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We examine the relative stability of both stoichiometric and nonstoichiometric MB4Ahterfaces and
Al,O; surfaces. Results of first-principles computations of surface and interfacial atomic relaxations, electron-
density distributions, and total energies are presented. We found that while the Al-termingBa@a071)
surface is stable relative to the O-terminated surface, interface formation with Nb can reverse the stability,
depending on the oxygen partial pressure. This interfacial structure is consistent with recent experimental
results. Finally, we computed some of the energetics associated with the diffusion of Al into Nb across the
Nb/Al,O; interface. Our results are consistent with Al migration into the Nb at temperatures of the order of
10°K, as reported experimentally.

[. INTRODUCTION tent with experimental observations of Al diffusion into the
Nb at temperatures of order 3K.
Adhesion at metal/ceramic interfaces is not only an in-
triguing materials research subject, but it is also of consider-
able practical importance. Electronic packaging, corrosion- Il. COMPUTATIONAL METHODS
resistant coatings, and high-temperature composite materials
depend on adhesion between metals and ceramics. In turn, The Nb/A|203 interface has been modeled by Batirev'
this adhesion is dependent on the atomic structure of thajavi, and Finnig within a pseudopotential approximation.
interface! ™ The NB(111)/ a-Al ,05(000) interface is a good  Here we go beyond that approximation, including all core
test bed for understanding metal/ceramic adhesioglectrons in our computations. Our electronic structure cal-
becaust ™ the interface is almost strain-free, the adhesivegylations were performed using an accurate full-potential lin-
bond is rEIatively Strong, the coefficients of thermal expan-earized augmented p|ane-wa(,rd_APW) methodz includ-
sion of the two materials are nearly the same, the interface igg local orbital extensiorts to increase flexibility of the
atomically abrupt, and the interfacial atomic structure is wellpasis set. The structures are fully relaxed by the Hellmann-
characterized. Feynman force&* The muffin-tin radii for Nb, Al, and O
Bruley et al> have prepared the Nb11)/a-Al;05000)  atoms turned out to be 1.1, 0.85, and 0.74, respectively,
interface via molecular beam epitaxy, and they found that thgyhere length units throughout the paper are &ngstroms. We
niobium atoms are bonded to an oxygen-terminatefDAl  jncjuded plane waves with an energy cut off of 18.4 Ry to
surface. This mterface_ is not stmcf_uometrlc, i.e., the ratio Ofensure force convergence. Five spe&aioints in the irre-
oxygen atoms to aluminum atoms is not 3 to 2, but rather they,ipje part of the first surface Brillouin zone are used to
interface is oxyg_en-rlch_. This is par_tlcularly Interesting b.e'generate the electron-density distributions. Atomic locations
cause, as we will see in the following and consistent W'thare assumed to be converged when the force on each atom is
earlier work!® even at high oxygen pressures the ftelean less than 0.03 eV/A Results using b i .
. . . . . g both the local-density
Al,05(000) surface is Al-terminated, with the oxygen- imatiof?
fpproximatio (LDA) and the presumably more accurate

terminated surface being significantly higher in energy tha . . o
the Al-terminated surface. In the following we will examine generalized-gradient apprOX|mat|0|QGGA_) of Perdew,
Burke, and Ernzerhdf are all presented in order to deter-

from first principles the effect of the Nb/AD; interaction on X : o L
the ALOs termination. We will see that the Nb/&D, inter-  Mine the importance of the GGA in this application.
action can in fact reverse the relative stability of oxygen and_ We used a supercell approach to simulate the interface.
Al-terminated ALOj; interfaces as the oxygen chemical po- TWO Nb(111) slabs are adhered to both sides of apQhl
tential and oxygen partial pressure increases, consistent wiffab, maintaining inversion symmetry relative to the center
Ref. 5. An oxygen-pressure dependence of metal/alumingf the ALO; slab. These slabs repeat periodically to infinity
bonding is also consistent with a repoﬂtbdependence of parallel to the interface, but are of finite dimension perpen-
metal/alumina works of adhesion on oxygen partial pressuredicular to the interface. Each Nb slab is six atomic layers
To our knowledge, this is the first time the stable interfacialthick and the AJO; slab typically contains four oxygen
structure has been predicted for a metal/ceramic oxide interatomic layers and eight aluminum atomic layers. Each cell
face. then contains two N11)/Al,05(000) interfaces, and we
Finally, we compute energetics relative to a potential Almaintan 8 A of vacuum between the outer Nb surfaces in
diffusion from the alumina into the niobium across the adjacent supercells. Thicker &5(0001) slabs have been
Nb/Al,O; interface. We will see that our results are consis-treated,’ and we will see that our results agree well with
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TABLE |. Relaxation results for the surface systems Nb monolayer on O-terminated alumina
[(Nb)1(Al,03)0], Al-terminated[(Al,0O3), ], and O-terminatef(Al,O3)c]. All interplanar spacings are given
as a percentage increageus) or decreaséminus relative to the AJO; bulk spacings.

(ND);(Al205)0 (Al03)a (Al:03)0
LDA GGA LDA GGA LDA GGA
Nb(Al)-O —24.23 -22.31 —85.84 —86.02
O-Al 11.99 17.03 1.10 3.58 -23.13 —20.09
Al-Al —38.73 —41.23 —42.86 —38.74 2.59 3.00
Al-O 10.72 14.03 17.48 19.06 9.99 13.57
O-Al -2.02 1.10 1.00 2.70 -3.33 0.40

those of others where available. We define these interfacesuter O layer. The relaxation of the spacing between outer O
for which the ALO5(000)) is Al-terminated as NIAI,05) 4. layer of (Al,05)g and the Al layer beneath it is an order of
The oxygen-terminated interface, NAI,O5)o, is defined in magnitude larger than the corresponding valug#dsOs) ),
the same way, except that the outer Al layer at the interfacéut it is substantially less than the spacing decrease between
is removed, with the atoms of the outer Nb layer falling atthe outer Al layer ofAl,O3)5 and the O layer beneath it. We
the Al sites. This is consistent with the experimental results.know of no earlier theoretical results for relaxations of
No symmetry besides inversion is required. Only the two Al(Al,O3)5 with which we can compare the various interplanar
layers in the center of the supercell are fixed, with all otheresults of Table I. We found that the Nb monolayer on
atoms allowed to relax freely in the three dimensions. TheD-terminated AJO; has an inward relaxatiéfthat is signifi-
experimental lattice constants of the, @) crystal® (a/c  cantly less than the outer Al layer OAl 203)a- This is pre-
=4.7628/13.0032), were used for these two Al layers, so theumably due to the larger size of the Nb atdings) relative
Nb(112) must stretch by 1.72%see next sectigrto be com-  to the Al atoms(ions). The threefold-bonded O atoms near-
mensurate. We expect the effects of misfit dislocations to best to the Nb atoms are also squeezed outwesdentially
small® within plane, with the distance between those O atoms in-
creasing by as much as 0.284% of the in-plane lattice
Il. RESULTS constant and rotated through an angle of 6°. This also
squeezes the Al layer below the outer O layer, leading to a
A. Bulk Nb relatively large increase in O-Al interplanar spacing. For
Our calculated bulk lattice constants for Nb are 3.23 in(Al;03)4, although the top O layer is almost coplanar with
LDA and 3.31 in the(more accurateGGA, in good agree- the top Al layer, because of the relatively small size of the of
ment with the measured vafifeof 3.30. The LDA interfacial  Al®* ions, the O atoms are squeezed outward by a smaller
lattice mismatch between the two materials is 2.86%, whiledistance, and the O rotation is much 1€s2°). In Ref. 6 an
the GGA value is 1.72% as noted above. For the unstrainedutward relaxation of the Nb monolayer was reported. We
Nb(111) surface, the calculated surface energies are 2.980 not know at this time why our results are different.

JIn? (LDA) and 2.43 J/rh(GGA), being close to the poly- It is interesting to look at electron-density contours shown
crystalline experimental value of 2.44 Jift in Fig. 1. These are the self-consistent density distributions
minus the overlapping atomic densities. The electron transfer
B. Atomic relaxations of the AlL,O; surface to the O atoms is apparent for botfAl;Oy), and
and NW/AILO, interfaces (Nb)1(Al,O3)o. There is in addition a polarization of the Nb

site of (Nb);(Al,03)o. A comparison of the outer Al in Fig.

1. Al,O4 free surface and A}O5; with adsorbed Nb monolayer 1(a) and the Nb of Fig. (b) is also suggestive of the Al and
We first computed the relaxation of the 1) Al-  Nb size and location differences.

terminated, (Al,O3),, and oxygen-terminated(Al,05)0,
alumina surface. Next we determined the relaxation of a Nb
monolayer on O-terminated aluminéyb);(Al,O3)o, With Results for the relaxation of atomic positions at the
the Nb atoms located at those sites occupied by Al atoms oNb/(Al,O3), and Nb(Al,O5)o interfaces are found in Table
(Al,0q)p. These systems were chosen in order to compard. Now we have, as mentioned earlier, six atomic layers of
with earlier work done on some of them and because they ardb on either side of the alumina slab. Reasonable agreement
the substrates on which we will deposit Nb. The results foris obtained with the results of Ref. 7. The relaxation of these
the atomic surface relaxations are shown in Table I. Therénterfaces shows characteristics similar to those of Fig. 1 and
and in Table Il we list planar relaxations of the atomic layers,Table I. For Nb{Al,O3),, the outer O in-plane radial strain
even though we have allowed for full three-dimensional re{<1% of the in-plane lattice constargnd rotation(<2°) are
laxation of each atom. We found that the atoms remainedimost negligible. But, with Nb replacing Al as in
coplanar to within 0.02 A. The relaxations fo&l,03)5 are  Nb/(Al,Os)o, the outer O in-plane radial strain and rotation
similar to the results of earlier computatioh®:'"*The  increase to 3% of the in-plane lattice constant and 4°, respec-
most striking aspect here is the quite large relaxation of theively. Perhaps the most interesting effect of the thicker Nb
outer Al layer, with it becoming almost coplanar with the layers is found in the much smaller decrease in distance be-

2. Niobium'alumina interfaces
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FIG. 1. Contour plots of valence-electron-density differences for  FIG. 2. Electron-density difference contours fota)
(@ the (Al;0;)y and (b) the (Nb)y(Al;05)0 surfaces. This is ob-  Nb/(Al,05)y and (b) Nb/(Al,05). These are the self-consistent
tained by subtracting the superposition of valence electron densitiegensity distributions minus the superposition of valence-electron

of neutral atoms from the self-consistent density distributions. Thejensities of neutral atoms. The solid lines indicate electron accumu-
solid lines indicate electron accumulation, and the dashed linegtion, while the dashed lines indicate depletion.
depletion.

2(b). That is, Nb1 looks more ionic and less metallic than
tween the outer Al and outer O layers of Kl,03) [7.5%  Nb2 and Nb3. This is to be expected because Nbl is replac-
for Nb/(Al,Oq)5 and 86.0% for(Al,O5)5 ], and the signifi-  ing the Al layer.
cantly larger distance between the outer O layer and the first Finally, Table Il contains the works of separation for
Nb layer [0.637 A for (Nb);(Al,03)0 and 1.125 A for NDb/(Al,0;), and Nb(Al,Os)o. These are the energy per
Nb/(Al,03)0]. cross-sectional area at large interfacial separation minus the

This is also apparent in the electron-density contour plotsorresponding value at equilibrium separation for Nb and
for Nb/(Al,05)s shown in Fig. 2a) and for Nb(Al,Og)q  (Al;03)x Or (AlO5)0.
shown in Fig. 2b), in comparison with Figs. (8 and 1b), Perhaps the most striking result from Table 1l is the
respectively. This is perhaps consistent with the results rerather large difference between the NHAO3), and the
ported in Ref. 25 fos monolayer to monolayer coverages of Nb/(Al,O3)5 works of separation. The bond energies of the
Nb on 7-Al,0Os, indicating that the Nb desorption energies Nb/(Al,05)5 interface are over 3 times those of the
decrease with coverage. The strong Nb polarization eviderb/(Al,03), interface. This is perhaps consistent with the
in Fig. 1(b) does not appear in Figs(@ and Zb), the “dan-  ionic nature of the bonds in the NI,05)o interface as
gling” Nb bond seemingly replaced by bonding within the compared to the more metallic nature of the bonds in the
Nb. There appears to be a fundamental difference betweedb/(Al,05), interface, as we saw in Figs(& and Zb). We
the Nb atomic layers nearest the alumjiNb2 in Fig. 2a)]  will see in the next section that th&l,O3)g surface energy
and Nb1l in Fig. 2)]. For Nb{Al,O3)5, Nb2 looks similar tends to be substantially larger than tt,03), surface
to Nb3 and Nb4see Fig. 2a)]. However, for Nb(Al,O3)5  energy, even for relatively large oxygen partial pressures.
shown in Fig. 2b), there is a marked difference between theSince these are the corresponding@ surfaces for the two
Nb layer nearest the alumina, Nb1, Nb2, and Nb3 of Figdifferent terminations when the Nb/&D; interfaces are at
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TABLE II. Results for relaxations in atomic positions of the Mk4O3)o and Nb(AI,O3), interfaces.
Interplanar spacings are given as a percentage inctphse or decreaséminug relative to the correspond-
ing bulk spacingRefs. 18 and 24 While the computation includes six Nb layers, we give results for the four
Nb layers closest to the AD; surface.

Nb/(Al,05)0 Nb/(Al,0x)4
LDA GGA Ref. 7 LDA GGA Ref. 7
Nb4-Nb3 -5.7 —6.49 2.4 -76 ~4.6 -3.1
Nb3-Nb2 9.5 12.9 12.2 —4.7 -9.0 3.6
Nb2-NbA(Al) —37.2 ~35.4 ~26.3 5.5 5.3 2.1
NbL(Al)-O 33.8 37.9 30.4 -10.8 -75 2.2
O-Al 2.41 8.05 10.1 1.21 4.67 8.5
Al-Al ~16.7 -19.6 ~17.2 -17.0 -17.5 -12.9
Al-O 2.8 7.7 7.1 3.7 7.3 8.7
O-Al -2.0 2.4 -0.9 -26 1.3 1.7

large separation, these surface energy results are not incofive corresponding atoms in the cell, witiguwo+ Najua
sistent with the results of Table Ill. The works of separation-+ N, .8, being the corresponding bulk energies of alumina
seem relevant to fracture, particularly at relatively rapidand niobium, respectively. By subtracting the bulk energies,
crack velocities. That is, suppose, e.g., that the oxygen pag contains only surface and interfacial energies.
tial pressure is such that the interface is oxygen terminated gquation(1) can be simplified. First, for typical pressures
(see Sec. Il € Then, if the fracture were rapid enough, per-and temperatures, the terr®/ and TS can be neglected.
haps the interfacial bonds would be broken before thesecond, notewn o =3uo+2ua, Where ua.o. is the
(Al,05) would have a chance to relax to tHewer-energy - a3 . a3

chemical potential of bulk alumina. Equati¢h) becomes
(Al,O5)a surface. In that case, the NBI,O3)g work of

separation would be the relevant quantity of interest. Ny
G=Ewr— 5 #ai,0,~ (No— 3 Na) o~ Nypsnp- (2
C. Bonding energies and deviations from stoichiometry

We can get further insight into the differences noted preFor the stoichiometric interface, the coefficient of the term
viously between the adhesive interactions found incontaininguc vanishes. Sincga o, anduy, are bulk quan-
Nb/(Al,05)0 and Nb(Al,Oz)s by considering surface and tities, G is uniquely defined in this case, independenggf.
adhesive energies. This will lead us to formulate the effect ofFor nonstoichiometric interface§, will be a function ofu,
deviations from stoichiometry on adhesion. First, ouror, equivalently, ofA uo=uo— uL".
(A1,05), surface energy is 2.59 Jfrin LDA. This is a little To apply Eq.(2) to free(clean Al,05(0001) surfaces, we
higher than the LDA result of 1.98 anneported by Felice setNy,=0. The range of interest fak ug is
and Northrup®® Our GGA result of 2.15 J/fis rather
close to the GGA results of 2.13 Fr(Wanget al)**® and — L AHp 0. <Auo=0, 3)
1.95 J/nt.’ 2

It is not straightforward to report the surface energy ofgnd WhereAHAIZO3 is the heat of formation of alumina,

(Al,05)0 because that surface is not stoichiometric. This iS,ich we také” to be 17.37 eV. The inequalities of E)
also true for the NIAIO)o interface. In these cases, We 4rise from our expectation that the nonstoichiometric mate-
must take into account the fact thathe oxygen partial pres- iz jies somewhere in between metallic Al atidoleculay
sure and, correspondingly, the oxygen chemical potential Canygen.
vary. To proceed, we compute the Gibbs free en€rgito The results are shown in the inset of Fig(sge also Ref.
analyze interfacial stability. The Gibbs free enef@yof the 10). The input of the empirical value foAH 5 o implies

2-3

slab at pressur® and temperaturd is that u&*is the oxygen gas chemical potential in its standard
G=E;or— Noo— Nawa— NnpuRy + PV-TS. (1)  state, i.e., at 1 atm of pressure dihe 298.15 K. This locates

) B the origin of the abscissa in Fig. 3. It should be remembered,
HereE,q is the total energy of the slalio, uar, @andug,  however, that our total-energy computations are carried out
are the chemical potentials of oxygen, aluminum, and nioyt T=0 K, as is typical of state-of-the-art first-principles
bium respectively, antlio, N, andNy, are the numbers of - methods. This is an approximation relative to comparison
with experimental results at>0 K, but it has been a suc-
cessful approximation for researchers comparing total-
energy differences in solids. The vertical lines in the inset

TABLE IIl. Works of separation in J/f

LDA GGA Ref. 7 show the limits indicated by Ed23). In Fig. 3 we see, as
Nb/(Al,05) 3.3 2.6 28 expected, thatAl,O3), is independent oA ug since it is
Nb/(Al,05)0 12.3 10.6 98 stoichiometric. Also,(Al,O3)o depends linearly om\ up,

consistent with Eq(2). The GGA surface energies are a little
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5.0 10 TABLE IV. Energies in eV per Al atom, as described in the
text.
4.5 . 8F
I "g Es E Ev
40 1 B 6r 0.86 1.18 5.17 2.73 3.08
i ;
35 g 47 (ALOY, 3Reference 30.
— 5 b PReference 31.
s ? 9K
= 30 I
2 ol i formed. This is baséd on the heat of formation of NbO
:ﬁ‘? 25 -6 -5 -2”-(2‘,)-2 -1 0 being 4.21 eV, shown by a vertical dotted line Bjo=
© NbAALO,) ° —4.21 in Fig. 3. We have not included oxides of Nb in our
& 20 I _ computations. Therefore our results apply strictly only to the
g range of oxygen partial pressures where the pressure is high
enough that O can go to the interface to affect the
1. Bulk NbO, formed - . T
5 . » o Al,05(000)) termination, but not so high that substantial in-
\ terfacial oxides of Nb are formed. Our results shown in Fig.
Lo \ % 3 h h ists. This is al i
\ = suggest that such a range exists. This is also consistent
\ '?o ——-1DA with the experimental results of Brulegtal® on their
05 \\ et GGA Nb(111)/ a-Al,05(000)) interface produced by molecular
\\ beam epitaxy. See, in particular, their Figh)7 and their
00— 53 2 1 o corresponding discussion. Their dasee their Fig. § indi-
A(eV) cate oxides of Nb on the free Nb surface but not at the
0

Nb/Al,O5 interface. As noted above, their data also indicate
FIG. 3. Interfacial energies of the NBM,0,, and that the AbO5(000]) is oxygen-terminated at the interface.
Nb/(Al,Oy), interfaces vsA uo=uo— ud®, i.e., vs the difference  This is consistent with our results in Fig. 3. There we show

between the oxygen chemical potential in the material and its valughat the NDb{AI,Os) interfacial energy moves below the
for the gas. The inset shows the surface energi ;g for the free  Nb/(Al,03)4 value at an oxygen chemical potential signifi-
(clean alumina surfaces(Al,03)5 and (Al,Os)0. The solid lines  cantly below the onset of Nb oxide formation. Moreover, the
are for GGA, and the dashed lines are for LDA calculati®se  oxygen-terminated interfacial energy continues to drop rela-

Sec. ). tive to the aluminum-terminated interfacial energy as the

. . hemical potential moves into the region of Nb oxide forma-
lower than the L[.)A. values, b.Ut the .rela.nve Energies angiqn, Again, this means that the oxygen-terminated interface
trend_s are quite similar. MOSF Interesting Is t_he fact that, a%s predicted to be stable under the experimental conditions of
mentioned above and consistent with earlier wdrkhe et 5 These results are also consistent with the experimen-
(Al205) surface is stablélower surface energyover the 5 requits of Ref. 11, where it was reported that metal/
entire range of oxygen pressuidsy. (3)]. ’

alumina works of adhesion can depend on oxygen partial
Next, let us apply Eq(2) to the Nb/ALO; interface. In P ygen p

) ; pressures.
this case, we takE,, to be the total energy of the slab minus

the energy of the two Nl11) surfaces, so thds becomes a o

purely interfacial energy, . As a check, we also determined D. Al diffusion into Nb from Al ;03

the inte_rfacial energy by combining the computed Works_ of Finally, let us examine further the Ni1,0O,) interface.
separationys (Table Ill) and the computed surface energiesyye attempt to provide information relative to the diffusion
onpandoa o, (V1= 0npt oa,0,~ vs). Excellentagreement of Al from the Al,O; into the Nb. This information is of
was found. interest because of the observaffoff of an Al concentra-

Results are shown in Fig. 3. The vertical linesMgto  tion profile in the Nb associated with a diffusion bonded
=0 and neaA uo=—6 designate the range shown in Eqg. Nb/(Al,Oz). First, we compute some fundamental heats or
(3). Again, the stoichiometric interface, NBM,05)5, has an  energies we will need in this analysis. For all of these com-
interfacial energy that is independent dj.o, as expected. putations we used the computational methods described in
Also, Nb/(Al,O5)c depends linearly o\ ug, according to  Sec. Il, within the(more accurateGGA. First, we compute
Eqg. (2). Again the GGA interfacial energies are lower thanthe heat of solution of Alfrom bulk Al) in (bulk) Nb. Re-
the LDA values, but GGA and LDA trends and relative en-sults can be found in Table IV. In the tabkeg is the heat of
ergies are similar. Note that as the oxygen partial pressursolution, where Al is taken to be substitutional in the p;
and A ug increases, NIBAI,O;)o becomes more stable than is the energy to form an interstitial Al atoffrom bulk Al) in
Nb/(Al,O3)s. So the relative stabilities of the free (bulk) Nb; andE, is the vacancy formation energy for Nb.
Al,05(0001) surfaces are reversed by the addition of Nb toOur first-principles heat of solutioltg agrees reasonably
the surfaces. This is consistent with the data of Ref. 5, whichvell with the empirical value of Ref. 30. As expected, the
reported oxygen termination for the Md.1)/ «-Al,05(0001)  formation of an interstitial Al in Nb is endothermic, and so
interface. This is perhaps our most important result. the lower-energy configuration for Al in solution is substitu-

Let us examine this result more thoroughly. For largertional. Our first-principles Nb vacancy formation energy also
Aug, we indicate in Fig. 3 that bulk oxides of Nb are agrees well with the experimental value of Ref. 31.
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TABLE V. Energies per Al atom in eV required to convert an increase, then at 2,000 K the entropy increase would lower
Nb/(Al205) interface to an NBAI;Os)o interface, with Al ending  the relative Gibbs free energy of the dissolved Al state by
up in Nb interstitial sites &), substitutional sites&;s), or va-  0.86 eV/Al atom. From Table V, we can see that this would

cancy sites Eyy). make the Gibbs free energy of the substitutional state for the
Al in Nb lower than the Al-free Nb stateH;s<<0). This

Ex Eis Eqv suggests that diffusion bonding could lead to Al migrating

6.77 0.74 ~1.99 from the ALO; to the Nb, consistent with reported experi-

mental observatior&:?°
Note, finally, that the above-noted analysis only examines
Next, we compute one more term, which will be seen toin an average way the Gibbs energy associated with a part of
be fundamental in determining energetics of interest for difthe diffusional process. If Al atoms do manage to diffuse into
fusion of Al in Nb. This is the energ§y, where the Nb from the Nb/AJO; interfacial region, presumably
they are replaced in the interfacial region by Al atoms mi-
Ep=Exl Nb/(Al,03)5] — Eiod Nb/(Al 203)A|]+,uf\|. (4) grating to that region from the bulk of the &b;. Thus the
B . ) ) ) Al,O5 termination in the Nb/AIO; interface is still deter-
Hereup is the chemical potential of bulk aluminum, and so ined by the considerations of Sec. 11l C above, even if there
Ep is the energy to move Al atoms from the NAV,O3) was diffusion of Al into the Nb.
interface to(a separate mass)obulk Al. We find thatEp
=1.60eV per Al atom. Now we are ready to compute quan- IV. SUMMARY
tities relevant to Al diffusion into Nb. We begin with the
Nb/(Al,05), interface, which we will call interface 1. Let us
call E;, the energy per Al atom associated with converting
the Nb{Al,O3), interface to an NKAI,O3)q interface, with
the Al atoms ending up at interstitial sites in the Nb. Then

We have carried out first-principles computations of
atomic relaxations, electron-density contours, and energetics
of Al,O5 surfaces and Nb/AD; interfaces. These were done
for both stoichiometric and nonstoichiometric surfaces and
interfaces. We found substantial atomic relaxations for all

E. —En+E, . (5) these surfaces a_nd intgrfaces, with interesting ve_lriations de-
H—=n pending on Nb film thickness, Nb and Al size differences,
We see from Table V thdE,, is 6.77 eV. That is, the state and deviations from stoichiometry. Electron density contours
with the Al atoms at interstitial sites in the Nb and anshow the transition between metallic and ionic bonding
Nb/(Al,O5)q interface is 6.77 eV per Al atom higher in en- across the Nb/AD; interface, as well as how the bonding
ergy than the state with the Al atoms forming the varies between stoichiometric and nonstoichiometric sur-
Nb/(Al,O3)4 interface. The obvious conclusion is that the faces and interfaces. The works of separation are indepen-
Nb/(Al,O3) 5 interface is stable relative to interstitial solution dent of oxygen partial pressure, with the O-terminated value
of the Al atoms in the Nb. The energy to move the Al atomsbeing over 3 times the Al-terminated value. All of the afore-

to the substitutional site is defined Bss, where mentioned results were obtained both in the local-density
approximation(LDA), and in the presumably more accurate
Eis=Ep—Es. (6) generalized-gradient approximatioB GA). While there are

E,s is determined to be 0.74 eV, substantially smaller thangyantltat|ve dlffererjcgs in the LDA a'nd GGA resultg, pre-
. NI . dicted trends are similar and conclusions are essentially the
E,,, but nevertheless the Nb substitutional site is higher in me
?hneeflyaigﬁ]st?oe;n\tgggﬁgl ;':; Flnir;llly, the energy to move We showed that surface energies ar_1d interfacial energ_ies
v depend on the oxygen chemical potential and corresponding
E.=En—E. . 7 oxygen partial pressures for nons_toichiomt_etric_: inter_faces.
weEb =Y For the ALO, surface, the Al-terminatedstoichiometria
We find that this site is 1.99 eV lower in energy than thesurface is stable, i.e., is lower in energy than the
interfacial site. Note, however, that the number of vacancyO-terminated surface, for the entire range of oxygen partial
sites is relatively low. Gaskéfl estimates, e.g., that in bulk pressures. At sufficiently low oxygen chemical potentials
Al, even at a temperature as high as the melting temperatu@nd partial pressures, we also found that the stable NOAAI
the fraction of vacant sites is only>910~%. interface contains Al-terminated £D;. However, as oxygen
At low temperatures, then, we would not expect signifi- partial pressures and chemical potentials increase, the stable
cant diffusion of the Al atoms in the Nb. At higher tempera- Nb/Al,O5 interface becomes O-terminated, consistent with
tures, because of tHESterm in Eq.(1), one might expect the recent experimental resuftsThat is, the formation of the
Gibbs free energy of the dissolved Al state to be lowerednterface with Nb can reverse the stability of the,®4 ter-
relative to the state where there is no Al in the Nb if themination. While this is the first prediction of the stable inter-
entropy increase associated with diffusion is sufficientlyfacial structure for a metal/ceramic oxide interface, Saiz
high. While we were not able to find data for Al-Nb alloys, et al!! have reported a dependence of works of metal4l
data® for the entropy increase associated with the formatioradhesion on oxygen pressures, consistent with our results.
of many Al alloys from elemental metals are in the range Finally, we determined some of the energetics associated
0.6-1.5 cal/molK at approximately 0.1 atomic fraction of with diffusion of the Al from the A}O; across the interface
Al. Of course our Al does not come from elemental Al, but into the Nb. It seems unlikely that one would find substantial
rather from AbO;.  Nevertheless, if we take solution of the Alin the Nb, except at temperatures of order
1.0 cal/mol K=0.43 eV/Al atom 18K as an average entropy 10°K.
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