paper&®3°
energy due to volume and structural relaxations were found
in both cases to be approximately 0.25 &ée Table . IV. GROUP-IV RESULTS
The FP-LMTO values for theinrelaxedvacancy formation A. Formation energies in the hcp structure
energies calculated here fdi=54 are in perfect agreement ) o
with the PP study in Mo, and differ by only 0.14 eV inw  The effect of supercell size on the determinationEgf
(see Table Il. This suggests that the implementation of theWas investigated in hcp-Zr. Cells with=16 are clearly too
FP-LMTO method used here is also reliable in the bce strucSmall to cancel the effect of vacancy-vacancy interactions:
ture for the calculation ofunrelaxed vacancy formation the value ofE; is larger by 0.25 eV than fd¥=36. In view
energies, even though the interstitial region—which isof the. excellent aggeement with experiments obtained\for
a priori treated with less accuracy than the region inside the=32 in fcc metals?” the results can be considered as con-
spheres—is larger than in compact structures. Thes¥ergeéd within approximately 0.1 eV fdi=36 in the hcp
calculations were repeated with the same supercell dize (Structure. The values df obtained at fixed supercell size
=27) and number ok points (1= 16) than in the previous for N=36 are displayed in Table Iil.
similar FP-LMTO study of Ref. 15. The agreement is perfect  TaBLE I11. Vacancy formation energies for group IV elements.
in Mo, whereas in W the present value is larger by 0.26 eVrhe results are reported for constant supercell volume calculations
leading to a significantly better agreement with experimentsyith N=36 andn,= 28 in the hcp structure and for two different
and PP results. This discrepancy can be attributed either t§izes in the bcc structurebt=27 andN=54 with respectivelyn,
the fact that a more accurate basis set is used here with four16 andn,=10. The experimental values are taken from Refs. 40
additional Hankel functions—for theandp orbitals—or to  and 6. In the hcp structureg;/Q corresponds to the calculated
the improved broadening scheme using Hermite Gaussianscancy formation energy normalized to the experimental value of
instead of Gaussians. Besides W, the unrelaxed vacancy fothe activation energy taken from Refs. 2, 3 and 5. The energies are
mation energies calculated with the FP-LMTO method for 5expressed in eV.
other bcc metals in Ref. 15 are found to be slightly to sig
nificantly larger than the experimental values. The present Ti Zr Hf
implementation which includes the technical improvements

. . hcp Calc. 2.14 2.07 2.37
mentioned above, as well as the treatment of semicore states,
. . . Expt. =15 2.45£0.2
is expected to improve the agreement with the exact DFT- E,/Q 0.68 0.65 0.64
LDA result, which can be one reason for this discrepancy, at f ' i i
least for some elements. But the main reason is most prob- pcc Calc.N=27 2.24 2.34 2.39
ably the structural relaxation which was shown to be even Calc. N=54 2.20 2.30

larger in Ta than in Mo and W'
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In Hf the present resultE;=2.37 eV, is in excellent included, group-IV elements therefore behave as the ten
agreement with the experimental determination of the vaether bcc metals which where shown to follow very well the
cancy formation enthalpy ine-Hf,® H$P=2.45+0.2 eV, scaling law of Eq(3).*
and in Zr E;=2.07 eV) it is compatible with the experi- The Arrhenius plots of self-diffusion coefficients in
mental evidence from positron annihilation spectroscopybce-Ti and bee-Zr are strongly curvéd*® and various val-
which leads toHfP=1.5 eV The onlyab initio data to  ues for the activation energies have been proposed depend-
compare with were obtained using the full potential KKR ing on the model adopted for the interpretatfdriThe two
method in the hypothetical fcc structure of Ti and*ZThe energies,Q; and Q,, deduced from a two-exponential fit,
result for Ti in Ref. 41E;=2.13 eV, is extremely close to are good indications of slope ranges: in bcc Ty
the present valueH;=2.14 eV) whereas for Zr the differ- ~1.3 eV andQ,~2.5 eV and in bcc-ZQ,~0.9 eV and
ence between the two values (1.77 eV and 2.07 eV, respegy,~2.1 eV’ Assuming that the monovacancy mechanism
tively) is Iarger than expected for two ;imilar structures. Thejs gominant at low temperatures, the sum of the formation
value predicted by the SMA potential _of Ref. 9 for Zr, enthalpy,H;, and the migration enthalpyd,,,, is normally
namelyE;=2.14 eV, agrees very well with the prese.nt re- expected to be close 0, at low temperaturé® In bee-Hf,
f;lr:e(;lr?r? tﬁ:?a:g)érds(ta&;?/ai;gg@ :)Oo;trgsu;ilg;ﬂzéatfgﬂ tcr)l?he reduced temperature range allows only a one exponential
effect which is not taken' into accoLmt heré is very weak fit with Q=165 eV:® The various estimates of the migra-

. tion enthalpies in bce-Ti, bee-Zr, and bee-HRefs. 9 and 50

The calculated values @; in hep-Ti, hep-Zr, and hep-Hf jpdicate small but nonvanishing energies of 0.3-0.4 eV.

can be considered as quite reliable in view of the genera\gh laxed ¢ ) . lculated h
agreement with available experimental and theoretical dat e unrelaxed vacancy formation energies calculated here

discussed above. The results for these three metals are cdi€ twice or more larger than the difference betw@an(or

sonant with normal values in the sense they match well wittf?) and these estimated migration energies. This discrepancy
the following correlation stated for metd#s** can be understood within standard diffusion theory only if

the structural relaxation energy is very large. The relatively
large relaxation found in bcec-Zr with SMA calculations in
bce-Zr, namely 0.57 eV, indeed goes in this direction. The
implementation of the FP-LMTO method used here is not
The melting temperatured,,,, of these elemenftdindeed very well suited for performing relaxation: the computation
lead respectively té1;=1.9,2.1, and 2.5 eV. Moreover, the of the forces is not accessible and the method has not been
ratio between the calculated valuelfand the experimental  tested for such cases. It is therefore more convenient to resort

values of the self-diffusion activation energy, is remark-  tg plane-wave/pseudopotential techniques to investigate this
ably constant for the three elements with a value close to 2/3,axation effect within DFT-LDAS839

(see Table Ill. This ratio is close to the usual observations in - 114 large relaxation effect is the only explanation com-

40,6 .
meta]s. We can therefore conclude that there is a perfec tible with the vacancy mechanism and standard diffusion
consistency between the present results, the experimen

e eory. Otherwise, if the relaxed vacancy formation energies
values ofQ, and the fact that self diffusion is vacancy con- y y g

trolled with normal defect parameters in the hcp structure of'e nqrma_l, the vacancy m echam_s m 1S po§5|ble O”.'Y |f.the
these metals. migration is anomalous, i.e., for instance if the migration

energies are vanishingly small, such as in the omega-embryo

model®! making invalid application of the transition state
B. Formation energies in the bcc structure theory. The fact that the self-diffusion coefficient increases
by three orders of magnitude when going from the hcp-phase

=54 in bee-Ti and bee-Zr show very weak size effects to the bcc-phase, is also compatible with these two explana-
namely only 0.04 eV. The calculation was therefore pér_tions: either a strong decrease in the activation energy, or a
formed only forN=27 in bce-Hf. The results are summa- strong difference in the vacancy diffusion due to an anoma-
rized in Table Ill. A preliminary LDA PP study wittN lously large and temperature dependent prefactor in the bcc

—16 in bece-Hf yielded a slightly larger vald@, g,  Structure.
=2.72 eV. The size effect probably accounts for part of the
difference with the present resuE(=2.39 eV). There are,

to our knowledge, no experimental determinations Hqr,

and no othemb initio data to compare with. Quite surpris-  The formation volumes();, calculated according to the
ingly the present results d&; are remarkably close to the procedure described in Sec. Ill—using cells containhg
values obtained in the hcp structure. Since the same absenee36, 27, and 32 sites, respectively, for the hcp, bcce, and fcc
of crystal-structure effect was obtained from SMA structures—are reported in Table IV for hcp-Ti, bee-Ti, hep-
calculations in Zr (E;=2.14 and 2.10 eV in the hcp and Zr, bee-Zr, hep-Hf, and Cu. The uncertainty in the determi-
bcc structures, respectivg)yone can conclude that the elec- nation of Q¢ is rather large, i.e.;£0.1Q,, because of the
tronic structure, even when taken into account at the DFTdifficulty to locate with sufficient accuracy the minimum of
LDA level, does not favor the formation of vacancies energy with respect to volume. An indication of the error on
on a rigid bcc lattice. As a result, the present values aré); is given by the fact that the decrease in enerd¥,
consistent—or even slightly larger than—the normal valuesvhich is obtained differs by at most 10% from the value
expected from Eq(3). When structural relaxations are not expected from Eq(2). In the interpretation of the present

Hi=10 3T, eVK 1. ©)

The calculations ofE; performed for N=27 and N

C. Formation volumes
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TABLE IV. Calculated vacancy formation volumes. The gain in T T T T
energy,AE, due to volume relaxation starting from a supercell of
volumeNQ, is given forN=36, 27, and 32, respectively, for the
hep, bee, and fce structures.

hcp-Ti bee-Ti hep-Zr  bee-Zr  hep-Hf  Cu

Q(Q,) 060 064 057 070 065 0.67
AE(eV) 003 003 004 002 003 0.2

DOS [(States/Ry)/at.]

results, one should keep in mind that the effects of long
range interactions and of structural relaxations are not taken
into account here.

The result in Cu{);=0.67),, is in good agreement with
the experimental value of){*P= 0,75)0,4 The calculated FIG. 2. Local density of states for a bulk atdiotted ling, a
values in the hcp structure are therefore believed to be quitést neighbor of the vacancidashed ling and the vacancy site
reliable, although the experimental value reporteci@r,  (full curve) in hcp-Zr.

QF=0.950,* is substantially larger. ' . . o

The formation volumes obtained in the bcc structi@®4 ~ Per surface atort, Here, this charge is essentially redistrib-
and 0.7Q,) are very similar to the LDA results in other bcc Uted on the vacancy site, which in turn has an excess charge
transition metaf®17 (0.6, in Mo and 0.62Q, in W). As of 0.79 and 0.67 electron inside the sphere respectively in
for the energies, no significant crystal-structure effect is no¢P-Zr and bcc-Zr. Close to a defect in general, the com-
ticed. The experimental determinationagtivationvolumes ~ monly admitted rule is that of local charge neutrality. The
in group IV yielded much smaller valug&3 Q,=0.33, above analysis based on the charge inside the spheres indeed
in B-Ti andQ,~0.2Q in B-Zr. Three explanations are pro- SUJgest that the atoms far from the vacancy remain neutral,
posed for thealarge and negative diﬁererﬂgxp_ﬂ}:mc if a and that the nearest neighbors of the vacancy also conserve
vacancy mechanism is assumé@: a strong coupling be- their charge, which is partially spread into the empty space
tween structural and volume relaxatiofiis) negative migra- left by the vacancy. .
tion volumes: the LDA result in Li(Ref. 54 (= The local density of statg®0S) on the nearest neighbor
—0.2),) indeed shows that this is possible; () strrgng of the vacancy are compared to the bulk DOS:_as expected it
temperature dependence@f,, which was indeed shown to has a smaller V\."dth’ and a sm_oother shégee Fig. 2 The
increase by 0.030), when the temperature is decreased fromlocal DOS obtained by projecting on the vacancy site covers

1423 K to 1273 K ing-Zr.5 The present results are there- the same energy range and is characteristic of delocalized

fore not incompatible with the experimental determinations>teS:

of Q),, but further investigations are required.

Energy (Ry)

V. CONCLUSION

D. Charge distribution It has been shown that the FP-LMTO method provides
We have analyzed the charge redistribution close to theeliable values for thenrelaxedvacancy formation energies,
vacancy. For each site, the charge inside the muffin-tirE¢, in bcc transition metals. This result, already admitted for
sphere is compared to the bulk value for the atoms and teompact structuredcc and hcp, was obtained by very con-
zero for the vacancy site. The results are reported in Table ¥lusive comparisons with previows initio pseudopotential
for hcp-Zr and bee-Zr. The charge redistribution affects onlycalculations in Mo and W. The values & calculated for
the nearest neighbors of the vacancy: each atom loses 0.05gooup-1V elementgTi, Zr and Hf), are invariant with crystal
0.06 electron from its muffin-tin sphere. This can be com-structure, hcp or bcc, and are consistent with normal values
pared to what occurs at metal surfaces, where the same balxpected for metals. In the hcp structure, where structural
ance yielded a charge transfer of approximately 0.1 electrorelaxations are believed to be small, this paper provides re-
liable predictions foH; in «-Ti and «-Zr, and confirms the
TABLE V. Charge redistribution around the vacancy in hcp-Zr experimental value ime-Hf. In the bcc structure, the calcu-
and bce-Zr. The charge balance is performed inside the muffin-tinated values ofE; are much larger than the experimental
spheres centered respectively on the vacancy, and a first, second,
and third nearest neighbor site. The reference is an empty sphere for TABLE VI. Comparison between LMTO-ASA and FP-LMTO
the vacancy and a bulk sphere for the atoms. A positive sign indimethods for the calculation of unrelaxed vacancy formation ener-

cates an excess of valence electrons. gies at constant cell volume. The calculations are performedi for
=32 andn,=35 in Cu (fcc structur¢, and N=36 andn,=28 in
hcp-Zr bce-Zr hcp-Zr. Energies are expressed in eV.
\{acanc_y 0.788 0.671 Method cu hep-2r
first neighbor —0.052 —0.065
second neighbor 0.001 —0.007 LMTO ASA 2.32 3.68

third neighbor —0.015 0.002 FP-LMTO 1.35 2.07
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activation energies deduced from the slope of self-diffusior2337. O.L. and F.W. gratefully acknowledge Dr. M. Meth-
Arrhenius plots. The symmetry of the bcc structure—wherfessel for supplying the FP-LMTO code.

the vacancy is introduced on a rigid lattice—is therefore not

sufficient to account for the anomalously low valuesHyf

expected for the vacancy mechanism to be dominant. APPENDIX: COMPARISON BETWEEN LMTO-ASA

The alternative explanation which is suggested is there- AND FP-LMTO
fore a crystal-structure effect entirely due to structural ) ) ]
relaxations83? The LMTO method in the atomic sphere approximatfon

The calculated formation volumes range from 0.57 tolASA) has a significantly lower computational cost than the
0.70 Q,, without any significant dependence on the crystalFP-LMTO mgthod’% However LMTO-ASA calculations in-
structure. The charge redistribution is such that the tail of th&luding combined correction terms, yield large discrepancies
charge from the first neighbors of the vacancy extends intd/ith respect to FP-LMTO. The results of the computations

the vacancy site, while further neighbors are not affected an@€rformed under similar conditions using both methods are
remain neutral. compared in Table VI for hcp-Zr and Cu. The LMTO-ASA

values are larger by almost a factor of 2. There is a minor
difference in the set up of the calculations, because the semi-
core panel has been included in the FP-LMTO computations

This study was partially supported by tfErection des  but not in the LMTO-ASA case. We checked in hcp-Zr, that
Etudes et Recherched Electricite de Franceat Moret-sur-  the FP-LMTO result is very similar when only one panel is
Loing, France, under cooperative CEA-EDF action No.used E; is lower by less than 0.01 eV).
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