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Ab initio calculation of the formation energy and the formation volume of monovacancies in Mo
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By means of theab initio mixed-basis pseudopotential theory and the local-density approximation the
formation energyE’,, and the formation volume/t,, of monovacancies in Mo are calculated with high
accuracy—including the structural relaxation of the atoms around the vacancy—in order to explore the reli-
ability of the ab initio electron theory for the treatment of vacancies in transition metals. The calculated
formation energ)EfV:(Z.gr 0.1) eV is in excellent agreement with experimental data from positron annihi-
lation. For the formation volume a value of (6:6.1) atomic volume is obtainefiS0163-18207)00945-4

One of the objectives of materials science is to combingefrain from approximations for the crystal potenfiad,i.e.,
phenomenological theoridstatistical mechanics, continuum to perform a full-potential calculation, and to take into ac-
theorie$ with microscopic theories in order to understandcount the structural relaxation of the atoms near the atomic
the mesoscopic and macroscopic behavior of materials frordefects.
the viewpoint of the electronic structure. An example is the In recent years calculations on this level have been per-
theory of self-diffusion via atomic defects. In this case theformed for intermetallic compounds of transition metals and
macroscopic material parameter, i.e., the diffusion constanhain group elements, for instance, NiAlFeAl® 1!

D, may be directly related to microscopic parameters like the=e;Al, 112 and NiAI. 22 In these systems the properties of
energies, entropies, and volumes of defect formation and dehe electronic structure are very complicated and the use of
fect migration via equilibrium statistical mechani@er the  ab initio methods is therefore indeed absolutely indispens-
formation and via the transition-state theorfor the migra-  able. The comparison with experimental data is more com-
tion). The contribution of the microscopic theory is to calcu- plicated than in elementary metals beca(is¢here is a co-
late these microscopic parameters and to explain the differexistence of various types of defects, the microscopic
ences between various systems on the basis of their structuparameters depend on the composition which is sometimes
and electronic properties. To obtain highly accurate and rehard to control with high accuracy in the experiment, and
liable results it is thereby important to perform the micro- (jii) the sample homogeneity is not always guaranteed. In
scopic calculations from first principléab initio), i.e., with-  view of these problems it is desirable to test the reliability of
out the use of adjustable parameters. The capability of sucihe ab initio calculations first for elementary transition met-
calculations has been most convincingly demonstrated fosls. Curiously enough, there are so far ab initio full-
silicor? and for the simple metals Fi,Na,' and Al®> For  potential calculations for vacancies in transition metals
instance, for Na and Al where highly accurate experimentajyhich are on the same level as those for elementary metals:
data exist, there is an excellent agreement between theofy the full-potential Korringa-Kohn-Rostoker(KKR)-

and experiment for the formation energ§, of monovacan-  Green’s-function calculatiofigor fcc and hcp transition met-
cies. For Li reliable data foE[,, are missing, but there are als, in the full-potential linear-muffin-tin-orbitalFLMTO)
accurate results for the activation energy for self-diffusioncalculationd* for Cu, Ag, and Rh and in the FLMTO
which at high temperatures agree very well with the theoretealculations® for bee V, Cr, Nb, Mo, Ta, W, and fcc Ni, Cu,
ical resulf for the activation energy of monovacancies. In all Pd, Ag, Pt, Au the structural relaxation of the atoms around
calculations it turned out that it is absolutely necessary tdhe vacancy was neglectedvost recently® the lattice dis-
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tortion around a vacancy in Cu has been included in tharrangements of supercells withi=8, 16, 27, 32, and 54

KKR-Green’'s-function calculation, and the tools to study re-atoms in the defect-free cells, respectively, were used. The

laxations around vacancies in bcc metals based on thigacancies were inserted at the supercell centers so that peri-

method have been implementedin the present paper we odic arrangements of vacancies with {8¢27), sc(16, 54,

report onab initio calculations for the vacancy formation and fcc(32) symmetry arise. The formation energies were

energy and the vacancy formation volume in Mo on a maxi-calculated according to

mum possible, while still feasible, level of accuracy, includ-

ing structural relaxations, with two objectives. First, we want . -

to demonstrate thaab initio calculations with the local- Eiv=EN=11804y) — —5— E(N.0Q). (1)

density approximatiorf are a powerful tool to determine va-

cancy formation energies not only in simple metals but also

in transition metals. Second, we want to demonstrate that

defect calculations for transition metals can be performe . .

with the ab initio pseudopotential method, if the basis set Ofsgpercell, andE(N,042) is the energy of an 'de?" superc.ell

plane waves is augmented by a few localized orbitals. AI-W'th N atoms at the volumél_. In order to obtain a maxi- .
. . . mum possible error cancellation, we evaluated both terms in

though such mixed-basis pseudopotential calculatfdmsve 1) for th & d th ber &f point

been successfully performed for transition metals for nearl ﬂ ( )I or i € sa;ntwh ¢ r;\n e sal[r.ne hum erd thpOln S

two decades, it is still often statetf that pseudopotential ere e;xa 'Ogg i € atomic pﬁs' lons arou? h € \I/aclancgj/

methods are difficult to apply for transition metals. The bigWas performed by first moving the atoms until the calculate

advantage of the mixed-basis pseudopotential method is th%?rceS on the atoms are nearly zéfetructural refaxation’).

X uring this first step the supercell volume was kept constant,
the forces on atoms may be calculated simply and accurate : . L
. . . nd we inserted fof),y and() the experimental equilibrium
(as becomes obvious from an extensive comparison of the X
. . . Volume. In a second step both the ideal supercell and the
forces calculated directly or via the energy change upon dis-

lacemenyt, so that the investigation of the structural relax- supercell with vacancy were allowed to expand or shrink
gtion is feasible 9 homogeneously“volume relaxation”) until the total ener-

The calculations were performed with the Iocal—densitygles reached their respective minimum at the voluek,

approximatioft’ (LDA) and the exchange-correlation func- and €. The volume differenceAVyy={1y,0~NQg
tional of Ref. 19. Theab initio mixed-basis pseudopotential f[hereby corresponds o the relaxation volur_n_e of the vacancy,
method® with a basis set consisting of plane wavesergy ie., 'to the change of the volume of a finite crystal with
cutoff E;) and five nonoverlapping orbitals per atom was tractl(gn-free §urfaces upon remoyal of an atom, qu
used, for which recently an extended computer code with~2Viv* Qo is the vacancy formation volumésee, for in-
improved accuracyespecially for the forcesand efficiency stance, Ref. ¥ In a third step we checked whether forces on
has been developgdThed orbitals are constructed from an the atoms reappeared after the volume relaxation which

atomic pseudowave function by smoothly cutting off the tajjwould give rise to a noticeable structural relaxation, but this
beyond a certain cutoff radius. This cutoff is done by multi-Was not the case. The combined effect of structural and vol-

plying the radial part of the wave function with 1 minus a ume relaxation is denoted as “total relaxation” in the fol-

Gaussian function centered at the cutoff radius and varyin®V'ng. . ,
the Gaussian width parameter to minimize the energy of the _AS outlined, for instance, in Refs. 4, 8, 10, the results for
bce ground state. The optimally smoah initio pseudopo-  E1v @ndVyy have to be tested for convergence with respect
tentials of Vanderbift with a reference configuration to the energy cutofE., the number ok points used for the
[Kr]4d*%s%75p%8 andr ,=1.87 a.u.,r, ,=2.12 a.u., and !3n||oum-zone sampling gnd the numbbk of atoms in the
req=1.16 a.u. were applied. The cutoff radiug, for the |de.al supercell. Concerning the convergence with respect to
partial-core correctici? was chosen in such a w#9.94 a.y N it turned out® that for systems with simple electronic
that the outermost maximum of the core-charge density apstructure that part d&f,, which depends on the supercell size
peared forr >r,.. The 4p states were treated as true coreN originates almost exclusively from elastic interactions be-
states(for the problem of 4 states in Mo see, for instance, tween the periodically arranged vacancies, whereas the elec-
Ref. 23. The transferability of the pseudopotential wastronic interaction is screened almost perfectly even for small
tested for several excited atomic states. The excitation eneN. For Na, for instance, the energy of the residual elastic
gies computed with the pseudopotential agreed with the allinteractions forN=>54 amount§ to 0.01-0.02 eV only. In
electron results within about 1 mRy. contrast, for FeAl the electronic interaction is much
The cubic lattice parametey, and the bulk moduluk of strongert? probably because the Fermi energy is located at
the perfect lattice as obtained by converging the results witfihe right-hand slope of a sharp peak in the electronic density
respect to the plane-wave cutd, (up to 24 Ry and the of states, and therefore},, depends very sensitively oX.
number ofk points used for the sampling of the Brillouin In ideal Mo the Fermi energy falls in a pronounced valley of
zone(up to 240 areay,=3.135 A andK =2.77 Mbar, which  the electronic density of states, and we therefore expect a fast
compares rather welkee, for instance, Table | of Ref. 15 convergence OEEV with respect toN. In order to facilitate
with other theoretical and experimentéh,=3.15A, K the comparison of the convergence with respect to the num-
=2.73 Mbaj values. It should be noted that the results areber ofk points for the supercell sizes, we exhibit in Table |
well converged already fdE.=12.5 Ry and for 5& points  the numbem; of k points which had to be used in a one-
in the irreducible part of the Brillouin zone atom supercell to get the same single-particle states as in a
For the computations of the vacancy properties periodigerfectN-atom supercell, i.e., we used “equivalent” sets of

Here E(N—1,1Q,y,) denotes the energy of a supercell
ith N—1 atoms and one vacancy at the volufag, of the
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TABLE I. Results forEfV (in eV) for differentN, n,, E., and various degrees of structural relaxation.

N 8 (bco 16 (s© 27 (bco 32 (fce) 54 (s¢

E.(Ry) 125 16.0 125 16.0 125 16.0 125 16.0 125 16.0
n;
20
No relaxation 3.74 2.70 2.94
Structural relaxation 2.86
Total relaxation
40
No relaxation 3.72 372 334 3.33 3.12
Structural relaxation 3.32
Total relaxation 3.07
112
No relaxation 3.72 328 327 302 302 313 3.16
Structural relaxation 3.27 2.98 3.09
Total relaxation 3.00 2.90
240
No relaxation 3.75 3.33 3.14
Structural relaxation 3.31
Total relaxation
330
No relaxation 3.74 3.02 3.07
Structural relaxation 2.98

Total relaxation

k points. The speciat-point sets of Chadi and Coh#rand  well with the experimental data, and the accuracy of our
a Gaussian broadening schémeith a smearing parameter calculation probably(the systematic LDA error is hard to
of 0.1 eV was applied. For a 16-atom supercell we used irestimate exceeds the accuracy of the experimental determi-
addition the broadening scheme of Methfessel and P&ktonnation. It thereby should be noted that the experiments have
and found that the influence of different broadeningsE@p been performed at high temperatures whereas the calcula-
is smaller than 15 meV. tions are for zero temperature, so that the question of a pos-
Table | represents our results f&E,, for different values ~ sible temperature dependenceif, arises. Experimentally,
of N, ny, E., and various degrees of relaxation. It becomeshowever, there is no evidence for such a temperature depen-
obvious that the data are already well converged Eor dence in the considered temperature regiiiie 2/3 melting
=12.5Ry. Going toE.,=16 Ry changeffV by only few temperature The FLMTO calculation of Ref. 15 was per-
0.001 eV. The data are also rather well converged already fdermed forN=27, no structural relaxation was allowed and
n,=112. Going ton; =330 changes the values only by an both the supercell with and without the vacancy were treated
amount of several 0.01 eV. The test of the convergence witit the LDA lattice constant of perfect Mo. The obtained
respect toN for fixed n, is aggravated by the fact that the value forEf, is 0.23 eV larger than our final value.
various supercells have different symmetries. Nevertheless, it The structural relaxation of the atoms around the vacancy
appears that the results depend only weaklyNoif we ex-  in Mo is rather small and has only a very weak influence on
clude the smallest supercelNE8). Thereby the data with Efy, . It is of course largest foN="54 where there are most
no relaxation and the data with total relaxation exhibit a verystructural degrees of freedom and results in a decrease of
similar dependence o, which shows that the convergence Ef,, by about 0.08 eV. Former semiempirical
with respect toN is mainly determined by small electronic calculation$®=3! also yielded relaxational energies of about
effects rather than by the even smaller elastic effects. Oub.1 eV. This is a rather astonishing result. I ahd N4 the
guess is that the results fbi= 54 differ by considerably less relative decrease d&¥,, due to structural relaxation is about
than 0.1 eV from the result which would be obtained for ang factor of 5 larger than in Mo. Whereas in Li there is an
infinitely large supercell. Altogether, we think that the re- oscillatory relaxation pattern, in Mo all neighbors are slightly
sidual uncertainty due to all convergence problems amountattracted foiN=54. The relaxation is stronge&tbout 1% of
to +0.1eV. Taking the value of 2.895 eV for the totally the original distancefor the next-nearest-neighbor shell,
relaxedN=54 supercell an=112 for our best value, we whereas for the nearest neighbors there is nearly no relax-
arrive atET,,=(2.9+0.1) eV. For our feeling, the most reli- ation. The reason for this discrepancy between Li/Na and Mo
able experimental data were obtaifkly positron annihila- is certainly the much larger ionic radius of Mo. Our results
tion experiments, yielding (290.3) eV from Doppler concerning the relaxation of the nearest- and next-nearest
broadening experiments and (20.2) eV from lifetime ex- neighbors are in agreement with the data obtained by a most
periments. It becomes obvious that our result agrees vemecently developed environment-dependent tight-binding
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modef! and with those of a tight-binding bond model of of the perfect lattice. The second part results from the fact
Ohte® et al. In contrast, Xu and Moriarfy obtained by a that the LDA lattice constant is different for the supercell
multiatom interatomic potential derived from first-principles with and without the vacancy, and from this difference the
generalized pse_udopot_ential theory an oscillatory diSplaceVacancy formation volumeva can be calculatedsee
ment pattern, with an inward relaxation 6f1.83% of the ove. For N=54, n,=112, andE.=12.5 Ry we obtained
original distance to the vacancy for the nearest neighbors ar@t; B .
an outward relaxation of 0.46% for the next-nearest neigh¥1v=(0-6=0.1) Q. (It should be noted that essentially the
bors. Common to all calculations is that the relaxations aréame value ol/f, was obtained foN=16 for various sets
small, except for the tight-binding study of Khaneaal3?  of n;, E..) There is a large error of0.1Q, because the
which yields an inwardoutward relaxation of—6% (3%) dependence on the total energy of the supercell volume is
for nearest neighbor@ext-nearest neighbgrObviously the  rather weak, and it is therefore numerically difficult to locate
results on the structural relaxations depend very sensitiveljhe minimum ofE(V) accurately. For comparison, for Li and
on the details of the calculations. _ Na the LDA calculation¥ yielded a larger relaxation vol-
AcF:cordmg_ to Table I the effect of the volume relaxation e and hence a smaller vacancy formation volume of about
onEqy t_)y going f“’”? .th? experl_mental lattice constant to the0.5Qo. By calculations based on empirical Finnis-Sinclair
respective LDA equilibrium lattice constant of the supercell otentiald® a value ofoV=O.73QO was found® for Mo.

with and without the vacancy is considerably larger than th , ) .
effect of the structural relaxation. It thereby should be noted=XPerimentally, from a combined study of Huang diffuse

that about half of the effect results from the fact that weScattering and changes of the lattice para;neter in electron-
started the calculation for the two supercells at the experiiiradiated Mo a range of 0.78,<V;,<Q, was
mental lattice constant rather than at the LDA lattice constangstimated®
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