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Vacancy self-diffusion parameters in tungsten: Finite electron-temperature LDA calculations
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An ab initio pseudopotential study of the monovacancy properties in bcc tungsten is presented. The forma-
tion and migration enthalpies are calculated for relaxed configurations using supercells containing up to 54
atomic sites, both in the electronic ground state and at finite electron temperature. The electronic contribution
to the formation entropy — usually neglected in point defect calculations — is shown to be positive and equal
to 1.74&g at melting temperature. This large value is related to peaks in the electronic density of states just
below the Fermi level due to states localized around the vacancy. The calculated values of the migration and
formation enthalpies are found to be in excellent agreement with experiments at low temperatures, and their
significant quadratic temperature dependence — due to electronic excitations — is shown to explain part of the
experimentally observed temperature dependence of the migration enthalpy and self-diffusion activation en-
ergy. The tracer self-diffusion coefficient is calculated within the rate theory: the Arrhenius slope is in excellent
agreement with experiments, and so are the absolute values provided that the electronic entropies are taken into
account[S0163-18208)03518-9

I. INTRODUCTION mation and migration energies for the vacancy mecha-
nism are lackind.
o o ] ] The dominant mechanism at low temperatures, which
The self-diffusion behavior in pure metals is usually dis-may not be the same for all bcc elements, is not firmly es-
cussed as a function of the crystal structure and a universgplished. Several models have been proposed in the past,
understanding of diffusion mechanisms in bcc metals is stilincluding direct exchange or ring mechanigr’out most of
lacking? In fcc metals, the monovacancy mechanism is conthe recent explanations focus on the simple monovacancy
firmed to be dominant at low temperatures, and two explaimechanism. A group dependence of the vacancy migration
nations concerning the exact origin of the weak curvaturénergy was proposed in relation with phonon propetties
found in the Arrhenius plot of the self-diffusion coefficient SUggesting that the abnormally fast diffusion in group IV
are still under discussion: temperature dependence of tHaeMents at low temperaturespiartly governed by the pro-
self-diffusion parameters or dominance of the divacancynounced softening of the LA 2/@111) and the N, (110

mechanism at high temperatureis bcc metals, the situation phonon modes. However the fast migration of the vacancy

: : ; . alone is not sufficient to explain why self-diffusion is six
is more complex and is characterized by the following fea-g,qers of magnitude faster in group IV elements than in
tures:

group VI elements at half the melting temperature. Quanti-
(1) The average self-diffusion activation energy shows profative analyses indeed show that this behavior can be under-

nounced group-specific tendencies: its value normalize§©0d Within the vacancy mechanism only if the vacancy
concentration is also strongly group dependent.

to the melting temperature or to the cohesive energy in- i :
. The origin of the pronounced curvature remains the other
creases strongly when going from group IV elements

: main open question. The contribution of two competing
Eg_-l\r/ll B\Xbér}ﬁ_sf%to-gml#ps||:/(|\-/’ N?'I-é__@’snd}g)l mechanisms, such as divacancies, next-nearest-neighbor
r, Mo, W).2 The behavior of alkali metalé.i, Na,

Wl i jumps of the monovacancy, or self-interstitials, in addition to
is intermediate between that of group IV and group Vine most likely monovacancy mechanism, has been widely
elements. discussed. The most recent evidences promote the concept

(2) The activation energy has a significant temperature deogf monovacancy model with temperature-dependent activa-
pendence, i.e., the Arrhenius plots of the self-diffusiontion energy?”® The unusual temperature dependence of the
coefficients are strongly curved, with the exception of Crfrequencies of specific phonon modes recorded in bce tran-
(Ref. 3. sition metals also supports the idea of a temperature depen-

(3) For most elements, reliable experimental data of the fordence of vacancy-migration parametrs.
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In the context described above, atomistic calculations magnalyse¥ of these data showed that this exceptional agree-
help to elucidate the energetics and dynamics of defect forment needs to be revised. Moreover it was then shown that
mation and migration in bcc metals. In alkali metals, newthe migration enthalpy was temperature depenent.
diffusion mechanisms were proposed at high temperatures in The organization of the paper is as follows. In Sec. Il, the
sodium, based upon molecular-dynamics simulations usingéfinitions of the self-diffusion parameters are recalled, and
semiempirical interatomic potentials: vacancy double jutnpsthe theory of their temperature dependence is formulated in-
and ring-exchange mechanisfisTo conclude on the low- clgding elec.tron-temperature. e_ffects. The computational _de—
temperature mechanism, semiempirical poterifiadse not tails used in the present finite-temperature local-density-

reliable enough and first-principles electronic structure cal@PProximation(LDA) calculations and super-cell approach

culations of defect parameters, performed in Li and Nafor defect calculations are described in Sec. Ill. In Sec. IV,

showed that the interstitialcy mechanism can be excluded'® results of the relaxed vacancy formation and migration
and that the calculated vacancy formation energy is Vengnthalmes and entropies as funqtlon of_the elecf[ron tempefa-
close to the experimental activation enefgy*Moreover, in ture are presented. The comparison with experiments is dis-

Li, a very low vacancy migration energy was found, and thecussed, and .thelorigin of the large value of the electronlic
self-diffusion coefficient for the monovacancy mechanism entropy contributions are analyzed from peaks in the density
calculated within the transition state theof§ST),*15 in- of states. Finally the tracer self-diffusion coefficient is calcu-

cluding the calculation of the vibrational formation entropy 2t€d with the transition state theory and compared with ex-

in the harmonic approximation, gives a very good agreemerff€fimental data.
with experimental dati These results strongly support the

vacancy mechanisminLl. _ _ Il. THERMODYNAMICS OF DEFECT PARAMETERS
As for transition metals, semiempirical potentials, derived
from the embedded-atom method or the second moment ap- A. Formation parameters

proximation7,_21can give a first estimate of defect The yacancy concentration at thermal equilibrium in a
parameterd’~2! In particular, unlike pair potentials, they crystalCo((T) is given by

give realistic values of the vacancy formation energies. How-

ever, these potentials are less satisfactory in bcc metals than .

in fcc metals, in particular in groups V and VI where angular C q(T)=exr< B _) 1)
forces, which are missing in these models, are known to be © kgT/"

important. The properties of bcc transition metals are indeed

governed by the characteristic bimodal shape of the eleca|| the vacancy formation functions at constant pressure,
tronic density of states. This feature is very well reproduceq-,ame|y the Gibbs energg’, the enthalpyH', and the en-

by simpled-band tight-binding models, which were success-tropy S', are defined as differences of the corresponding
fully used to study the trends of the vacancy formation enfynctions taken between a perfect crystal and a crystal with
ergy in the bcc structure along a transition-metal séfiéd. e vacancy. Therefore their temperature dependences can
These calculations showed a strong group dependence, fge understood from the two main contributions to the en-

lated to the position of the Fermi level with respect to theyopy of a crystal, namely, the vibrational teigy,, and the
minimum of the pseudoga:** Very few first-principles electronic excitation terns,: 32

electronic structure calculations of the vacancy formation en-

ergy were performed in transition metals. The results re-

ported using the Korringa-Kohn-Rostoker metffodr the S=Set Siip - (2

full potential linear muffin-tin orbitalFP-LMTO) method®

are in good agreement with experiments in fcc metals. Th&inceS,, is smaller thar§,;, by typically two orders of mag-

agreement is less satisfactory in bcc metals, in particular imitude or more at high temperatures, it is often omitted. This

V, Cr, and Ta where the calculated results are typically 25 tas in particular the case for defect parameters, where the

50 % higher than the recommended experimental values. Thelectronic contribution of the vacancy formation entrcgly

relaxation energies, which were not taken into account, arg only rarely mentioned® However, when consideringif-

not sufficient to explain this difference. Further investiga-ferencesbetween two atomic configurationa S, can be

tions are necessary to understand these discrepancies.  comparable toAS,;,. It is for instance the case between
In this paper we present first-principles density-functionaldifferent crystallographic structures in transition mefdls,

calculations of the self-diffusion parameters for the monovaand as demonstrated below, it can also be the case for defect

cancy mechanism in bce tungsten. Tungsten was chosen bgarameters. The vibrational contribution to the vacancy for-

cause a Iarge bOdy of information is available both on diﬁu-mation entropys\flib’ can be calculated in the harmonic

sion ‘,ja_‘tg‘? and on vacancy p?‘rameté’@-’zg Quenched-in  approximatior?® These types of calculations have recently

resistivity and annealing experiments showed that the SUm Qfeen achieved in Li using electronic structure calculatins.

the vacancy formation enthalpy’=3.67+0.2 eV and the  Typjcal calculated values range from 1 tagt A first esti-

vacancy migration enthalpyi™=1.78+0.1 eV (Ref. 28  mate ofS,in a metal is given by the low-temperature devel-
was in very good agreement with the activation enthalpyopment in a free-electron gas model:

Q,=5.45 eV for the low temperature proc&€n the basis
of these results it was concluded that the monovacancy 1
mechanism is dominant at low temperatutas least up to 2
- . T)== Ep)kgT.
2/3 of the melting temperature Correctiond’ and new Se(M) =7z 7 N(Er)ke &)
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Larger values ofS, are reached in transition metals com- 1

pared to other metals because both the density of states at the D*(T)= gZ5ZfCeq(T)F(T), 9
Fermi leveln(Eg) and the melting temperature are higher.

An important consequence of E() is that if the local den-  here Z and & are, respectively, the number of nearest
sity of states at the Fermi level changes significantly close tgeighbors and the jump length. The tracer correlation factor
the vacancy with respect to the bulk value, high absolute, which accounts for the fact that atomic jumps are not
values ofS}; are expected. In order to discuss the temperaindependent, is equal to 0.78 for a vacancy mechanism in a
ture dependence of', which is related to that ofs',  bcc structuré. The activation functions — Gibbs ener@?

throughf enthalpyH?, and entropy5® — for the monovacancy mecha-
gH s nism are defined_ as gqual to .the sum of the corresp_onQing

<_) - <_> (4) formation and migration functions. The important point is
aT aT that the use of a finite electron-temperature formalism does

it is useful to writeH' as the sum of three terms, which are "ot change the fact that the temperature-dependent Arrhenius

obtained by integrating Eq4) and using Eq(2): slope of D*, is equal to the negative of the activation en-
thalpy:
HY(T)=H'(0) + AHg(T) + AH(T). (5)
*
At high temperature the ions behave classically and, in the dInD =—H3, (10)
harmonic approximation, each normal mode contributes as B

kgT to the enthalpy and thereforeH!, vanishes an&', is
temperature independent. On the other hand, the linear te
perature dependence which is qualitatively expectecsﬁpr

from Eg. (3) leads to a quadratic temperature dependence of
AH;(T) and OfAG;(T), defined as 11l. COMPUTATIONAL PROCEDURE

vxfhereﬁ:(kBT)‘l with T taken as the temperature of both
e electrons and the ions.

The present self-consistent electronic structure-calcula-
tions are performed within the framework of the density-
functional theory in the local-density approximatiGDFT-
LDA), using norm-conserving pseudopotentiasnd plane-

Let us recall the formalisms and approximations whichwave basis sets. Fal we use a standard pseudopoteritial
allow us to define migration parameters, similar to the therthat has previously been successfully applied to the study of
modynamically well-defined formation parameters. Twosurface phonon¥. A kinetic-energy cutoff of 30 Ry is suf-
theories, namely the rate thedtyand the dynamical ficient to converge all the quantities of interest, as checked
theory!® were proposed to show that the vacancy jump rateéby increasing the cutoff up to 40 Ry in test calculations

AGHT)=AHL(T) - TSL(T). (6)

B. Migration and self-diffusion parameters

I'(T) has an Arrhenius form: performed on the smalledil6-site supercells. Speciak
- points are used for the Brillouin-zor®Z) sampling®’ The
I(T)=T, exr{ _ Q_) @ density ofk points used in the present calculations is at least
kgT equivalent to that of 112 specid points in a one atom

The potential-energy surface considered in these theories f&upercell(see Sec. IV.

the motion of the ions, is that given in the present electronic-
structure calculations, by the free energy with respect to elec-A. Ground-state and finite electron-temperature calculations

tronic degrees of freedomg: The generalization of the Hohenberg-Kohn theorem to fi-

Fel(Te) =Eei(Tel) = TeSei( Tel), (8 nite temperaturé§*®is used to investigate the effect of

i i o electron temperature on the self-diffusion parameters. The
whereE¢(Te) is the internal energy at finite electron tem- gccypation numbers of the single-particle Kohn-Sham orbit-
peratureTy,. It was shown that migration parameters which gis . are given by the Fermi distribution function, and the
are compatible With_thes_;e two _theories_ can _be def_ined und&jectronic entropyS,, is calculated, neglecting the entropy
reasonable approximatiofisThis consists in takingl'o  contributions arising from the exchange and correlation
= \/EVD, where vy is the Debye frequency, and a vibra- potentialst! ag'®32
tional migration entropys;,, which can be formally defined
in the rate theory, equal to zero. The ene@ in Eq. (7) is
then equal to the potential-energy differentg, between
the saddle-point configuration and the initial configuration.
For simplicity, all the migration functions will be taken here This formalism was successfully applied to study the elec-
at constant pressure. The migration enthalpy is defined bgronic contribution to the bulk entropy of transition
H™=AF,, and the migration entrop$™ reduces to the metals*>*2*3In the present study, we have examined only
electronic contribution, sinc8j, = 0. Therefore the tempera- the electronic contributions to the entropies and the free en-
ture dependences ¢f™ and S™ are related, as if they were ergies, and not the vibrational contributions. Concerning the
true thermodynamical functions as in E4). ground-state properties, i.e., tle-0 limit, this approach is

The tracer self-diffusion coefficient for a monovacancyno longer practical, as a prohibitively large number kof

mechanism with nearest-neighbor jumps is given by points would be needed. We therefore resorted to the smear-

Se=—2kgX [finfi+(1-f)In(1—f)]. (11
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ing technique using the Hermite-Gauss function of order 1 TABLE I. Calculated formatiorH', migrationH™, and self-

(Refs. 44, 45, and a smearing widtlr=20 mRy. diffusion H? enthalpies, in fully relaxed configuratioripositions
and volumeg at zero temperature. The unrelaxed energies calcu-

lated at constant supercell volume are given in parentheses for com-
B. Defect calculations parison.N denotes the number of atomic sites in the supercell. The

The calculations are performed using the supercell geonUmPer of inequivalenk points used in the BZ integratiom,,
etry. The repeating cell must be large enough to make théefers to the initial mesh in the cubic symmetry; for the saddle-point
interaction between the defects negligible. All quantities arecgnf'g“rat'on' due to the lower symmetry, the actual numbek of
calculated at zero pressure, i.e., the free energy of the systepm
is minimized with respect to the supercell volume. Denoting t m a

N n H' (e H™ (e He (e
E(N,»,Q)), the energy of the system of atoms andv va- K i V) V)
cancies, occupyindN+ v sites in volume(), the vacancy Presentwork 16 10 3.76¢.04 1.70(1.95 5.46(5.99

ints is larger.

formation enthalpy at zero pressuré is* 27 8 3.69(3.89 1.69(2.08 5.38(5.96
27 14 3.77 1.71 5.48
N—1 54 4 3.44(3.68 1.82(2.06 5.26(5.74
Hf=E[N—1,1;Q(N—1,1;O)]—TE(N,O;NQO), FP-LMTO* 27 16 (327

(12)  @Reference 26.

where (), is the bulk equilibrium atomic volume, and IV. RESULTS
Q(N,v;P) is the equilibrium volume of the system of
atoms andv vacancies at pressuRe The vacancy formation
volumeQf is obtained from2(N—1,1;0), appearing in Eq. The formation and the migration enthalpies and volumes,
(12), through for the ground-state electronic configuration, have been cal-
culated for supercells with increasing numbers of Sig46,

27, and 54, and various numbers of inequivalektpoints,

ne. The convergence as function of supercell size and
Brillouin-zone sampling is one of the major problems in or-
The electronic contribution to the vacancy formation entropyder to obtain meaningful results for defect parameters from
at zero pressuré!, is obtained by replacing energies by electronic-structure calculations in metals due to computa-
entropies in Eq(12). The relaxation procedure is performed tional limitations'? The energy results at zero temperature
iteratively in two steps. First, the structure is relaxed at fixedare summarized in Table I, both for the unrelaxed and fully
volume, by minimizing the total energy with respect to therelaxed configurations. The density lofpoints in the super-
positions of all atoms until the Hellmann-Feynman forcescell BZ is the same foN=16, 27, and 54 when,=10, 8,
vanish. Then, the volume is relaxed, with atomic positionsand 4, respectively. Test calculations performed on the
within the supercell being held fixed. A further structural and=16 supercell withn,=10 or 20 and different smearing
volume relaxation did not yield significant changes in thewidth (o=20 or 70 mRy lead exactly to the same value of
total energy of the systefifess than 0.01 e)y and only weak the unrelaxed vacancy formation energy within 0.01 eV. In
changes in the equilibrium volumes-0.01Q)). For the cal-  view of the difference between thg=8 andn,= 14 calcu-
culation of migration parameters, the unrelaxed saddle-poinations forN=27, the results can be considered to be con-
configuration is obtained when an atom is displaced halfwayerged with respect to, within approximately 0.1 eV for

in the (111) direction towards the vacancy. By relaxing the this particular density ok points. As for the convergence
position of all atoms, except the migrating atom, as well aswith respect to system size, it is expected to be much smaller
the volume, the relaxed saddle-point configuration isthan that between thid=27 andN=>54 results, i.e., 0.2 eV,
reached. The migration volum@™ at zero pressure is de- and is found to be faster in relative values than for alkali
fined as the volume difference between the equilibrium vol-metals'?

umes of the saddle-point configuration and the initial con- A vacancy formation energy dEf=3.27 eV was previ-
figuration. The defect energies have been defined above iously reported for tungsten using the FP-LMTO technique
the isobaric ensemble. The equivalent energies are slighthwithout relaxation at fixed supercell siZ&This value is sig-
different when calculated in the isochoric ensemble, i.e., ahificantly lower, by 0.6 eV, than the present result for the
fixed volumeper atom® or at fixed supercell size. At zero same supercell size and equivalénpoint density. Part of
pressure, they are all equal in the thermodynamic limitthe discrepancy may be due to the Gaussian-broadening
N—o. For the supercell wittN=16 sites, the difference scheme used in Ref. 26. The general discrepancy between
between fixed supercell size and constant pressure resultstise calculated and experimental values of vacancy formation
found here to be of the order of 0.2 eV for the formation energies in bcc metals observed in Ref. 26 is suggested to be
energy and 0.05 eV for the migration energy. This differencedue to the insufficient size of the basis set which was used, in
is expected to decrease adN1(Ref. 46. The results pre- particular since only two values of the kinetic energy—
sented below focus on the isobaric calculations because thisstead of three in the most recent calculations—were used
corresponds to the experimental situation, but also becauger the Hankel functions of the andp orbitals®’

the convergence with respect to supercell size is found to be The effect of atomic relaxation at fixed supercell size, is
faster. found to reduce the energy by onty0.1 eV. The amplitudes

A. Ground-state energies

O =0(N-1,1;00—(N-1)Q,. (13
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FIG. 1. Amplitude of the atomic relaxationsas function of the
distance to the vacancy,. Results correspond to tHé=54 su-
percell calculation at fixed supercell size. Distances are normalizec~
to the bulk lattice parametex;.
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of the displacements are smétlee Fig. 1 they are in the
lower range of what is typically found for bcce-transition met-
als with semiempirical potentidfsbut one order of magni-
tude smaller than theb initio results reported for L1? 03
Stiffer force constants may be at the origin of these small
displacements. A surprising feature is ttat atoms, i.e.,
including second nearest neighbors of the vacancy, are foun:  -0.5 0
to haveinward relaxations. At the saddle-point configura-

tion, the relaxation energy due to atomic displacements is

larger (=0.4 eV), and can therefore not be neglected. The FIG. 2. Effect of electronic excitations on the temperature de-
formation and migration volumes are listed in Table Il. Thependence of vacancy paramete@. SJ] (filled squares Si, (open
formation volume is found to be quite independent of thecircles, and S3 (filled circles. (b) AH (filled circles and AGY
system size. (open circles Results are presented for calculations ik 27

and n,=14 performed using finite electron-temperature LDA on
fully relaxed configurations. Lines between symbols are a guide for

the eye.
The calculation of the temperature dependence of enthal-

pies and electronic entropies is performed according to theal values of the vibrational contribution to the formation
formalism described in Sec. Ill A. The calculated bulk elec-entropySl;,. As W'” become clear in Sec. IV C, the calcu-
tronic entropies are in excellent agreement with previoudated values ofS] and S, are very sensitive to the descrip-
calculations’? The results for the electronic contribution to tion of the density of states close to the Fermi level, as well
the vacancy migratiofs]] formationSy;, and activationrS3,  as to the position of the Fermi level itself. The results are
entropies presented in F|g(&2 for three different tempera- therefore quite sensitive to supercell size &rgbint density.
turesT=1579, 2526, and 3679 K are found to depend essenAn uncertainty of0.5%g can be estimated fog; at T,
tially linearly on temperature, as expected from E3). Both  according to the difference with thié= 16 result. The values
ST andS, are positive, reaching values of 0.52 ahd4kg,  of S} andS);, when calculated using the Kohn-Sham eigen-
respectively, at the melting temperature of tungstép, states obtained from the ground-state calculation — instead
=3683 K. These values are not negligible compared to typiof the finite-temperature LDA eigenstates — are almost the
same (within approximately 0.0Rg), provided that the
TABLE II. Calculated formatio2" and migration2™ volumes ~ Fermi level is calculated again at each temperature, and not
at zero temperature and zero pressure, expressed in units of atont@ken equal to the ground-state value. This approximation
volume (5. turns out to be also excellent for the calculationAdd |, and
AHY}, with an accuracy better than 0.01 eV.

-0.1

1000 2000 3000 4000
Temperature (K)

B. Temperature dependence

N Mk o an The temperature dependencesé,f, which is positive and
16 20 0.62 almost linear leads to a quadratic and posifirespectively,
27 8 0.64 negativé temperature dependence afH!, (respectively,
54 4 0.62 0.05 AG;). The situation is the same for the migration and there-

fore for the activation functions, as illustrated in FighR
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3.0 T T T T T T ture, is that an NNV atom has no nearest neighbor within the
other NNV atoms. Therefore NNV atoms weakly interact
among each other. Within the picture of virtual bound levels,
this implies weak interference effects, exactly like in the
(100 surface where a surface atom has no nearest neighbors
1 within the surface plane, whereag HL0O surface atom has
four nearest neighbors within the surface plahBesides the
central peak in the pseudogap, another peak located 1.35 eV
below theEf is also characteristic of the vacancy. These two
peaks are also observed in tight-bindingl-band
iy calculations’* The result forS] can also be explained from
similar further changes, when the migrating atom is placed at
the saddle-point configuration, breaking additional symme-
tries in the system. This large effect of the electronic entropy
: contribution toS" andS™ in tungsten was recently predicted
%900 80 60 40 20 E 20 40 6o from simpled-band tight-binding calculatiorfs,where this
effect is shown to be large and positive in bcc-transition
metals only for elements having their Fermi level close to the
FIG. 3. Density of states for thbl=27 supercell with(solid ~ minimum of the characteristic pseudogap of the density of
line) and without(dotted ling vacancy. A Hermite-Gaussian broad- states, i.e., group-VI elements: Cr, Mo, and W. The sign and
ening with a smearing width oy=20 mRy was applied to the amplitude of the present effect can therefore not be general-
ground-state eigenvalues of the= 14 calculation for the plots. ized to all bcc elements, but only to those of group VI.

DOS [(states/eV)/atom)]

Energy (eV)

The difference between the values at melting temperature
and at zero temperature of the activation enthalpy, 0.36 eV,
is not negligible compared to the typical accuracy which is Among the bcc metals, tungsten is the element for which

expected for diffusion parameters, and compared to the tenihe most detailed and most accurate quenching results are

perature dependence which is discussed from experimenB§ovided, leading to reasonable information on vacancy pa-
(see Sec. IV D rameters, even if discussions concerning their analysis re-

main open, as critically shown in Ref. 4. In particular the
resistivity-temperature scale represents a problem which has
C. Origin of large electronic entropy differences led to different analyses of the same dit&alculated and
The large value o8/,, found in the present calculation, is experi'mental defect parameters are qompared _in Table Il
related to significant changes in the density of stéfRS) and discussed below in particular in view of their tempera-
close to the Fermi levelE; around the vacancy, as shown in turé dependence. _
Fig. 3 where the DOS of the supercell with 26 atoms and one Formation enthalpyThe values of the vacancy formation
vacancy is compared to the bulk DOS. In addition to theenthalpy, deduced'from quenched-in resistivity measure-
global change in the shape of the DOS, new features ar®@€nts, are, respectively, 3-6.2 eV (Refs. 28, 29 and 3.5
observed: a strong peak appears just beflgwy close to the = 0-2 eV (Ref. 30, depending whether only one or all the
minimum of the pseudogap. This peak, which corresponds t§xperimental data sets are rgtalned, and provided _that the
states which are localized on the sites of the vacancy and §orrected temperature scale is usdhey were obtained
its nearest neighbors, has some strong similarities with peaf§om high-temperature measurements (24607K< 3400 K)
in the local density of states of surface atoms for theQ) ~ assuming temperature independencéibfand are therefore
and (110 surfaces of molybdenum and tungsten, which have" fact the finite-temperature averages over th!s temperature
been extensively studied both theoretically —andrange. We recall that our most reliable result, i.e., forthe
experimentally’®-52A similar peak has indeed been obtained =54 supercell calculation, isl=3.44 eV at zero tempera-
for these surfaces by tight-binding amth initio electronic ~ ture. When performing an average over the temperature
structure calculation&%2 it is also located just belovEy ~ fange 2400-3400 K of H(0)+AH(T), we find
and has a particularly large intensity in the case of(@@)  (H")2400-340=3.61 eV. The agreement with the experiment
surface. The picture of resonance states, associated with excellent and the difference with'(T=0) stresses the
atomic virtual bound levels® was proposed to explain the importance of temperature dependencéidf
origin of the strong central peak observed in these surfaces. Formation entropy An experimental value o8'=3.2kg
By analogy, the peak presently observed, can be associat#¢s proposed for the vacancy formation enthalpy in
to such a resonancelike state. Moreover, the environment dfngtserf.’ This value was deduced from a combination of
an atom nearest neighbor to the vacancy — denoted NNVield-ion microscopy investigations and quenching resistivity
atom hereafter — can be compared to that of surface atomgeasurements in the temperature range 2350 to 3132 K.
In terms of coordinatio, i.e., number of nearest neighbors, Again, this value was obtained assuming temperature inde-
an NNV atom ¢=7) is intermediate between a bulk atom pendence of the formation parameters, and reflects the aver-
(Z=8) and a(110) surface atomZ=6), whereas 4100 age over the temperature range which is considered. By in-
surface has a significantly lower coordinatict=4). A par-  terpolating the present results, a valueShf averaged over
ticularity of the bcc structure, as compared to the fcc structhe same temperature range giv(ﬁ|>235&3132= 1.3%g.

D. Comparison with experiments and discussion
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TABLE lll. Comparison between experimental and calculated ;42
defect parameters. The calculated enthalpies at zero temperature a
reported for theN=54 calculations. Their variations with tempera-
ture, including onlyAH,, as well as the entropies are obtained 10
from the N=27 calculations, by extrapolating between the zero-
temperature calculations and the three finite electron-temperature ;16
calculations. Their average is then taken in the temperature interva

which is considered. Temperatures are expressed in Kelvins. :’; 10"
g
Present work Experiments a
Hf (e\/) T=0 3.44 l0-20
2400=T=<23400 3.61 3.6x0.2
2400<T<3400 3.510.2 0™
Sti(kg) 2350<T<3132 1.37
Sf(kg) 2350<T=<3132 3.3 107 R S
H™ (eV) T=900 1.82 1.760.1¢ 1.0 1.2 14 1.6 1.8 2.0 2.2
T=2600 1.86 2.0% T./T
H2 (eV) T=0 5.26

FIG. 4. Tracer self-diffusion coefficient in tungsten: experimen-

Q. (eV) T—0 5.600.21° tal data(filled dotg and theoretical valuesolid line) obtained in-
T—0 5.39-0.34 cluding the calculated value of] and an estimate ofS,
T—0 5.20+0.2 (~2kg). The theoretical results obtained when oy is consid-

ered(dotted ling, and when botts3 and S2,, are omitted andH'
andH™ are considered temperature independeashed ling are

. shown for comparison. The inverse temperature is normalized to the
Reference 29. melting temperature of tungstef,,= 3683 K. All calculated data

d !
Reference 8. are taken from thél=27 calculations.
®Low-temperature activation energy deduced from measurements

from 1700 to 3400 K of Ref. 27 analyzed in Ref. 31. . .
'Low-temperature activation energy deduced from measuremenf@ted t0 zero temperatures, these two fits lead to very differ-
from 2042 to 2819 K of Ref. 54 analyzed in Ref. 31. ent valuesH™=1.18 eV for the linear fit anti™=1.50 eV

for the quadratic fit. We note that both the experimental data

This suggests that part of the large experimental valus’of at 900 K and the calculated data at zero temperature are more
at high temperatures is due to the electronic contributionconsistent with a quadratic temperature dependendé™bf
Moreover, by combining the experimental result with ourPart of this quadratic temperature dependence can be associ-
calculated value ofS{, we deduce a value ofS|,  ated with the electronic entropy. However, according to the
~1.8%g, the latter being perfectly consistent with typical present calculatiors}, accounts only for approximately one
values. In a recent discussion on the temperature dependenesth of the experimentally observed temperature depen-
of vacancy formation parameters in metals, and in particuladence ofH™.
in tungsten, evidences were given for large valueS afith Activation energyThe most reliable investigation of self-
a linear temperature dependericaVe show that the elec- diffusion coefficient D* in tungsten was performed by
tronic contribution is a good candidate to explain part ofMundy et al?’ from 1700 to 3400 K. The uncertainties in the
such an effect. This contribution is particularly relevant inexperimental measurements were discussed by Neuman
tungsten, with a positive sign and a large value at high temet al:3! they arise mainly from the inaccuracy of the tem-
peratures. perature measurement. When a standard fiD5{T) as a

Migration enthalpy.The vacancy migration enthalpy in sum of two exponentials is performed, it was shothat
tungsten was measured by the change-of-slope method #te value of the low-temperature activation enef@y can
~900 K2 The result ofH™=1.78 eV must be corrected vary from Q,=5.39+0.34 eV to Q;=5.60+0.21 eV de-
according to the temperature scale of Murfiyto H™  pending on which data are decided to be omitted from the
=1.70+0.1 eV® The N=54 supercell result at zero tem- fit.3! The same fit performed on the data of other diffusion
perature H"=1.82 eV, is in excellent agreement with this coefficient measurements by Arkhipoeaal. between 2042
low-temperature experimental result. The behavior at higland 2819 K givesQ;=5.20+0.46 eV>*3! The significant
temperatures was then investigated by quenched-in resistigeatter in the above-mentioned valuesQf, together with
ity measurements from 1550 to 2600°Kthe migration en-  the fact that all measurements were performed at tempera-
thalpy was shown to be temperature dependent. A fit, pertures above 1700 K, make it difficult to extract an accurate
formed assuming éinear temperature dependence fdf", asymptotic value of the self-diffusion activation energy at
givesH™=1.68 eV at 1550 K anth™=2.02 eV at 2600 ¥ very low temperatures. The self-diffusion activation enthalpy
We have reanalyzed these experimental data assungjng-a at zero temperature deduced from the present calculations,
dratic dependence ofi™, i.e., alinear temperature depen- H®=5.26 eV, is very close to the above experimental values
dence of S™. An equally good fit is obtained, leading to of Q,, and strongly support the monovacancy mechanism.
almost the same values in the temperature range 1550—260®e absolute values of the self-diffusion coefficient are com-
K, i.e., fromH™=1.69 eV toH™=2.03 eV. When extrapo- pared in Sec. IV E.

8References 28 and 29.
bReference 30.
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Formation and migration volumed&o experimental val- has the correct signh and is not negligible. The difference at
ues are available of the formation and migration volumes irhigh temperatures between the experimental data and the cal-
tungsten. The present resufd,’=0.62), is slightly larger  culated curve could be due to a second diffusion mechanism.
than the values found in Li and Na from first principles cal- The possible anharmonic contribution$f, should however
culations, i.e.,1'=0.490, and 0.8),.'>** The low value  also be considered, in particular since they were shown to be

found for the migration volume, i.eQ™=0.0%)o, is con-  jmportant and temperature dependent for the bulk entropy in
sistent with first principles calculations in Li and Na where tungsters?

they are even found to be negative at zero press® (
=—0.20, and —0.01Q, respectively.>®
o o V. CONCLUSIONS
E. Self-diffusion coefficient

The vacancy formation and migration energies in tungsten
have been calculated usirap initio pseudopotential tech-
. i ) nigues and the LDA formalism at finite electron temperature.
Eq. (9) using To=\/2vp and S[j,=0, as explained in Sec. The low-temperature values of the formation enthalpy, mi-
Il B. The only unknown quantity is the vibrational contribu- gration enthalpy, and activation enthalpy, are in excellent
tion to the formation entropy. A typical value for metals is agreement with experiments. The electronic contributions to
adopted, i.e.Sl,=2Kkg (Ref. 56. In Egs.(1) and (7) the  the formation and migration entropies are shown to be im-
finite electron-temperature values of the formation and miportant at high temperatures. Moreover their linear tempera-
gration Gibbs energies are used. The results of the presetire dependence is at the origin of a quadratic temperature
calculation are in excellent agreement with experiments. Figdependence of the enthalpies and explains part of the experi-
ure 4 shows clearly the significant effect of the electronicmentally observed temperature dependence of the migration
entropy on the absolute value of the self-diffusion coefficiententhalpy and self-diffusion activation energy. A similar ef-
which is shifted upward almost by one order of magnitude afect is expected for other group VI elemeriGr and Mo.
the melting temperature. Moreover, the temperature deperfhe tracer self-diffusion coefficient is calculated within the
dence ofS{, and therefore of the activation energy induces arate theory: the Arrhenius slope is in excellent agreement
small upward curvature. This curvature is not sufficient towith experiments, and so are the absolute values provided
account for the whole curvature observed experimentally buthat the electronic entropies are taken into account.

In this section the tracer self-diffusion coefficient for the
monovacancy mechanis®* (T) is calculated according to
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