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Stoichiometry and adhesion of NbÕAl2O3
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J. R. Smith
Delphi Research Labs, Warren, Michigan 48090

~Received 14 February 2000!

We examine the relative stability of both stoichiometric and nonstoichiometric Nb/Al2O3 interfaces and
Al2O3 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-terminated Al2O3~0001!
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/Al2O3 interface. Our results are consistent with Al migration into the Nb at temperatures of the order of
103 K, as reported experimentally.
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I. INTRODUCTION

Adhesion at metal/ceramic interfaces is not only an
triguing materials research subject, but it is also of consid
able practical importance. Electronic packaging, corrosi
resistant coatings, and high-temperature composite mate
depend on adhesion between metals and ceramics. In
this adhesion is dependent on the atomic structure of
interface.1–9 The Nb~111!/a-Al2O3~0001! interface is a good
test bed for understanding metal/ceramic adhes
because1–9 the interface is almost strain-free, the adhes
bond is relatively strong, the coefficients of thermal expa
sion of the two materials are nearly the same, the interfac
atomically abrupt, and the interfacial atomic structure is w
characterized.

Bruley et al.5 have prepared the Nb~111!/a-Al2O3~0001!
interface via molecular beam epitaxy, and they found that
niobium atoms are bonded to an oxygen-terminated Al2O3
surface. This interface is not stoichiometric, i.e., the ratio
oxygen atoms to aluminum atoms is not 3 to 2, but rather
interface is oxygen-rich. This is particularly interesting b
cause, as we will see in the following and consistent w
earlier work,10 even at high oxygen pressures the free~clean!
Al2O3~0001! surface is Al-terminated, with the oxygen
terminated surface being significantly higher in energy th
the Al-terminated surface. In the following we will examin
from first principles the effect of the Nb/Al2O3 interaction on
the Al2O3 termination. We will see that the Nb/Al2O3 inter-
action can in fact reverse the relative stability of oxygen a
Al-terminated Al2O3 interfaces as the oxygen chemical p
tential and oxygen partial pressure increases, consistent
Ref. 5. An oxygen-pressure dependence of metal/alum
bonding is also consistent with a reported11 dependence o
metal/alumina works of adhesion on oxygen partial press
To our knowledge, this is the first time the stable interfac
structure has been predicted for a metal/ceramic oxide in
face.

Finally, we compute energetics relative to a potential
diffusion from the alumina into the niobium across t
Nb/Al2O3 interface. We will see that our results are cons
PRB 610163-1829/2000/61~24!/16883~7!/$15.00
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tent with experimental observations of Al diffusion into th
Nb at temperatures of order 103 K.

II. COMPUTATIONAL METHODS

The Nb/Al2O3 interface has been modeled by Batire
Alavi, and Finnis7 within a pseudopotential approximation
Here we go beyond that approximation, including all co
electrons in our computations. Our electronic structure c
culations were performed using an accurate full-potential
earized augmented plane-wave~FLAPW! method12 includ-
ing local orbital extensions13 to increase flexibility of the
basis set. The structures are fully relaxed by the Hellma
Feynman forces.14 The muffin-tin radii for Nb, Al, and O
atoms turned out to be 1.1, 0.85, and 0.74, respectiv
where length units throughout the paper are ångstroms.
included plane waves with an energy cut off of 18.4 Ry
ensure force convergence. Five specialk points in the irre-
ducible part of the first surface Brillouin zone are used
generate the electron-density distributions. Atomic locatio
are assumed to be converged when the force on each ato
less than 0.03 eV/Å. Results using both the local-den
approximation15 ~LDA ! and the presumably more accura
generalized-gradient approximation~GGA! of Perdew,
Burke, and Ernzerhof16 are all presented in order to dete
mine the importance of the GGA in this application.

We used a supercell approach to simulate the interfa
Two Nb~111! slabs are adhered to both sides of an Al2O3

slab, maintaining inversion symmetry relative to the cen
of the Al2O3 slab. These slabs repeat periodically to infin
parallel to the interface, but are of finite dimension perpe
dicular to the interface. Each Nb slab is six atomic laye
thick and the Al2O3 slab typically contains four oxygen
atomic layers and eight aluminum atomic layers. Each c
then contains two Nb~111!/Al 2O3~0001! interfaces, and we
maintain 8 Å of vacuum between the outer Nb surfaces
adjacent supercells. Thicker Al2O3~0001! slabs have been
treated,17 and we will see that our results agree well wi
16 883 ©2000 The American Physical Society
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TABLE I. Relaxation results for the surface systems Nb monolayer on O-terminated alu
@~Nb!1~Al2O3!O#, Al-terminated@~Al2O3!Al#, and O-terminated@~Al2O3!O#. All interplanar spacings are give
as a percentage increase~plus! or decrease~minus! relative to the Al2O3 bulk spacings.

~Nb!1~Al2O3!O ~Al2O3!Al ~Al2O3!O

LDA GGA LDA GGA LDA GGA

Nb~Al !-O 224.23 222.31 285.84 286.02
O-Al 11.99 17.03 1.10 3.58 223.13 220.09
Al-Al 238.73 241.23 242.86 238.74 2.59 3.00
Al-O 10.72 14.03 17.48 19.06 9.99 13.57
O-Al 22.02 1.10 1.00 2.70 23.33 0.40
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be-
those of others where available. We define these interfa
for which the Al2O3~0001! is Al-terminated as Nb/~Al2O3!Al.
The oxygen-terminated interface, Nb/~Al2O3!O, is defined in
the same way, except that the outer Al layer at the interf
is removed, with the atoms of the outer Nb layer falling
the Al sites. This is consistent with the experimental resul5

No symmetry besides inversion is required. Only the two
layers in the center of the supercell are fixed, with all oth
atoms allowed to relax freely in the three dimensions. T
experimental lattice constants of the Al2O3 crystal18 (a/c
54.7628/13.0032), were used for these two Al layers, so
Nb~111! must stretch by 1.72%~see next section! to be com-
mensurate. We expect the effects of misfit dislocations to
small.19

III. RESULTS

A. Bulk Nb

Our calculated bulk lattice constants for Nb are 3.23
LDA and 3.31 in the~more accurate! GGA, in good agree-
ment with the measured value20 of 3.30. The LDA interfacial
lattice mismatch between the two materials is 2.86%, wh
the GGA value is 1.72% as noted above. For the unstra
Nb~111! surface, the calculated surface energies are 2
J/m2 ~LDA ! and 2.43 J/m2 ~GGA!, being close to the poly-
crystalline experimental value of 2.44 J/m2.21

B. Atomic relaxations of the Al2O3 surface
and NbÕAl2O3 interfaces

1. Al2O3 free surface and Al2O3 with adsorbed Nb monolayer

We first computed the relaxation of the (131) Al-
terminated, ~Al2O3!Al, and oxygen-terminated,~Al2O3!O,
alumina surface. Next we determined the relaxation of a
monolayer on O-terminated alumina,~Nb!1~Al2O3!O, with
the Nb atoms located at those sites occupied by Al atoms
~Al2O3!Al. These systems were chosen in order to comp
with earlier work done on some of them and because they
the substrates on which we will deposit Nb. The results
the atomic surface relaxations are shown in Table I. Th
and in Table II we list planar relaxations of the atomic laye
even though we have allowed for full three-dimensional
laxation of each atom. We found that the atoms remai
coplanar to within 0.02 Å. The relaxations for~Al2O3!Al are
similar to the results of earlier computations.7,10,17,22 The
most striking aspect here is the quite large relaxation of
outer Al layer, with it becoming almost coplanar with th
es
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outer O layer. The relaxation of the spacing between oute
layer of ~Al2O3!O and the Al layer beneath it is an order o
magnitude larger than the corresponding value for~Al2O3!Al,
but it is substantially less than the spacing decrease betw
the outer Al layer of~Al2O3!Al and the O layer beneath it. W
know of no earlier theoretical results for relaxations
~Al2O3!O with which we can compare the various interplan
results of Table I. We found that the Nb monolayer
O-terminated Al2O3 has an inward relaxation23 that is signifi-
cantly less than the outer Al layer of~Al2O3!Al. This is pre-
sumably due to the larger size of the Nb atoms~ions! relative
to the Al atoms~ions!. The threefold-bonded O atoms nea
est to the Nb atoms are also squeezed outward~essentially
within plane, with the distance between those O atoms
creasing by as much as 0.28 Å56% of the in-plane lattice
constant! and rotated through an angle of 6°. This al
squeezes the Al layer below the outer O layer, leading t
relatively large increase in O-Al interplanar spacing. F
~Al2O3!Al, although the top O layer is almost coplanar wi
the top Al layer, because of the relatively small size of the
Al31 ions, the O atoms are squeezed outward by a sma
distance, and the O rotation is much less~,2°!. In Ref. 6 an
outward relaxation of the Nb monolayer was reported. W
do not know at this time why our results are different.

It is interesting to look at electron-density contours sho
in Fig. 1. These are the self-consistent density distributi
minus the overlapping atomic densities. The electron tran
to the O atoms is apparent for both~Al2O3!Al and
~Nb!1~Al2O3!O. There is in addition a polarization of the N
site of ~Nb!1~Al2O3!O. A comparison of the outer Al in Fig
1~a! and the Nb of Fig. 1~b! is also suggestive of the Al an
Nb size and location differences.

2. NiobiumÕalumina interfaces

Results for the relaxation of atomic positions at t
Nb/~Al2O3!Al and Nb/~Al2O3!O interfaces are found in Table
II. Now we have, as mentioned earlier, six atomic layers
Nb on either side of the alumina slab. Reasonable agreem
is obtained with the results of Ref. 7. The relaxation of the
interfaces shows characteristics similar to those of Fig. 1
Table I. For Nb/~Al2O3!Al, the outer O in-plane radial strai
~,1% of the in-plane lattice constant! and rotation~,2°! are
almost negligible. But, with Nb replacing Al as i
Nb/~Al2O3!O, the outer O in-plane radial strain and rotatio
increase to 3% of the in-plane lattice constant and 4°, resp
tively. Perhaps the most interesting effect of the thicker
layers is found in the much smaller decrease in distance
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PRB 61 16 885STOICHIOMETRY AND ADHESION OF Nb/Al2O3
tween the outer Al and outer O layers of Nb/~Al2O3!Al @7.5%
for Nb/~Al2O3!Al and 86.0% for~Al2O3!Al#, and the signifi-
cantly larger distance between the outer O layer and the
Nb layer @0.637 Å for ~Nb!1~Al2O3!O and 1.125 Å for
Nb/~Al2O3!O#.

This is also apparent in the electron-density contour p
for Nb/~Al2O3!Al shown in Fig. 2~a! and for Nb/~Al2O3!O
shown in Fig. 2~b!, in comparison with Figs. 1~a! and 1~b!,
respectively. This is perhaps consistent with the results
ported in Ref. 25 for13 monolayer to monolayer coverages
Nb on t-Al2O3, indicating that the Nb desorption energi
decrease with coverage. The strong Nb polarization evid
in Fig. 1~b! does not appear in Figs. 2~a! and 2~b!, the ‘‘dan-
gling’’ Nb bond seemingly replaced by bonding within th
Nb. There appears to be a fundamental difference betw
the Nb atomic layers nearest the alumina@Nb2 in Fig. 2~a!#
and Nb1 in Fig. 2~b!#. For Nb/~Al2O3!Al, Nb2 looks similar
to Nb3 and Nb4@see Fig. 2~a!#. However, for Nb/~Al2O3!O
shown in Fig. 2~b!, there is a marked difference between t
Nb layer nearest the alumina, Nb1, Nb2, and Nb3 of F

FIG. 1. Contour plots of valence-electron-density differences
~a! the ~Al2O3!Al and ~b! the ~Nb!1~Al2O3!O surfaces. This is ob-
tained by subtracting the superposition of valence electron dens
of neutral atoms from the self-consistent density distributions. T
solid lines indicate electron accumulation, and the dashed l
depletion.
st

ts

e-

nt

en

.

2~b!. That is, Nb1 looks more ionic and less metallic th
Nb2 and Nb3. This is to be expected because Nb1 is rep
ing the Al layer.

Finally, Table III contains the works of separation fo
Nb/~Al2O3!Al and Nb/~Al2O3!O. These are the energy pe
cross-sectional area at large interfacial separation minus
corresponding value at equilibrium separation for Nb a
~Al2O3!Al or ~Al2O3!O.

Perhaps the most striking result from Table III is th
rather large difference between the Nb/~Al2O3!Al and the
Nb/~Al2O3!O works of separation. The bond energies of t
Nb/~Al2O3!O interface are over 3 times those of th
Nb/~Al2O3!Al interface. This is perhaps consistent with t
ionic nature of the bonds in the Nb/~Al2O3!O interface as
compared to the more metallic nature of the bonds in
Nb/~Al2O3!Al interface, as we saw in Figs. 2~a! and 2~b!. We
will see in the next section that the~Al2O3!O surface energy
tends to be substantially larger than the~Al2O3!Al surface
energy, even for relatively large oxygen partial pressur
Since these are the corresponding Al2O3 surfaces for the two
different terminations when the Nb/Al2O3 interfaces are at

FIG. 2. Electron-density difference contours for~a!
Nb/~Al2O3!Al and ~b! Nb/~Al2O3!O. These are the self-consisten
density distributions minus the superposition of valence-elect
densities of neutral atoms. The solid lines indicate electron accu
lation, while the dashed lines indicate depletion.
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TABLE II. Results for relaxations in atomic positions of the Nb/~Al2O3!O and Nb/~Al2O3!Al interfaces.
Interplanar spacings are given as a percentage increase~plus! or decrease~minus! relative to the correspond
ing bulk spacing~Refs. 18 and 24!. While the computation includes six Nb layers, we give results for the f
Nb layers closest to the Al2O3 surface.

Nb/~Al2O3!O Nb/~Al2O3!Al

LDA GGA Ref. 7 LDA GGA Ref. 7

Nb4-Nb3 25.7 26.49 22.4 27.6 24.6 23.1
Nb3-Nb2 9.5 12.9 12.2 24.7 29.0 3.6

Nb2-Nb1~Al ! 237.2 235.4 226.3 5.5 5.3 22.1
Nb1~Al !-O 33.8 37.9 30.4 210.8 27.5 22.2

O-Al 2.41 8.05 10.1 1.21 4.67 8.5
Al-Al 216.7 219.6 217.2 217.0 217.5 212.9
Al-O 2.8 7.7 7.1 3.7 7.3 8.7
O-Al 22.0 2.4 20.9 22.6 1.3 1.7
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large separation, these surface energy results are not in
sistent with the results of Table III. The works of separati
seem relevant to fracture, particularly at relatively rap
crack velocities. That is, suppose, e.g., that the oxygen
tial pressure is such that the interface is oxygen termina
~see Sec. II C!. Then, if the fracture were rapid enough, pe
haps the interfacial bonds would be broken before
~Al2O3!O would have a chance to relax to the~lower-energy!
~Al2O3!Al surface. In that case, the Nb/~Al2O3!O work of
separation would be the relevant quantity of interest.

C. Bonding energies and deviations from stoichiometry

We can get further insight into the differences noted p
viously between the adhesive interactions found
Nb/~Al2O3!O and Nb/~Al2O3!Al by considering surface an
adhesive energies. This will lead us to formulate the effec
deviations from stoichiometry on adhesion. First, o
~Al2O3!Al surface energy is 2.59 J/m2 in LDA. This is a little
higher than the LDA result of 1.98 J/m2 reported by Felice
and Northrup.10~a! Our GGA result of 2.15 J/m2 is rather
close to the GGA results of 2.13 J/m2 ~Wanget al.!10~b! and
1.95 J/m2.7

It is not straightforward to report the surface energy
~Al2O3!O because that surface is not stoichiometric. This
also true for the Nb/~Al2O3!O interface. In these cases, w
must take into account the fact that11 the oxygen partial pres
sure and, correspondingly, the oxygen chemical potential
vary. To proceed, we compute the Gibbs free energy10,26 to
analyze interfacial stability. The Gibbs free energyG of the
slab at pressureP and temperatureT is

G5Etot2NOmO2NAlmAl2NNbmNb
B 1PV2TS. ~1!

HereEtot is the total energy of the slab,mO, mAl , andmNb
B

are the chemical potentials of oxygen, aluminum, and n
bium respectively, andNO, NAl , andNNb are the numbers o

TABLE III. Works of separation in J/m2.

LDA GGA Ref. 7

Nb/~Al2O3!Al 3.3 2.6 2.8
Nb/~Al2O3!O 12.3 10.6 9.8
on-

r-
d

e
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the corresponding atoms in the cell, withNOmO1NAlmAl

1NNbmNb
B being the corresponding bulk energies of alumi

and niobium, respectively. By subtracting the bulk energi
G contains only surface and interfacial energies.

Equation~1! can be simplified. First, for typical pressure
and temperatures, the termsPV and TS can be neglected
Second, notemAl2O3

[3mO12mAl , where mAl2O3
is the

chemical potential of bulk alumina. Equation~1! becomes

G5Etot2
NAl

2
mAl2O3

2~NO2 3
2 NAl !mO2NNbmNb

B . ~2!

For the stoichiometric interface, the coefficient of the te
containingmO vanishes. SincemAl2O3

andmNb are bulk quan-

tities, G is uniquely defined in this case, independent ofmO.
For nonstoichiometric interfaces,G will be a function ofmO,
or, equivalently, ofDmO[mO2mO

gas.
To apply Eq.~2! to free~clean! Al2O3~0001! surfaces, we

setNNb50. The range of interest forDmO is

2 1
3 DHAl2O3

<DmO<0, ~3!

and whereDHAl2O3
is the heat of formation of alumina

which we take27 to be 17.37 eV. The inequalities of Eq.~3!
arise from our expectation that the nonstoichiometric ma
rial lies somewhere in between metallic Al and~molecular!
oxygen.

The results are shown in the inset of Fig. 3~see also Ref.
10!. The input of the empirical value forDHAl2O3

implies

thatmO
gas is the oxygen gas chemical potential in its standa

state, i.e., at 1 atm of pressure andT5298.15 K. This locates
the origin of the abscissa in Fig. 3. It should be remember
however, that our total-energy computations are carried
at T50 K, as is typical of state-of-the-art first-principle
methods. This is an approximation relative to comparis
with experimental results atT.0 K, but it has been a suc
cessful approximation for researchers comparing to
energy differences in solids. The vertical lines in the in
show the limits indicated by Eq.~3!. In Fig. 3 we see, as
expected, that~Al2O3!Al is independent ofDmO since it is
stoichiometric. Also,~Al2O3!O depends linearly onDmO,
consistent with Eq.~2!. The GGA surface energies are a litt
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lower than the LDA values, but the relative energies a
trends are quite similar. Most interesting is the fact that,
mentioned above and consistent with earlier work,10 the
~Al2O3!Al surface is stable~lower surface energy! over the
entire range of oxygen pressures@Eq. ~3!#.

Next, let us apply Eq.~2! to the Nb/Al2O3 interface. In
this case, we takeEtot to be the total energy of the slab minu
the energy of the two Nb~111! surfaces, so thatG becomes a
purely interfacial energyg I . As a check, we also determine
the interfacial energy by combining the computed works
separationgS ~Table III! and the computed surface energi
sNb andsAl2O3

(g I5sNb1sAl2O3
2gS). Excellent agreemen

was found.
Results are shown in Fig. 3. The vertical lines atDmO

50 and nearDmO526 designate the range shown in E
~3!. Again, the stoichiometric interface, Nb/~Al2O3!Al, has an
interfacial energy that is independent ofDmO, as expected
Also, Nb/~Al2O3!O depends linearly onDmO, according to
Eq. ~2!. Again the GGA interfacial energies are lower th
the LDA values, but GGA and LDA trends and relative e
ergies are similar. Note that as the oxygen partial press
andDmO increases, Nb/~Al2O3!O becomes more stable tha
Nb/~Al2O3!Al. So the relative stabilities of the fre
Al2O3~0001! surfaces are reversed by the addition of Nb
the surfaces. This is consistent with the data of Ref. 5, wh
reported oxygen termination for the Nb~111!/a-Al2O3~0001!
interface. This is perhaps our most important result.

Let us examine this result more thoroughly. For larg
DmO, we indicate in Fig. 3 that bulk oxides of Nb ar

FIG. 3. Interfacial energies of the Nb/~Al2O3!Al and
Nb/~Al2O3!O interfaces vsDmO[mO2mO

gas, i.e., vs the difference
between the oxygen chemical potential in the material and its v
for the gas. The inset shows the surface energy vsDmO for the free
~clean! alumina surfaces,~Al2O3!Al and ~Al2O3!O. The solid lines
are for GGA, and the dashed lines are for LDA calculations~see
Sec. II!.
d
s

f

-
re

h
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formed. This is based27 on the heat of formation of NbO
being 4.21 eV, shown by a vertical dotted line atDmO5
24.21 in Fig. 3. We have not included oxides of Nb in o
computations. Therefore our results apply strictly only to t
range of oxygen partial pressures where the pressure is
enough that O can go to the interface to affect t
Al2O3~0001! termination, but not so high that substantial i
terfacial oxides of Nb are formed. Our results shown in F
3 suggest that such a range exists. This is also consis
with the experimental results of Bruleyet al.5 on their
Nb~111!/a-Al2O3~0001! interface produced by molecula
beam epitaxy. See, in particular, their Fig. 7~b! and their
corresponding discussion. Their data~see their Fig. 6!, indi-
cate oxides of Nb on the free Nb surface but not at
Nb/Al2O3 interface. As noted above, their data also indic
that the Al2O3~0001! is oxygen-terminated at the interfac
This is consistent with our results in Fig. 3. There we sh
that the Nb/~Al2O3!O interfacial energy moves below th
Nb/~Al2O3!Al value at an oxygen chemical potential signi
cantly below the onset of Nb oxide formation. Moreover, t
oxygen-terminated interfacial energy continues to drop re
tive to the aluminum-terminated interfacial energy as
chemical potential moves into the region of Nb oxide form
tion. Again, this means that the oxygen-terminated interf
is predicted to be stable under the experimental condition
Ref. 5. These results are also consistent with the experim
tal results of Ref. 11, where it was reported that me
alumina works of adhesion can depend on oxygen pa
pressures.

D. Al diffusion into Nb from Al 2O3

Finally, let us examine further the Nb/~Al2O3! interface.
We attempt to provide information relative to the diffusio
of Al from the Al2O3 into the Nb. This information is of
interest because of the observation28,29 of an Al concentra-
tion profile in the Nb associated with a diffusion bond
Nb/~Al2O3!. First, we compute some fundamental heats
energies we will need in this analysis. For all of these co
putations we used the computational methods describe
Sec. II, within the~more accurate! GGA. First, we compute
the heat of solution of Al~from bulk Al! in ~bulk! Nb. Re-
sults can be found in Table IV. In the table,ES is the heat of
solution, where Al is taken to be substitutional in the Nb;EI
is the energy to form an interstitial Al atom~from bulk Al! in
~bulk! Nb; andEV is the vacancy formation energy for Nb
Our first-principles heat of solutionES agrees reasonabl
well with the empirical value of Ref. 30. As expected, th
formation of an interstitial Al in Nb is endothermic, and s
the lower-energy configuration for Al in solution is substit
tional. Our first-principles Nb vacancy formation energy al
agrees well with the experimental value of Ref. 31.

e

TABLE IV. Energies in eV per Al atom, as described in th
text.

ES EI EV

0.86 1.18a 5.17 2.73 3.03b

aReference 30.
bReference 31.
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Next, we compute one more term, which will be seen
be fundamental in determining energetics of interest for
fusion of Al in Nb. This is the energyED , where

ED[Etot@Nb/~Al2O3!O#2Etot@Nb/~Al2O3!Al#1mAl
B . ~4!

HeremAl
B is the chemical potential of bulk aluminum, and

ED is the energy to move Al atoms from the Nb/~Al2O3!Al
interface to~a separate mass of! bulk Al. We find thatED
51.60 eV per Al atom. Now we are ready to compute qu
tities relevant to Al diffusion into Nb. We begin with th
Nb/~Al2O3!Al interface, which we will call interface 1. Let u
call E1I the energy per Al atom associated with converti
the Nb/~Al2O3!Al interface to an Nb/~Al2O3!O interface, with
the Al atoms ending up at interstitial sites in the Nb. The

E1I5ED1EI . ~5!

We see from Table V thatE1I is 6.77 eV. That is, the stat
with the Al atoms at interstitial sites in the Nb and a
Nb/~Al2O3!O interface is 6.77 eV per Al atom higher in en
ergy than the state with the Al atoms forming th
Nb/~Al2O3!Al interface. The obvious conclusion is that th
Nb/~Al2O3!Al interface is stable relative to interstitial solutio
of the Al atoms in the Nb. The energy to move the Al atom
to the substitutional site is defined asE1S , where

E1S5ED2ES . ~6!

E1S is determined to be 0.74 eV, substantially smaller th
E1I , but nevertheless the Nb substitutional site is highe
energy than the interfacial site. Finally, the energy to mo
the Al atoms to a vacancy site,E1V , is

E1W5ED2EV . ~7!

We find that this site is 1.99 eV lower in energy than t
interfacial site. Note, however, that the number of vacan
sites is relatively low. Gaskell32 estimates, e.g., that in bul
Al, even at a temperature as high as the melting tempera
the fraction of vacant sites is only 931024.

At low temperatures, then, we would not expect sign
cant diffusion of the Al atoms in the Nb. At higher temper
tures, because of theTSterm in Eq.~1!, one might expect the
Gibbs free energy of the dissolved Al state to be lowe
relative to the state where there is no Al in the Nb if t
entropy increase associated with diffusion is sufficien
high. While we were not able to find data for Al-Nb alloy
data33 for the entropy increase associated with the format
of many Al alloys from elemental metals are in the ran
0.6–1.5 cal/mol K at approximately 0.1 atomic fraction
Al. Of course our Al does not come from elemental Al, b
rather from Al2O3. Nevertheless, if we take
1.0 cal/mol K50.43 eV/Al atom 103 K as an average entrop

TABLE V. Energies per Al atom in eV required to convert a
Nb/~Al2O3!Al interface to an Nb/~Al2O3!O interface, with Al ending
up in Nb interstitial sites (E1I), substitutional sites (E1S), or va-
cancy sites (E1V).

E1I E1S E1V

6.77 0.74 21.99
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increase, then at 2,000 K the entropy increase would lo
the relative Gibbs free energy of the dissolved Al state
0.86 eV/Al atom. From Table V, we can see that this wou
make the Gibbs free energy of the substitutional state for
Al in Nb lower than the Al-free Nb state (E1S,0). This
suggests that diffusion bonding could lead to Al migrati
from the Al2O3 to the Nb, consistent with reported exper
mental observations.28,29

Note, finally, that the above-noted analysis only examin
in an average way the Gibbs energy associated with a pa
the diffusional process. If Al atoms do manage to diffuse in
the Nb from the Nb/Al2O3 interfacial region, presumably
they are replaced in the interfacial region by Al atoms m
grating to that region from the bulk of the Al2O3. Thus the
Al2O3 termination in the Nb/Al2O3 interface is still deter-
mined by the considerations of Sec. III C above, even if th
was diffusion of Al into the Nb.

IV. SUMMARY

We have carried out first-principles computations
atomic relaxations, electron-density contours, and energe
of Al2O3 surfaces and Nb/Al2O3 interfaces. These were don
for both stoichiometric and nonstoichiometric surfaces a
interfaces. We found substantial atomic relaxations for
these surfaces and interfaces, with interesting variations
pending on Nb film thickness, Nb and Al size difference
and deviations from stoichiometry. Electron density conto
show the transition between metallic and ionic bondi
across the Nb/Al2O3 interface, as well as how the bondin
varies between stoichiometric and nonstoichiometric s
faces and interfaces. The works of separation are indep
dent of oxygen partial pressure, with the O-terminated va
being over 3 times the Al-terminated value. All of the afor
mentioned results were obtained both in the local-den
approximation~LDA !, and in the presumably more accura
generalized-gradient approximation~GGA!. While there are
quantitative differences in the LDA and GGA results, pr
dicted trends are similar and conclusions are essentially
same.

We showed that surface energies and interfacial ener
depend on the oxygen chemical potential and correspon
oxygen partial pressures for nonstoichiometric interfac
For the Al2O3 surface, the Al-terminated~stoichiometric!
surface is stable, i.e., is lower in energy than t
O-terminated surface, for the entire range of oxygen par
pressures. At sufficiently low oxygen chemical potentia
and partial pressures, we also found that the stable Nb/A2O3
interface contains Al-terminated Al2O3. However, as oxygen
partial pressures and chemical potentials increase, the s
Nb/Al2O3 interface becomes O-terminated, consistent w
recent experimental results.5 That is, the formation of the
interface with Nb can reverse the stability of the Al2O3 ter-
mination. While this is the first prediction of the stable inte
facial structure for a metal/ceramic oxide interface, S
et al.11 have reported a dependence of works of metal/Al2O3
adhesion on oxygen pressures, consistent with our resul

Finally, we determined some of the energetics associa
with diffusion of the Al from the Al2O3 across the interface
into the Nb. It seems unlikely that one would find substan
solution of the Al in the Nb, except at temperatures of ord
103 K.
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