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In-plane relaxation of Cu„111… and Al„111…Õa-Al2O3 „0001… interfaces

Iskander G. Batyrev and Leonard Kleinman
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~Received 24 February 2001; published 26 June 2001!

The electronic structure and total energy of the Al and Cu alumina interfaces have been calculated with the
plane wave pseudopotential method based on Lanczos diagonalization of the Kohn-Sham density matrix. For
both interfaces we found in-plane relaxation, resulting in the rotation of the O triangle and expansion of the
O-O bonds at the alumina surface. The calculated adhesive energies of the Cu~111!/alumina and Al~111!/
alumina interfaces are several times smaller than that of the Nb~111!/alumina interface. The Cu~111!/Al-
terminated alumina interface is found to have the smallest adhesive energy which is presumably related to the
high degree of spatial delocalization of metal-oxygen bonds at the interface.
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The interaction between metals and ceramics is a ques
of vital interest. A basic problem in materials science is
relate the strength of interfaces to their atomic and electro
structure. In particular, metal/ceramic interfaces are a c
of technologically important systems whose interactio
need to be understood at a fundamental quantum-mecha
level. Our aim is to obtain theoretical values of the work
separation, as a step towards linking the mechanical beha
of interfaces with their structure on the atomic scale. T
mechanical adhesion of metal/Al2O3 ~0001! interfaces is a
subject of ongoing experimental1–3 and theoretical
interest.4–8

What are the factors that favor the stable metal/alum
interface? Besides the thermodynamical arguments,12 one of
the basic parameters is the atomic misfit. In t
Nb(111)/a-Al2O3(0001) interface the atomic misfit is les
than 1.93% and the niobium surface of the interface is
panded compared with the free Nb~111! surface.9–11 The
small atomic misfit does not seem to be a necessary co
tion for the formation of a stable interface. In the stable a
experimentally well characterized interfaces Cu(111)/a-
alumina ~0001! ~Ref. 13! and Al(111)/a-alumina(0001)
~Ref. 14! the misfit is 27.28% and220.35% ~for the

@11̄0#M //@2110#Al2O3 orientation!, respectively, and the
metal surface of the interfaces is contracted. On the o
hand there is no stable interface Mo(111)/a-Al2O3 ~0001! to
our knowledge, although the atomic misfit based on the
perimental lattice constants is16.39%, much smaller than in
the Al(111)/a-Al2O3 ~0001! case. Interface misfit and th
associated dislocation networks are critical features of
real metal/ceramic interfaces and the presence of disloca
does not necessarily result in an unstable interface. First p
ciple simulation of the dislocations usually is restricted
G-point calculations because of the large computatio
effort.15 In the work presented here, concentrating on ad
sive energy calculations, we take into account thek depen-
dence of the bands to be sure that effective convergenc
achieved with respect tok point sampling, but we ignore
dislocations to model the systems in question by cohe
interfaces. Assuming the coherency we can use up to
atoms in the supercell with a short period in the plane of
interface, bearing in mind that our estimate of the work
adhesion is overestimated.
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The concentration of oxygen is found to be importa
for a proper description of the oxide/metal interface12 and
alumina surface.16,17The surface of Al2O3 ~0001! was found
to be insulating or conducting, depending on the
concentration.16 That is why attempts to discuss the ele
tronic structure of metal/oxide overlayers without specifyi
the O concentration or degree of metal coverage of the ox
cannot be considered as adequate.18

The electronic structures and total energies were ca
lated by the plane wave~PW! pseudopotential~PP! method,
based on Lanczos diagonalization of the finite temperatu
density matrix.19 We use density functional theory i
the generalized gradient approximation.20,21 The
Troullier-Martins22 form of nonlocal Kleinman-Bylander
PP23 was used. The Al pseudopotential successfully used
previous calculations of aluminum compounds24,16,12 was
generated according to Ref. 25. Oxygen and copper pse
potentials were generated by using the kinetic energy fil
ing technique.26 A PW cutoff of 40 Ry for Al/Al2O3 and of
50 Ry for Cu/Al2O3 was used in all calculations, with 2k
points in the irreducible wedge of the hexagonal Brillou
zone. The increase of the number ofk points to nine results
in the change ofWsep by 1%.

The transverse dimensions of the supercell are thos
the alumina unit cell. The perpendicular dimension was
termined which, after relaxing the atomic positions,27 re-
sulted in the lowest energy. The alumina and metal slab w
a vacuum region were relaxed in the same supercell to a
the same plane wave basis set to be used.

Mulliken population analysis is commonly applied in ca
culations performed using localized basis sets and somet
results in a negative Mulliken charge. The projection tec
nique of the PW states onto a localized basis set28 is free of
this drawback. The eigenstates obtained from the PW ca
lations uca(k)& are projected onto the duals of Bloch bas
functions ufm(k)& constructed from atomic pseudo-orbita
generated from the pseudopotentials used in our calcula
The Mulliken charge related with atomA, QM(A), is given
by

QM~A!5ZA2(
k

v~k!(
m

A

(
n

A

Pmn~k!Snm~k!, ~1!
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BRIEF REPORTS PHYSICAL REVIEW B 64 033410
where ZA is the formal valence of the atomA, Pnm(k) 5
(a

occ na^fn(k) uca(k)& ^ ca(k)ufm(k)& is the density ma-
trix, na are the occupancies of the PW eigenstates,
Snm(k)5^fm(k)ufn(k)& is the overlap matrix of the Bloch
basis set, orbitalsm andn belong to the atomA andv(k) is
the weight associated with a calculatedk point in the Bril-
louin zone.

The Mayer bond order related with the number of sha
electrons in the bond~or overlap population between atom
A andB) is29

BM~AB!5(
k

v~k!(
m

A

(
n

B

2Pmn~k!Snm~k! ~2!

Our stoichiometric ~0001! slab is comprised of six
stoichiometric layers, each layer consisting of three oxyg
atoms in a plane, with an Al atom above and below
plane. This slab terminated by Al atoms next to O atoms
denotedA(Al) and henceforth referred to as a neutral. The
terminated surface of aluminaA(O) was constructed from
the Al-terminated one by moving Al surface atoms from t
top side of the slab to the bottom and adding an oxygen la
to the bottom side of the slab. The metalM part of the inter-
face was chosen to have fiveM (111) layers. The Al2O3
~0001! surface could be terminated by an O-layer, Al-lay
or by two Al-layers corresponding to the high oxygen pre
sure, intermediate~corresponding to the neutral surface!, or
low pressure, respectively. In this way it is possible to e
mate surface energy of Al2O3 ~0001!16,17 and interfacial
energy12,8 as a function of O2 pressure. The thermodynam
cal approach developed in the aforementioned papers c
be applied to Cu(111)/Al2O3 ~0001! and Al(111)/Al2O3
~0001! interfaces, but we would like to concentrate here
in-plane surface relaxation and general qualitative trend
the work of separation.

To relax the corundum structure~0001! one needs to take
into account in-plane forces.16,12 Neglecting the in-plane de
grees of freedom of atoms results in the wrong in-plane
interplane relaxed structure.6,24 It has been found that at th
Al2O3 ~0001! surface and Nb(111)/Al2O3 ~0001! interface
there is a general trend of in-plane relaxation: a rotation
the O triangles by about four degrees and expansion of
O-O bonds by 4%.16,12 The same kind of trend is found i
Cu(111)/Al2O3 ~0001! and Al(111)/Al2O3 ~0001! interfaces
~Table I!. The effect of rotation of the O triangle is of th
same order of magnitude as that of the Nb(111)/Al2O3
~0001! interface and free alumina~0001! surface.16 For Al-

TABLE I. Changes of in-plane oxygen atom separationDO12O1

and inter-plane distance between interface O and next Al layer
percentage of the bulk spacings anda, measured in degrees, show
in Fig. 1.

Parameter Cu/Al~O! Cu/Al~Al ! Al/Al ~O! A/Al ~Al !

DO12O1 2.6 9.8 3.4 8.2
DO12Al1 14.8 49.6 8.9 45.2
aO12O1 3.2 5.5 3.2 7.9
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terminated Cu/Al2O3 and Al/Al2O3 ~0001! interfaces the ef-
fect is bigger and correlates with the bigger distance betw
the oxygen and next Al plane of oxide~third row of Table I!.
The expanded triangle of O atoms pushes away the Al a
below it ~Fig. 1!. The bigger the expansion of the O-
interface-triangle bonds, the bigger the inward relaxation
the Al1. Experiments on grazing incidence X-ray scatter
confirm this effect.14 For the neutral Al2O3 ~0001! surface
the experiment resulted in 4.5% enhancement of O-O b
and the angle of rotation of the O triangles of 3.1°. The se
results for different interfaces and free alumina~0001! sur-
faces proves that the in-plane surface relaxation is a gen
property of the Al2O3 ~0001! surface. It is enough to have
different medium above it; metal or vacuum, and the surfa
of Al2O3 tends to have the in-plane relaxation.

The work of separation,Wsep ~or work of adhesion! de-
fined as the difference between the total energy of the s
and the total energies of the two parts of the interface
calculated in the same supercell. The work of separa
takes into account atomic in- and inter-plane relaxation
der separation of the two parts of the interface, but does
allow any diffusion processes or relaxation of the transve
lattice constants of the metalM. We assume that dislocation
would allow the metal to relax to its bulk lattice consta
away from the interface so that the strain-energy errors in
two systems tend to cancel. What is not accounted for is
energy cost to create the dislocations. The surface energ
the oxide or metal decreases after atomic relaxation.
change of work of separation after relaxation could be po
tive, negative, or almost zero depending on the balance
the relaxation induced changes of the surface energies
that of the slab total energy. The Al-terminated~0001! sur-
face of a-alumina exhibits an inward relaxation of abo
70%, both from X-ray data14 and calculation,16,7 and there-
fore has a substantial change of its surface energy, m

a

FIG. 1. Side perspective view fragment of the oxyge
terminated Al2O3 ~0001! explaining the meaning of the atom nota
tion in Table I ~dark grey large circles-O atoms, light grey sma
circles-Al atoms, black large circles - in plane relaxed O1-atom
small black circle relaxed Al1 atom!. aO12O1 is the angle of rota-
tion of the O1 plane triangle relative vertical axis.
0-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 033410
bigger than that of the metal surface and the interface re
ation energy. This results in the decrease ofWsepafter atomic
relaxation shown in Table II. Wsep is biggest for
O-terminated interfaces in all studied cases~Table II!, which
indicates the importance of the metal-oxygen covalent
partially ionic bonds for the strong adhesion of the int
faces. This trend for work of separation for Al(111)/Al2O3
and Nb(111)/Al2O3 found in our PP-PW calculations is i
agreement with that made by the all-electron full poten
linearized augmented plane wave method.8,30

Interestingly enough the boundary metal atoms Cu and
get ionized at the interface by the influence of oxygen ato
as follows from Table III based on Mulliken populatio
analysis. The absolute numbers of the analysis are base
the atomic basis set and have no strict physical mean
However their relative values can yield useful informatio
The projection of the plane-wave density on localized ba
sets to estimateQM from Eq.~1! andBM from Eq.~2! turned
out to be quite accurate~the spilling parameter28 is less than
1.5% for occupied orbitals!. Inside the metals the Mulliken
numbersQM for the metals are equal to zero. Atoms
Al ~111! strongly interact with O atoms even in the case
the Al-terminated interface where O atoms form the sec
layer. This can also be seen from the bond order numbersBM
in Table IV. The intersection of the Al~111! column and O1
row shows that the interaction of the boundary Al~111! atom
and boundary interface is important for the O-terminated
terface and for the Al-terminated interface as well. T

TABLE II. Wsep ~in J/m2) of Al ~111! and Cu~111!/ a-Al2O3

~0001! interfaces compared with those for the Nb(111)/Al2O3 in-
terfaces.

Interface Unrel Rel

Al ~111!/A~Al ! 1.48 1.36~1.08a!

Al ~111!/A~O! 6.02 8.67~10.1a!

Cu~111!/A~Al ! 1.07 1.02
Cu~111!/A~O! 5.77 5.62
Nb~111!/A~O! 9.32b 9.81b~10.6c!

Nb~111!/A~Al ! 4.24b 2.70b~2.6c!

aReference 30.
bReference 24.
cReference 8.

TABLE III. Mulliken population QM of the metal/oxide inter-
faces.M means the first metal interface atom neighbors of the
ide.

Atom Cu/A~O! Cu/A~Al ! Al/A ~O! Al/A ~Al !

M 0.32 0.17 0.39 0.40
O1 20.85 20.96
Al1 1.55 1.62
Al2 1.55 0.88 1.59 1.18
O2 21.01 21.00 21.00 20.98
Al bulk 1.57 1.57 1.57 1.57
O bulk 21.00 21.00 21.00 21.00
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boundary metal atom-subsurface O atom interaction is m
weaker for the Cu~111!/ Al-terminated alumina interface.

Experimental measurements of the shape of facets31 on
Cu and Al particles on sapphire~0001! gave the work of
adhesion, 0.49J/m2 ~Ref. 32! and 0.95 J/m,2 respectively.
These values are in much better agreement with our neu
~as opposed to O-terminated! interface results in Table II,
which indicates the likelihood that the experimental me
surements have been made on mainly Al-terminated in
faces. This result also agrees with the conclusion made
the basis of Gibbs free energy theory of the oxide surfac
finite temperature and pressure of oxygen gas16 that the Al-
terminated Al2O3 ~0001! surface is in the thermodynamicall
stable equilibrium state, both at low and high oxygen pr
sure. Later on it was shown that some concentration of
drogen adsorbed at the Al2O3 surface could make a stabl
termination of O layers bound to hydrogen atoms.17 A devia-
tion from the equilibrium state could be another reason
existence of O-terminated domains at the surface of
alumina.33

Other experimental measurements of the Cu(111)/Al2O3
~0001! interface gave the following results for the work o
separation: 0.44J/m2 ~Ref. 2! and 0.71 J/m2,33 and a the-
oretical value of 0.9J/m2 ~Ref. 34! was calculated using a
linear combination of atomic orbitals. Comparing the expe
mental and theoretical results one should bear in mind
the work of separation may well be affected by impuriti
and dislocations existing in all real interfaces. These effe
are not included in the theoretical modeling. Thus we c
speak only about qualitative comparison with experiment

Our ‘‘ab-initio’’ simulations of the Cu(111)/Al2O3
~0001! and Al(111)/Al2O3 ~0001! interfaces show that the
highest works of adhesion have O-terminated interfa
which indicate the importance of the oxygen/metal inter
tion for the strength of bonding. From Table IV~ bond order
Al ~111!-O1! one can see that this interaction is importa
both for O- and Al-terminated interfaces of Al(111)/Al2O3
~0001!. In the case of Cu(111)/Al2O3 ~0001! the interaction
is substantial only for O termination of the interface. Th
may well be the reason thatWsepfor the Al-terminated inter-
face Cu(111)/Al2O3 ~0001! is lower than that of the
Al(111)/Al2O3 ~0001! interface. Comparing the trends i
Wsep for transition metals/Al2O3 ~0001! one can see that th

-

TABLE IV. Mayer bond-ordersBM for Cu(111)/Al2O3 ~top
half! and Al(111)/Al2O3 ~bottom half! of the table. The Al~O!
terminated interfaceBM ’s are in ~not in! parentheses.

Atom Cu~111! O1 Al1

Cu~111! 0.21~20! 0.31 ~0.06! 0.01 ~0.24!
O1 0.31~0.06! 0.01 ~0.01! 0.41 ~0.26!
Al1 0.01 ~0.24! 0.41 ~0.26! 0.00 ~0.00!

Atom Al~111! O1 Al1

Al ~111! 0.22 ~0.26! 0.46 ~0.33! 0.01 ~0.01!
O1 0.46~0.33! 0.01 ~0.01! 0.42 ~0.41!
Al1 0.01 ~0.01! 0.42 ~0.41! 0.00 ~0.00!
0-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 033410
work of separation for Nb is larger than that for Cu, which
in agreement with the qualitative conclusion4 that the filling
of the anti-bonding band decreases the interface bon
strength. Bond order describingO2p-3d ~or 3p in the case of
Al ! hybridization~Table IV! is much smaller than that in th
Nb(111)/Al2O3 ~0001! interface, found to be equal to 0.6 fo
Nb1-O1 and 0.5 for Nb1-Al1.24 It can be considered as a
indication of less covalent character and less spatially lo
ized O-metal bonds resulting in lowerWsep. Ignoring the
details of electronic structure, this can be understood by
ing that the negatively mismatched FCC metal~Al or Cu!
~111! surfaces have four times as many atoms as that of
slightly positively mismatched BCC metal~Nb! ~111! sur-
face.
y

J

,

.

ur

r,
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In summary we have found that in-plane relaxation is
general property of the Al2O3 ~0001! surface or interface.
Our estimates of the work of adhesion of the metal/ox
interface and population analysis enable us to gain un
standing of the bonding trends, relative crystalline and el
tronic structure of the interface metal.
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