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For lithium the absolute concentrations of thermal monovacancies and the self-diffusion constants
via vacancies are calculateb initio using the local-density approximation in combination with the
transition-state theory of diffusion. The diffusion data are in good agreement with experimental data
for high temperatures. [S0031-9007(96)00663-1]
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The mechanisms of self-diffusion in solids have beerin thermal equilibriumC*4, is given by
intensively discussed for several decades (for reviews, see eq F F
Refs. [1] and [2]). Possible candidates [1] are nondefect C* = expS" /kpT) exp(—E" /kpT), (3)

mechanisms such as the direct exchange of two atoms Qere s* is the formation entropy angi” the formation

adjacent lattice sites or ring mechanlisms ir_1vo|ving MOr&nergy of the defect (at atmospheric pressure we again do
than two atoms, and defect mechanisms via monovacap gistinguish between energy and enthalpy). Combining
cies, divacancies, or self-interstitials. Concerning eIemenEqS' (1)-(3), it becomes obvious that the diffusivity

tary metals, the monovacancy mechanism is confirmeg, . = of the single defect is also given by an exponential
[1] to be dominant in fcc and hcp metgls as well as INtemperature dependence, which is written as
bcc Fe. In other bcc metals the situation is less clear,

and the self-diffusion is sometimes, at least in part, influ- Dyctect = Dgefw exp(—EM /kpT) 4)

enced by the characteristic low-frequenc 111
y q y DA (111 ))Nith the migration energyE” and the preexponential

phonon mode [3]. Solid Li in the bcc phase is especiall 0 ) X ; b
factor Dgerect, Which are defined operationally via Eq. (4).

intriguing because it possesses a rather “open” structur X - Y Ve
i.e., a rather large lattice constant and low electron denQEg/lpUS_ly, for a defect mechanism the activation energy
is given by

sity. It was therefore suggested that, in addition to th
monovacancy mechanism, there might be contributions of ESD — pF 4+ gM. (5)
self-interstitials at high temperatures [4] and of direct ex-

change or extended ring mechanisms at low temperatures The objective of a theory of self-diffusion is to calcu-
[1]. In the present Letter we report on parameter-fredate the self-diffusion parametei$®, Ef, EM, S¥, and

ab initio calculations of the self-diffusion parameters for D%;... for various possible mechanisms and to check for
these mechanisms in Li. For Si a similar study has beenonsistency with experimental data.

performed by Bléchkt al. [5] with the result that the self- For Li the formation energie€; of various self-
interstitial mechanism is dominating over the contributioninterstitial configurations as calculated [6] by thle initio
of the other mechanisms. pseudopotential method are at least 40% larger than the

In a cubic crystal the tracer self-diffusion is describedexperimentally obtained activation enerd?®, so that
by the self-diffusion constanD”(T). Experimentally, the self-interstitial mechanism could be excluded as the
it turns out that in many cases this quantity may bedominant mechanism. The direct exchange mechanism
described by an Arrhenius behavior, could also be excluded because #ieinitio pseudopoten-
Ty _ T _ ,SD tial calculations yielded [7] an activation energy which
DIT) = Dy exp(—H™"/ksT), (1) was a factor of about 2.5 larger than the experimental
at least over several powers of ten. Hd#eP is the value. Ab initio calculations for extended ring mecha-
activation enthalpy of self-diffusion, which at atmosphericnisms are lacking. In this Letter we represett initio
pressure is nearly identical to the activation enef3y, calculations of the above discussed self-diffusion para-
and Dy is the preexponential factor. For the case of ameters for the monovacancy mechanism (index 1V) in Li.
defect mechanism we may write To our knowledge, these are the first parameter-free cal-
T i Te culations of the absolute thermal monovacancy concentra-
DIT) = g/ C*Dactect - (2) tion and of the self-diffusion constant for monovacancies
Here the geometrical factay and the correlation factor in a metal. It will be shown that ouab initio data agree
fT are numerical factors which are well known for well with the experimental self-diffusion data in Li at high
various defect mechanisms. The concentration of defectemperatures.
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The calculations were performed within the supercellis given by
formalism and in local-density approximation. A non-
local, nonlinear [8], optimally smooth norm-conserving S = kg Z{ ho
pseudopotential [9] was used. All results were tested LkpT[explhw;/kgT) — 1]
for convergence with respect to the number of plane
waves in the basis set and the number iofpoints — In[1 - eXp(_ﬁwi/kBT)]}’ (7)
used for the sampling of the Brillouin zone. In our
ab initio calculations all quantities are evaluated forwhere the sum runs over all phonon states. The phonon
the fixed theoretical zero-temperature lattice constant ostates were calculated by theb initio force-constant
6.34 a.u. for the ideal Li crystal (superscript flc), whereagnethod along the lines described in Ref. [14]. Thereby
experiments refer to the quantities for constant pressurée force-constant matrix is obtained from thé ini-
appearing in Egs. (1)—(5). Neglecting the explicit tem-tio forces exerted by single displaced atoms on all the
perature dependence ﬁf\;“c due to the excitation of ©ther undisplaced atoms in the supercell. Although we
phonons (which according to our calculations is negli-used rather small displacements of 0.015 elementary lat-
gibly smal\l‘) as well as the temperature dependence dfce constant, the calculations yielded sllgh_t anhqrmon_lc—
,BonaEf\’/t © /90, (8, is the thermal volume expansion ities, which are corrected for along the lines given in
coefficient at constant pressuf?, is the atomic volume), Re€f- [15]. Because of symmetry the displacement of the
and assuming)SlF{,ﬂC/aQo — 0 (this might be risky ac- central atom of the supercell yields all elements of the

cording to_ Harding [10), the following relations hold i e nBa BRe % B RS 8 SHO Fiterent
at zero pressure [10,11Efv(T) = Ef{,ﬂc(T =0) and ' b g 4

F 7 fle _ calculations are required to obtain the full force-constant
Siv(T) = Sy (T) + B,AV/xr, whereAV is the local  nayix including the correction for anharmonicities. We
relaxation volume of the vacancy arg denotes the COm-  qetermined the couplings up to the fifth nearest-neighbor
pressibility at constarif. fg)rﬁp we inserted the experi- oy plings, which was sufficient to reproduce [14] very
mental value ofl68 X 107°/K (obtained as an average gccyrately [16] the experimentally observed phonon dis-
value between 293 and 368 K), and fef and AV we  sersion curves for the perfect crystal. An extensive dis-
used or owrab initio results [6] for zero temperature. For .ssion of the finite-size effects is given in Ref. [14].
the migration quantities, analogous equations hold withyom the force-constant matrix the dynamical matrix is
the relaxation volume replaced by the migration volume getermined by a Fourier transformation, and the phonon
Because the vacancy migration volume is generally asgrequencies for arbitrary wave vectors are evaluated by a
sumed to be very small, we hawd\(T) = E1v “(0) and  diagonalization of the matrix. For the calculation &ff,
ST(T) = Syy (T). The approximate conversion from in Si, a similar approach has been used by Biernatki
fixed lattice constant to fixed pressure has a big influencel. [17], whereas Bléchkt al. [5] applied the so-called
on the results, as shown in Figs. 2 and 3 below. local harmonic approximation, and Smargiassi and Mad-
Vacancy concentratior—The vacancy formation en- den [18] used for Na a thermodynamic integration method
ergy was calculated along the lines described in Ref. [6based on a@ab initio molecular dynamics simulation.
for a supercell containing 54 sites, yielding a value of Figure 1 shows the temperature dependencéfé ¢
Efy = 0.54 eV. Concerning the convergence with re- together with the results obtained from a very simple
spect to the supercell size, it is generally assumed [12jodel (dashed line), where we describe the introduction
that, for simple metals and reasonably large supercells, thgf the vacancy just by cutting the couplings between
part of the vacancy formation energy that depends on thghe removed atom and all other atoms while keeping
supercell sizes originates almost exclusively from elastighe couplings among the remaining atoms unchanged. In
interactions between the vacancies. We have correctadality, these latter couplings will be modified due to the
for these elastic interactions [13], arriving at a final valuechange of the electronic structure induced by the vacancy.
of Efy = 052 eV. It becomes clear from Fig. 1 that this simple model does
The formation entropySiy results from the modifica- not suffice. The formation entropy increases strongly with

tion of the vibrational entropy when a vacancy is intro-increasing temperature at lo® but varies only slightly
duced in the crystal. Within the supercell approach it iswith temperature fof” > 200 K.

calculated according to The absolute concentrations of vacancies in thermal
F ol N — 1 equilibrium as calculated from Eg. (3) are shown in
S =8N - 1,1) - TS(N’O)’ (6) Fig. 2. They are considerably smaller than those given

by the Al/l — Aa/a experiment of Feder and Charbnau
where S(N — 1,1) and S(N,0) are the vibrational en- [19]. This experiment yielded a very low formation en-
tropies for the supercell with — 1 = 53 atoms (and one ergy of Efy = 0.34 eV, which is in strong disagreement
vacancy) and for the perfect supercell, respectively. Irwith all available theoretical predictions [6]. It is highly
harmonic approximation the vibrational entropy therebyimperative to repeat this very difficult experiment.
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5 - ' ' ' Usually it is assumed [1] that the TST theory is strictly
valid only if EY is larger than at leasikzT. Because
this is not fulfilled in the present case, we have tested
“r 1 [21] the TST for Na (which exhibits, according to our

1  calculations, about the same valueBif;) by anab initio
molecular dynamics study based on the semiempirical
potentials of Rasolt and Taylor [22]. It turned out that
—————————————————— 1 the migration energy obtained dynamically via the mean-
2 b L 41 square displacement of the vacancy agreed very well with
-~ | the value according to the TST. F®.roe, the TST
s yields for nearest-neighbor jumps of a vacancy in a cubic
tr / 1 crystal

2 — D((i]efect = V0a2 eXKSZK//kB) s (8)

%0 100 200 300 200 wherea is the lattice constant;y the attempt frequency,

TIK] andsS1% the migration entropy which is related to the har-
FIG. 1. Temperature dependence of the vacancy formatiofonic vibrations around the saddle-point configuration.
entropy at fixed lattice constant for Li (solid line). For the BecauseS}y is generally assumed to be much smaller
meaning of the dashed line, see text. than S{y, we insertSy, = Okg. For the attempt fre-

quency we use Flynn’s [23] value @f = v/3/5 vpebye =
Diffusivity.—The diffusivity Dgcrece may, in principle, 6.8 THz.

be calculated by a@ab initio molecular dynamics study, = The values forD”(T) at high temperatures as obtained
as it was done for the vacancy in Si by Bloodl al. from Eq. (2) are shown in Fig. 3, together with experi-
[5]. To achieve reasonable statistical accuracy, thignental data from mass spectroscopy [24] and from pulsed
method requires an enormous computational effort. Wdield-gradient NMR experiments [25]. The experimen-
determinedDy.fee; Within the framework of the transition- tal data are between the theoretical results obtained for
state theory (TST) [20]. In this theory, the migration fixed zero-temperature lattice constant and for fixed pres-
energy EI%, is given by the energy difference betweensure. It should be noted that the slopes of the theoret-
two static, fully relaxed configurations, the saddle-pointical and experimental curve [25] agree almost perfectly.
configuration with the moving atom halfway in the We think that the agreement is also astonishingly good
(111) direction to the vacant lattice site and the initial for the absolute values, especially in view of the uncer-
configuration before the jump of the atom. We obtainedainties involved in the conversion between fixed lattice
a value ofE}y, = 0.055 eV (yielding ESP = 0.575 eV).
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FIG. 2. Temperature dependence of the concentration ofonstant in Li;(CJ) pulsed field-gradient NMR [25](X) mass
thermal monovacancies in Li. Full line (dashed line) for fixed spectroscopy [24]. Full line (dashed line) for fixed pressure
pressure (fixed lattice constant). (fixed lattice constant).
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constant and fixed pressure. Altogether, this demonstrat¢s3] J. Mayer, M. Fahnle, and A. Seeger (unpublished).
that the experimental data for the tracer self-diffusion in[14] W. Frank, C. Elsasser, and M. Fahnle, Phys. Rev. [Zdt.

Li at high temperatures [26] are compatible with the no-

tion of a monovacancy mechanism.

1791 (1995).

[15] K. Kunc and P. G. Dacosta, Phys. Rev3B 2010 (1985).

The authors are indebted to A. Seeger and V. Schott fdi6] A perfect agreement between theory and experiment could

many stimulating discussions.
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