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Atomic-scale study of diffusion in A15 Nb;Sn
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The point defect and diffusion properties of A15 Nb;Sn are investigated using ab initio density functional
theory calculations and statistical thermodynamics. The defect structure is found to be of antisite type, with
small amounts of Nb vacancies, and Sn vacancies showing a trend towards instability. Diffusion occurs mainly
on the Nb-sublattice (restricted to intrachain jumps for both species), Sn-sublattice exchanges being unlikely
for both species. In addition, ordering (disordering) is found to occur via Sn (Nb) jumps. The calculated Nb and
Sn tracer diffusion coefficients exhibit a low sensitivity to the alloy composition around stoichiometry at
1000 K, with D;b>D§n provided the correlation between atomic jumps is taken into account. Agreement with
interdiffusion measurements is reached with reasonably low values for the geometrical correlation factor.
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I. INTRODUCTION

A15 NbsSn is reputedly one of the best candidates for the
development of superconducting wires,' in the context of the
current researches on thermonuclear fusion (ITER project).
Increasing the performances of these wires, however, re-
quires the improvement of the elaboration processes, which
implies a better understanding of the diffusion phenomena
that occur during the growth of the intermetallic compound
(at temperatures around 1000 K). To this aim, a reliable de-
scription of the point defect structure of NbsSn is thus
needed, all the more as the superconducting properties (criti-
cal temperature) of Al5 alloys are also known to be ex-
tremely sensitive to point defects (especially antisite atoms?)
through defect-induced local modifications of lattice relax-
ation times.>* In particular, the critical temperature of A15
compounds strongly increases with the degree of long-range
order, which is ordinarily maximum at stoichiometry.’

Experiments performed on Nb;Sn have already yielded
some valuable results about its point defect structure. Mea-
surements of ordering kinetics,® assuming that the reordering
rate of Nb is much slower than that of Sn, have allowed one
to get an energy value =2.6 eV for the activation of diffu-
sion in Nb3Sn, with similar values in other A15 compounds
such as Nb;Ge.” Such kinetic approaches, however, use point
defect formation energies in a somewhat generic manner,
without reference to the vacancy type or to the alloy local
chemistry, and the link between point defects and alloy com-
position therefore needs more detailed investigations.

From a theoretical point of view, previous calculations
with empirical pair potentials®~'° have also provided infor-
mation about point defects in Nb;Sn, especially regarding
the role of vacancies and the relative diffusivities of both
elements, but the predictive ability of such approaches was
limited by the use of pair interactions. Besides these empiri-
cal simulations, investigations combining analytical models
with kinetic Monte Carlo calculations have proved to be ef-
ficient in giving quite general expressions and trends for
tracer diffusion coefficients!" and their relation with
interdiffusion,'? as well as evaluations of the correlation fac-
tors. However, involving models parametrized with various
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jump frequencies, these approaches cannot yield realistic val-
ues for the diffusion coefficients.

In this context, the increased confidence in ab initio en-
ergy calculations (density-functional theory'*!#) has entailed
in the last decades several structural and thermodynamic
studies of point defects in metals and alloys, by combination
with statistical models relying on an independent-defect (ID)
approximation, using either the canonical'>'® or grand
canonical'”'® equivalent descriptions. These models have
been applied to binary intermetallic compounds (mainly AIM
with M =Ni, Fe, or Ti—for a review, see, for instance, Ref.
19), and to a much lesser extent to some ternary systems
(binary ordered alloys with additional elements).”->? Al-
though restricted to small departures from stoichiometry, and
thus intrinsically more limited than cluster approaches allow-
ing a thermodynamic analysis on the whole composition
range,23 the ID description, however, constitutes a tractable
and sound basis to tackle diffusion properties®* in ordered
compounds, provided (i) the mechanisms only involve
vacancy-atom exchanges (no collective movements) and (ii)
the binding between point defects is negligible (although the
ID approach can easily be extended to take into account
complex point defects).

As regards diffusion properties in concentrated alloys,
few works have been published up to now. A thorough de-
termination of the interdiffusion coefficient in disordered
fcc-based Al-Li is presented in Ref. 25, while studies on
ordered alloys remain partial, covering mainly B2 NiAl
(Refs. 26 and 27) [and FeAl (Ref. 28)] and focusing on mi-
gration energies without assessment of overall diffusivities.
For an ordered compound, the task of reaching macroscopic
diffusion properties from atomic-scale parameters is there-
fore still incomplete.

In order to contribute to fill this gap, the purpose of the
present paper is to thoroughly describe the method yielding
(by means of ab initio atomic-scale calculations coupled
with a statistical thermodynamic approach) the diffusion co-
efficients from atomic parameters in an ordered compound,
and to apply it to A15 NbsSn. This approach is all the more
justified since it offers a way to get a deeper insight into
experimentally intricate parameters such as the influence of
off-stoichiometry, which should be essential owing to the
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II. METHODS
A. Energy calculations

The energy calculations were performed with the VASP
software3!* (using density functional theory with plane
waves and ultrasoft pseudopotentials) on a supercell contain-
ing 64 atoms (2 X 2 X2 NbgSn, unit cells) in periodic bound-
ary conditions. Preliminary magnetic calculations (not re-
ported here) on Nb, Sn, and Nb;Sn perfect crystals
systematically led to negligible total magnetic moments (be-
low 2 X 10~® up/atom), in agreement with experiments de-
scribing NbsSn as a nonmagnetic compound. The present
study was therefore concerned merely with nonmagnetic cal-
culations, assuming that no local magnetic moments exist
around point defects. In each of the local density approxima-
tion (LDA)* and generalized gradient approximation
(GGA)* (nonmagnetic) frameworks, four types of calcula-
tions were performed, according to the electrons explicitly
taken into account in the pseudopotentials, namely (i) for Nb,
either with only the 5s°4d> electrons (five electrons, “Nb sd”
pseudopotential) or including the 4p® ones (11 electrons, “Nb
spd”), and (ii) for Sn, either with only the 5s25p? electrons (4
electrons, “Sn sp”) or including the 4d 10 ones (14 electrons,
“Sn spd”). The relevance of a priori taking into account the
sensitivity of the results to the pseudopotentials was justified
by the existence of such an effect when including addition
elements such as Ta.>® The sampling of the first Brillouin
zone was performed through a 4 X 4 X 4 mesh, and the cutoff
energy for the plane-wave expansions was 260 eV, leading
to a sufficient total energy convergence of 1 meV/atom. The
jump paths were calculated using the nudged elastic band
(NEB) method,?” providing a reasonable assessement of the
saddle-points. Finally, it should be noted that, whereas all
point defect calculations allowed the relaxation of atomic
positions and cell vectors, the migration energies were cal-
culated at constant cell shape, the influence of pressure on
migration profiles being negligible (less than 0.05 eV).

B. Point defect thermodynamics and diffusion

Using the foregoing energy calculations, the grand ca-
nonical (GC) energies of the various point defects (d) can be
deduced according to the following relation:

Egcld) = E(d) - Ey, (1)

with E(d) the total energy of the supercell with defect d and
E, the reference energy (undefected supercell). Under the
assumption of noninteracting point defects, GC energies are
then the basic quantities determining the point defect struc-
ture and thermodynamics of an ordered compound as a func-
tion of temperature and composition, through a statistical
thermodynamic treatment either in isothermal-isobaric
(NPT) or in GC (uVT)'®? formalism (the latter being
adopted in the present work). The thermodynamic properties
(alloy composition, point defects) are then functions of the
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chemical potentials, and the point defect formation energies
read

E(d) = Ec(d) + du(d), 2)

where Su(d) is a linear combination of the chemical poten-
tials w; (with integer coefficients) characteristic of defect d
[for example, Su(Snxp)= iy = sy and Sp(Vap) = pnp; sym-
metric expressions hold for Nbg, and Vg,; see below for de-
fect notation].

Except the interstitial ones (neglected owing to the large
atomic radii of Nb and Sn), all the simple (i.e., one-center)
point defects were taken into account in the present investi-
gation, namely antisite defects (Nbg,, Sny,) and vacancies
(Vas Vsn)- The subscript refers to the sublattice on which
each point defect occurs (the A15 structure consisting of six
equivalent Nb sites and two Sn ones in each NbgSn, cell).

The tracer diffusion coefficient of a chemical species A
was calculated using the expression?

1 K(m)

D" = Ef;;/’E T4(m) g or(m,k)orf(m,k),  (3)

with I"4(m) the frequency for jumps of type m [the inner sum
running over the K(m) equivalent jumps {6r%(m,k)}; <, <3 of
type m] and fjjB the atomic correlation factor (in the case of
the cubic Al15 structure, DZ‘B* #0 only for a=f and
D,2D%",V a). For a vacancy-atom exchange mechanism
involving two sublattices 1 and 2 in a system with / chemical
species and R sublattices, the jump frequency of an A atom is
given by the relation

1.2
XXy 12
I R Ya s (4)

XAE 2 X;kr

i=1 r=1

1-2 _
r, =

where x, is the atomic fraction of species A, x; is the site
fraction of sublattice r occupied by species i (V=vacancy),
k" is the number of sites of type r per unit cell, and 'y}fz is
the vacancy jump frequency for exchange with an A atom in
a 1—2 jump, given by the relation from activated state
theory:

1—2
1-2 1—2 —-E, “lkgT
Ya =y, e A B (5)

vy~% and E}~? being, respectively, the attempt frequency
and activation energy of the jump. In principle, the vibra-
tional entropies should also be taken into account when as-
sessing the point defect structure and diffusion properties,
since the attempt frequencies in general depend on the type
of jump and may thus range over several orders of magni-
tude. However, this procedure, relatively easy with empirical
potentials,?” becomes too difficult when ab initio methods
are used. Therefore postponing for the future more precise
calculations involving point defect and saddle-point entro-
pies, the present work was performed with a single generic
value (12 THz, a reasonable value for metallic systems) for
the attempt frequencies.
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TABLE I. Reference (undefected 2 X 2 X 2 NbgSn, supercell) and grand canonical energies (eV) of point defects in A15 Nb;Sn, for each
set of Nb and Sn pseudopotentials (nonmagnetic LDA and GGA approximations).

LDA GGA

Nb sd Nb spd Nb sd Nb spd Nb sd Nb spd Nb sd Nb spd

Sn sp Sn sp Sn spd Sn spd Sn sp Sn sp Sn spd Sn spd
Reference —-78.88 -77.32 -78.85 =77.27 -70.24 -69.07 -70.19 —-69.04
Vb 13.37 13.14 13.38 13.13 12.02 11.79 12.02 11.79
Vsn 8.75 9.03 8.75 9.01 7.87 7.92 7.85 7.91
Nbg, —-6.46 —-6.16 -6.47 —-6.18 —-6.11 -5.90 —-6.13 -5.91
Sny, 6.96 6.73 7.00 6.77 6.60 6.39 6.56 6.43

From tracer diffusion properties, the chemical (or interdif-
fusion) coefficient is then given by the Darken-Manning re-
lation (for example3®):

D = (xnpDg, + X5,Dxp) S (6)
with

_ b a1 dpsn
kBTo71n XNb kBTﬁln Xsn

¢ )

the “thermodynamic factor” (u; being the chemical potential
of species i), and S the “vacancy wind” factor, given by*’

(1= fo)xnp¥sa(Dry = D)
JolenDnp + XsnDssp) (XnpDsp + XsnDni)
with f,, the geometrical tracer correlation factor*® for self-
diffusion in a pure crystal with the A15 structure, which has

to be distinguished from the tracer correlation factors enter-
ing in relation (3).

S=1+ (8)

III. RESULTS

A. Point defect structure

The LDA and GGA point defect GC energies in Nb3Sn
are displayed in Table I for the four possible combinations of
Nb and Sn pseudopotentials. As these quantities pertain to
defected systems with locally different compositions, no con-
clusions regarding the relative stabilities of the defects can
be drawn from their direct comparison. From Table I, it,
however, appears clearly that including the d electronic shell
in the Sn pseudopotential is immaterial, whereas the p elec-
trons in the Nb pseudopotential induce energy variations up
to 0.3 eV. Nevertheless, the influence of the Nb p shell on
thermodynamic properties (defect formation energies) was
found negligible throughout, and we therefore concentrate in
the following on those results obtained with the Nb sd and
Sn sp pseudopotentials.

From the GC energies, the point defect structure of Nb;Sn
at 7=300 K around A15 stoichiometry was calculated using
the Nb sd and Sn sp pseudopotentials in LDA and GGA [Fig.
1(a)], the fraction of a given point defect being defined as the
ratio between the number of such defects and the number of
sites of the corresponding sublattice. At room temperature,

the compound almost exclusively contains antisites, the
amounts of both kinds of vacancies being completely negli-
gible. Sn vacancies have a very high (4 eV) formation en-
ergy on both sides of stoichiometry, while that of Nb vacan-
cies, although significant, lies below 2 eV [Fig. 1(b)]. In
agreement with results obtained in pure metals*' and
intermetallics,*> the calculated vacancy formation energies
are slightly higher in LDA than in GGA.

Calculations at 1000 K (temperature used in the subse-
quent diffusion study, Fig. 2) show that on a wide range of
temperature, Nb;Sn remains an antisite compound, with Nb
vacancies as secondary defects and negligible amounts of Sn
vacancies. These defects (Vyy, and Vg,) may, however, play a
role in diffusion, provided the activation barriers are low
enough. Moreover, the influence of the DFT framework on
the point defect structure is limited, the LDA and GGA ap-
proaches showing for the various sets of pseudopotentials a
remarkable agreement about antisite atoms, together with a
weak dispersion as regards the amounts of vacancies (as
stressed above, the results of Fig. 2 hold for all pseudopo-
tentials). This noticeable coherence deserves emphasizing
since this is by no means of general validity when comparing
the respective merits of the LDA and GGA for an ordered
compound.®? Our results also clearly show that Nb;Sn ac-
commodates the off-stoichiometry at room temperature with
only one kind of antisite defect, the mixing of the chemical
species on both sublattices occurring only at higher tempera-
tures. This behavior significantly differs from that obtained
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FIG. 1. Point defect (a, left) structure and (b, right) formation
energies (eV) in NbsSn at 300 K around A15 stoichiometry, calcu-
lated with the Nb sd and Sn sp pseudopotentials in the nonmagnetic
LDA and GGA frameworks (open and closed symbols,
respectively).
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FIG. 2. Point defect structure of Nb3Sn at 7=1000 K, calculated
with the sd pseudopotential for Nb (LDA and GGA: open and
closed symbols, respectively).

in A15 Nb;Au from x-ray diffraction experiments* pointing
out roughly equivalent amounts of Nb,, and Auy, in
Nb, 93AU, (o at room temperature.

B. Diffusion properties

Because of the low sensitivity of the point defect structure
to the pseudopotentials and exchange-correlation approxima-
tion used, the diffusion study was carried out merely within
the (LDA, Nb sd, Sn sp) framework, since (i) this restriction
should not be critical (as indicated by the noticeable coher-
ence of the point defect properties predicted by the various
density functional theory formalisms), and (ii) the LDA has
shown to be the best available scheme to describe vacancies
in pure metals*' and probably also in ordered alloys.** A
more critical point, however, concerns the elementary diffu-
sion mechanisms: although the diffusion processes in or-
dered compounds may be rather intricate (cycles,...), it is of
interest to get information about the importance of elemen-
tary mechanisms involving a single atom-vacancy exchange,
especially since collective movements are not expected in
Nb;Sn.”? In this framework, our investigation of the diffusion
properties in the compound was led by considering the short-
est jumps between each couple of sublattices (Fig. 3),
namely (i) ordering/disordering jumps involving both sublat-
tices, (ii) Sn-sublattice jumps, and (iii) Nb-sublattice jumps,
the latter being divided into intrachain and interchain ones.
The migration energy paths represented in Fig. 4 indicate the

FIG. 3. AlS5 structure and atomic jumps considered in the
present work.
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FIG. 4. Kinetic paths corresponding to Fig. 3 for (a, left) Nb and
(b, right) Sn atoms in A15 Nb3Sn (nonmagnetic LDA calculations
with Nb sd and Sn sp pseudopotentials). Lines are visual guides.

low stabilities (i) of the Sn vacancy with respect to the
[Vap+Nbg,| complex defect, and conversely (i) of the
[Vgn+Sny,] complex defect with respect to the Nb vacancy.
However, since none of these defects was strictly found to be
unstable, the corresponding profiles were taken into account
in evaluating the diffusion coefficients. It is worth mention-
ing that the pathways connecting both sublattices suggest a
dissymetric role of the chemical species in NbsSn, ordering
(disordering) proceeding by Sn jumps (Nb), in agreement
with usual assumptions involving atomic movements be-
tween wrong and right sublattices.’

As regards intrasublattice jumps, the main features are (i)
the large discrepancy in the barrier heights between jumps
within the Sn sublattice and those within the Nb sublattice
(the latter being much easier than the former ones), and (ii)
within the Nb sublattice the definite preference for intrachain
jumps for both species. The numerical values of the various
migration energies involved are listed in Table II, giving rise
to a kinetic model with ten frequencies calculated according
to Eq. (5).

Knowing the equilibrium concentrations of chemical spe-
cies and vacancies, the atomic jump rates [Eq. (4)] can then
be calculated to yield the random tracer diffusion coefficients
[Eq. (3) with ffjﬁzl]. The tracer correlation factors, which
may range on several orders of magnitude (between 0 and 1)
in ordered compounds, were determined separately using the
calculated exchange frequencies [Eq. (5)] as input param-
eters of an analytic model devised for A15 compounds.!! The
corresponding (random and actual) tracer diffusion coeffi-
cients are presented as a function of composition at
T=1000 K in Fig. 5. As a first salient feature, neglecting

TABLE II. Migration energies (eV) of the jumps considered
(nonmagnetic LDA calculations, Nb sd and Sn sp pseudopotentials;
for intersublattice jumps, ord.=ordering and dis.=disordering).

X=Nb X=Sn
Vo +Xnop — Vi + Xy intra. 0.98 0.62
Vo +Xnp— Vo + Xy inter. 2.07 1.88
Vont+Xsn— Vsu+Xsn 5.15 5.59
Van+Xno— Vb +Xsn 0.15 (dis.) 0.05 (ord.)
Vot Xsn— Ven+Xnp 1.41 (ord.) 1.70 (dis.)

054105-4



ATOMIC-SCALE STUDY OF DIFFUSION IN A15 Nb;3Sn

10 F T=1000 K T=1000 K
o n*s (rand.) DA - Nb sd Sn sp . DA - Nb sd Sn sp
E n Rl S —_—

4

.
S
=
=
noT
-
S
g
I

Sn

1

1 *

107[3 D NT’(mﬂd.) B -
B Sodssstasssscasasst |

10 D‘Nb

10t p 107

1

Interdiffusion coefficient (cmzls)
o
<

L s

Tracer diffusion coefficient (cmz/s)

-16 . . . . .
072 073 074 0.75 076 0.77 0.78
Atomic fraction of Nb

101 . . L
072 073 074 075 076 0.77 0.78
Atomic fraction of Nb

FIG. 5. Influence of atomic and geometrical correlation, respec-
tively, on (a) tracer and (b) chemical (or inter-) diffusion coeffi-
cients in A15 NbsSn at 1000 K in the atom-vacancy exchange
mechanism (nonmagnetic LDA calculations with Nb sd and Sn sp
pseudopotentials, using a generic 12 THz attempt frequency for all
jumps).

correlation leads to Dy, (rand) > Dy, (rand) by two orders of
magnitude on both sides of stoichiometry, in disagreement
with previous theoretical estimations (also neglecting
correlation),” which points out the limited numerical accu-
racy of approaches relying on interatomic potentials. More-
over, the random tracer diffusion coefficients seem at odds
with experimental conclusions* indicating a preferential Sn
diffusion in grain boundaries rather than in the bulk.

The effect of correlation, quite limited for Nb, turns out to
be dramatic for Sn, lowering the diffusion of this element by
five orders of magnitude. The result Dy, > Dy, then confirms
the experimental conclusions as well as those of a previous
numerical study including correlations but relying on generic
values for the exchange frequencies.!! Moreover, both diffu-
sion coefficients smoothly vary with increasing Nb content,
the composition dependence of D* being slightly more sen-
sitive for Nb than for Sn.

IV. DISCUSSION

From a theoretical point of view, the only available
atomic-scale study of the point defect and diffusion proper-
ties of A15 Nb;Sn was performed by computer simulations
with pair potentials.” As concerns the point defect structure,
and in spite of the limited accuracy of pair interactions, the
conclusions of these authors remarkably agree with ours,
both works pointing out an antisite-type compound, with
vanishingly small amounts of vacancies. The unstable char-
acter of Vg, found with empirical potentials corresponds to
the roughly decaying profile of Fig. 4(a) in the present work
(although we did not strictly find Vg, to be unstable). The
possible splitting of the Nb vacancy mentioned by these au-
thors was, however, overlooked in the present work because
this process implies supercell sizes beyond the current pos-
sibilities of ab initio methods.

As for diffusion properties, at variance with the present
work [Fig. 5(a)], these authors obtain a bulk random Nb
diffusion larger than the Sn one, a feature also pointed out by
a theoretical work!! including correlation (coupling analyti-
cal and Monte Carlo calculations). However, defining for
each species y”'¢, ", /"¢’ and ¥ to be, respectively, the
ordering, intrachain exchange, interchain exchange, and dis-
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FIG. 6. Thermodynamic factors calculated (in LDA with Nb sd
and Snsp) at T=1000 K (closed symbols, left scale) and 300 K
(open symbols, right scale) from Nb and Sn parameters (circles and
squares, respectively); see text for explanations.

ordering frequencies, it should be noted that our work pro-
vides a somewhat different hierarchy among the various
jump frequencies from that assumed in Ref. 11, which also
proves to be dependent on the chemical species, since we
obtain  Y¥S(Nb) > ""4(Nb) > y”"4(Nb)> »/"/(Nb),  and
Y74(Sn) > y/""%(Sn) > y*5(Sn) > y"¢"(Sn). The available
analytical investigations, although worthwhile in principle,
may therefore deserve to be revisited taking into account a
more realistic hierarchy between the jump frequencies, in-
cluding the dissymetric roles of both species as regards the
migration energies (especially the ordering/disordering
ones).

Completing the thermodynamic treatment of this work,
the 1000 K and room temperature thermodynamic factors

[required in D, Eq. (6) and (8)] were calculated from Eq. (7)
within the ID approximation (Fig. 6) in LDA with Nb sd and
Sn sp. Beside the strong temperature dependence of this
quantity (implying marked effects on chemical diffusion), it
should be noticed that the approximate treatment of the zero
pressure condition in the ID model leads to results following
only partially the Gibbs-Duhem relation [enabling one in
principle to obtain ¢ either from uyy, or from ug,, Eq. (7)].
Although this feature is more visible at high temperature, it
is not critical for the present investigation on diffusion prop-
erties (the order of magnitude of ¢ being unaffected), and a
unique value of 5 was subsequently adopted for ¢ at 1000 K
at any composition around stoichiometry.

For purpose of comparison with experimental results, the

interdiffusion coefficient D [Fig. 5(b)] was calculated at
1000 K from D" [Eq. (6)]. In using Eq. (6), an uncertainty
lies in the choice of the geometrical correlation factor f, as
its value remains ambiguous in the literature. In order to
illustrate its influence, the calculation of the interdiffusion
coefficient was therefore performed with two limiting trial
values for fj,: 0.7 (characteristic of common cubic structures)
and 1073 (in agreement with the work of Ref. 12 which sug-
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gests fo<<1). Within this range of values for fj, D appears to
be roughly inversely proportional to this parameter, a behav-
ior that could not be directly deduced from Eq. (8) without

the explicit calculation of D*. Whatever the f, value, D
shows a noticeable decrease with increasing Nb content. The
lower value for f, gives calculated results in better agree-
ment with experimental values (5X 1073 cm?/s) for
interdiffusion.*®

Previous investigations'? have shown that the correlation
factor f, for the interdiffusion coefficient is a function of the
ratio "¢’/ /""" between the interchain and intrachain jump
frequencies. Our study leads for y"¢/"" to values be-
tween 10 and 107 for both Nb and Sn, respectively, at
1000 K, which reflects the fact that the intrachain jumps are
strongly favored with respect to the interchain ones, and
should lead to f, values close to zero.'? This conclusion is
confirmed by the agreement (with f,=10"%) between our cal-
culations [Fig. 5(b)] and the available experimental value of

D (5X 1073 cm?/s at 1000 K).*® The comparison between
theory and experiment could be drawn further by use of ki-
netic Monte Carlo methods, allowing more precise assess-
ment of diffusion correlation factors.?

Our calculations also shed new light on previous experi-
ments and models about the ordering kinetics of Nb;Sn:>6
these models hinge on mixed jumps involving both sublat-
tices, and should thus be refined in order to take into account
the species-dependent ordering and disordering mechanisms.
Moreover, the agreement is correct between the activation
energy for diffusion obtained from kinetics measurements
(2.58 eV) and the present one (=2.8 eV), obtained for Nb by
adding the migration (0.98 eV, Table II) and vacancy forma-
tion energies [=1.8 eV, Fig. 1(b)].

Finally, in polycrystalline Nbs;Sn, our results are consis-
tent with the possibility of Sn diffusion mediated by grain
boundaries (as observed experimentally*®). Supposing that
diffusion mainly occurs (i) for Nb in the bulk and (ii) for Sn
in grain boundaries (GB, the bulk component being
negligible**"), the interdiffusion coefficient [given by rela-
tion (6) in which therefore Dy,=Dy,(bulk) and Dg,

=Dy, (GB)] reads D= Dy (bulk)+Dg,(GB). Combining the

experimental interdiffusion value 5(expt) =5X107" cm?/s
(Ref. 46) with the calculated Dy, (bulk) value (104 cm?/s)
hence yields D;n(GB) possibly of the same order of magni-
tude.

Several refinements may be brought to this diffusion
study. First, it was restricted to a single attempt frequency
value (characteristic of phonon properties), whereas depend-
ing on the precise jump considered, this quantity may range
in ordered alloys over several orders of magnitude, as re-
cently shown by EAM calculations in Ni-Al.?” Also, includ-
ing the entropies (point defect formation*® and saddle points)
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in the analysis might constitute a further improvement, but
this task can hardly be achieved for the moment. Finally,
according to investigations with pair potentials,” Nb vacan-
cies may occur in a partial form along the Nb chains (“split-
n vacancies” for two partial vacancies separated by n Nb
atoms) and Sn vacancies are less stable than [Vy,+Nbg,]
complexes. Our approach could thus be refined by taking
into account the clustering between Nbg, and V), antisite
defects, especially [Vy,+Nbg,] (and perhaps five-center
[4Vy,+Nbg,]°) complexes. This point may, however, not be
critical, since additional calculations (not shown here for
brevity) indicate that the binding between point defects in
Nb;Sn should be low, at least for bidefects (the case of five-
center defects should be treated separately with larger super-
cells).

V. CONCLUSION

The main purpose of this work was to describe the meth-
odology leading from atomic-scale properties to macroscopic
diffusivities in an ordered alloy, as well as to provide a reli-
able assessment of matter transport in A15 Nb;Sn. Within the
context of density-functional theory, the remarkable coher-
ence between the results obtained in the LDA or GGA ap-
proaches and using different pseudopotentials for both
chemical species should give our conclusions a sufficient
level of confidence. As a first key point, Nb;Sn essentially
appears as an antisite compound, the density of vacancies
(especially Vg,) remaining negligible below the melting tem-
perature. As regards transport properties, the main result is
the significant tracer diffusivity of Nb, which lies three or-
ders of magnitude above that of Sn, when the tracer correla-
tion factors are taken into account. The movements of both
species, occurring by Nb intrasublattice as well as intersub-
lattice jumps, are therefore mediated by both types of vacan-
cies. The dissymetric behavior of mixed (involving both sub-
lattices) complexes, either stable or unstable with respect to
isolated vacancies, indicates that the atomic mechanisms un-
derlying the ordering kinetics should deserve further investi-
gation. Finally, an adequate choice of the geometrical corre-
lation factor provides a calculated interdiffusion coefficient
in reasonable agreement with available experiments, suggest-
ing that the jump mechanisms considered here (atom-
vacancy exchanges) may be sufficient to correctly describe
the bulk diffusion properties of Nb3;Sn. Our work finally sup-
ports the hypothesis of Nb;Sn growth governed by bulk Nb
and probably intergranular Sn diffusion mechanisms.
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