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Structural stability, adhesion, and chemical bonding of the Ag(111)/a-Al,O5; (0001) and Au(111)/
a-Al,05 (0001) interfaces are investigated by an ab inifio approach based on density functional theory. The
interfaces are shown to have different stable structures of Al,, Al, or O termination depending on the chemical
potential of aluminum or oxygen atom. A link to thermodynamic factors, i.e., the partial pressure of oxygen gas
or the activity of aluminum, is established based on the ab initio thermodynamics developed recently. For
condition applicable to sessile drop experiments, the O-terminated interface could exist for the Ag/Al,O3
system but be hard to observe for the Au/Al,O3 interfaces, consistent with the known experiments. The Al,
termination is possible for the Au/Al,Oj5 interface at relatively low O, pressure or high Al activity but may be
hard to form for the Ag/Al,0O5 interface. Works of adhesion W, of the stoichiometric interfaces are calculated
to be 0.33 J/m? in generalized gradient approximation (GGA) and 0.59 J/m? in local density approximation
(LDA) for the Ag/Al,O5 interface, 0.29 J/m? in GGA and 0.58 J/m? in LDA for the Au/Al,O5 interface, in

reasonable agreement with measured data.
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I. INTRODUCTION

Metal-alumina interfaces play an important role in many
materials that have industrial applications, such as thermal
barrier coating for high-temperature gas-turbine engines,'
heterogeneous catalysis,>> and microelectronics.* Structure
and adhesion of the interfaces are the two key factors to
determine the performance of materials and have stimulated
much experimental and theoretical research. Experimentally,
sessile drop experiments gave the adhesive energies of the
interfaces by measuring the contact angles between metal
drops and alumina substrate.’ Low-energy electron diffrac-
tion, scanning tunneling microscopy, and transmission elec-
tron microscopy techniques have been applying to extract the
structural information of interfaces at nearly atomic
resolution.®® High-resolution spectroscopic methods such as
high-resolution electron-energy-loss spectroscopy, and x-ray
photoemission spectroscopy make it possible to get both the
structural information of a metal layer on corundum
surface!®!! and insight into the details of chemical interac-
tion at the interfaces.!> Theoretically, the metal/ Al,O5 inter-
faces are also being studied by different methods (see Finn-
is’s review paper)'? including thermodynamic modeling
based on empirical correlations, image charge model, semi-
empirical tight-binding method, and Hartree-Fock theory.
The most widely used methods are the ab initio calculations
based on the density functional theory.!> However, the nature
of the adhesion of the metal/oxide interfaces is still not well
established.

As is well known, ab initio methods describe the energet-
ics of a specific system at an ideal condition of zero tempera-
ture very well. However, the effect from temperature, pres-
sure, and other thermodynamic factors on interfacial
structure and adhesion has to be considered when an inter-
face is placed in a realistic environment. In recent years, the
so-called ab initio thermodynamics,'#7 i.e., the method by
combining ab initio calculations with thermodynamics, has

1098-0121/2005/72(11)/115423(11)/$23.00

115423-1

PACS number(s): 68.35.Ct, 68.35.Np

become an important strategy in structure stability analysis
of complex materials.'®¢ These computations cover a wide
range of problems in surface structures,'® defect stability,'*%°
doping®! of semiconductors, oxide surfaces,?>>> and metal/
oxide interfaces.!>1625.26

By using the ab initio thermodynamics, ab initio studies
were performed for the Nb/ALO;>2"  Al/Al,05,
Ni/Al,05,'® and Cu/Al,O5 (Ref. 16) interfaces. It was pre-
dicted that those metal/Al,O5 interfaces may have different
termination depending on the oxygen partial pressure or the
aluminum activity. Therefore, the interfacial energy, works
of adhesion, and works of separation of an interface depend
on the condition in which the interface is made, which was
shown to agree with experimental measurement.'%>® Experi-
mental work had already been performed for interfaces
formed between Al,O5 and different metals, and a qualitative
trend between the interfacial works of adhesion and the for-
mation energies of metal oxides was discussed.?*** Theoreti-
cally, only the interfaces between Al,O; and a few metals
including bce metal Nb and fcc metals Al, Cu, and Ni were
studied until now. Note that both Ag and Au have the con-
siderable lower oxide formation energies than that of other
metal elements (Cu, Ni, Al).>' Therefore, the observed and
calculated dependence of stabilities and adhesion on environ-
ment factors for the (Ni,Cu)/Al,O5 interfaces'® may not be
applicable to the interface between Al,O; and Ag or Au.
From this point of view, it is interesting to work on the
(Ag,Au)/Al,O5 interfaces. To our knowledge, with the ex-
ception of Ref. 15, most of the published works on Ag/a-
Al,05(0001) interface were based on the model of a single
Ag atom or a small Ag cluster instead of a thick metal layer
on alumina surface, mainly performed by Zhukovskii et
al.3>73* They inferred that the Al-terminated interface has
weaker adhesion, and that the O-terminated one has much
stronger adhesion due to the ionic bonding at the interface.
But, it is not clear that in what conditions the interface is O
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terminated or Al terminated. As for the Au/a-Al,O5 system,
Hernandez and Sanz studied the interaction between a single
gold atom and the Al-terminated a-Al,O5 (0001) surface
recently.>® No ab initio work on Au/Al,O; interface was
reported until now.

The paper is organized as follows. Section II describes
methodology and computational details. Basics of the ab ini-
tio thermodynamics is also briefly introduced in this section.
Section III discusses the structural stability and chemical
bonding of the Ag/Al,03 and Au/Al,O5 interfaces. Depen-
dence of interfacial stability on oxygen partial pressure and
relationship to measurement are presented in Sec. IV.

II. METHODOLOGY
A. Computational details

The electronic calculations are performed using the Vi-
enna ab initio simulation program (VASP),337 together with
the optimized ultrasoft pseudopotentials.®3° Most of the cal-
culations are based on the generalized gradient approxima-
tion (GGA)* for the exchange correlation (XC) potentials.
But, calculations using the local density approximation*!*?
(LDA) for some specific systems are also performed. Com-
parison of the results in GGA and LDA is made. Extensive
tests by us and former researchers have shown the effective-
ness of the VASP package,!®* a popular plane-wave elec-
tronic structure calculation program. To ensure the conver-
gence of results, all calculations are preformed using the
same unit cell dimensions, energy cutoff as high as 400 eV
for the plane wave basis set, and a 3 X3 X 1 Monkhorst-Pack
uniform k-point sampling for integrals over the Brillouin
zone.

Test calculations for the bulk and surface properties of
Ag, Au, and Al,O5 are performed at first to assess the accu-
racy of the pseudopotentials used for interface systems. The
equilibrium lattice constants are obtained to be 4.17 A
(GGA) and 4.04 A (LDA) for Ag, 4.18 A (GGA) and 4.08 A
(LDA) for Au, and 4.77 A in both LDA and GGA for Al,O4
bulk. They all agree very well with previous ab initio calcu-
lations and measured data.**~* Surface energy calculations
are performed using both (1 X 1) and (\r@X V3)R30° surface
unit cells for Ag (111) and Au (111) surfaces. Only the
(1X1) cell is used for Al,O5 (0001) surface. The obtained
surface energies of Ag or Au in the different unit cell ap-
proach agree with each other very well. They are 0.798 J/m?
in GGA and 1.211 J/m? in LDA for Ag, 0.808 J/m? in GGA
and 1.218 J/m? in LDA for Au, and 1.68 J/m? in GGA and
2.00 J/m? in LDA for the Al-terminated Al,05(0001) sur-
face. They are also consistent with previous calculations.**=47
Notice that the surface energy of a system in GGA is nor-
mally 20-30 % lower than the corresponding one in LDA,
which was also found and discussed before.***® The reason
is that GGA may have a problem when dealing with edge
electronic gas close to surface.*” For the Al,O5 (0001) sur-
face, the calculated interlayer relaxations also show consis-
tency with earlier DFT studies?****% but are not presented
here for brevity. Again, the Al-terminated Al,O5 (0001) sur-
face is proved to be the most stable one among all the pos-
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FIG. 1. Schema of the sandwiched interface supercell used in
calculations. The central part of the interface is a-Al,O5. Ball mod-
els of the upper parts of the interfaces with different terminations
are shown in Figs. 3(a)-3(c).

sible surfaces within the physically acceptable range of
chemical potential of oxygen.?+?’

Supercell approach is employed to simulate the
(Au,Ag)/Al,O5 interfaces. The interfacial supercell, as
shown in Fig. 1, has a sandwich configuration with an alu-
mina layer between two metal slabs, separated by a vacuum
of thickness more than 8 A. The supercell contains two
equivalent interfaces of the same O, Al, or Al, termination.
Each metal slab has four atomic layers, and the central alu-
mina has six O layers and twelve Al layers for the Al-
terminated interface. Adding or removing an aluminum layer
onto the Al-terminated Al,O; surface leads to the
Al,-terminated or the O-terminated interface model. The Al-
terminated, Al,-terminated, and O-terminated interfaces are
labeled as (Ag,Au)/(Al,03)a;,(Ag,Au)/(Al,O5)4p, and
(Ag,Au)/(Al,03)q, respectively. The interfacial orientation
is metal(111)/a-Al,05(0001) for both Ag and Au systems,
the same as the (Al,Ni,Cu)/Al,O5 interfaces as observed
experimentally and used before.*3-0-3!1

Because of the relatively large lattice mismatch between
either Ag(111) or Au(111) and Al,O4(0001), the effect of
misfit strain must be estimated. A unit cell that includes mis-
fit dislocations®? is obviously beyond the present computa-
tional capabilities for these systems. Our approach is as fol-
lows. We consider four commensurate interfaces with
different imposed strains, two for GGA calculations (GGA
type-I and GGA type-II) and another two for LDA calcula-
tions (LDA type-I and LDA type-II). In each, the lattices of
the metal or oxide (or both) are expanded/compressed in
plane, (111)/(0001), and the entire slab relaxed freely. By
using these configurations, we attempt to span the local in-
teratomic structures found in experimental interfaces. This
misfit generates a strain energy that depends on the volume
of the strained lattice. It represents an extremely important
contribution to the overall energy of the system containing
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TABLE I. Strains in the metal and Al,O5 at the type I and type
II interfaces: “+” designates stretched, and “—” compressed. The
lattice constant is for the two-dimensional cell of the matched in-
terface. The reference lattice constant for Al,O5 is taken to be the
experimental value 4.7628 A and that for Ag and Au are calculated
in either GGA or LDA. They are 4.17 A (GGA) and 4.04 A (LDA)
for Ag and 4.18 A (GGA) and 4.08 A (LDA) for Au.

In-plane lattice constant Strain (%)

Interface types of supercell (A) Ag Au  AlO4
GGA type I 4.7628 -6.70 -7.00 0.00
type 11 4.9285 -3.50 -3.80 +3.50
LDA type I 47628 372 -469 0.0
type 11 4.9285 -0.37 -1.37 +3.50

the interface. To disassociate this contribution from the inter-
face energy, the present calculations compare the ensemble
energy with that for the bulk materials, subject to the same
imposed strain, at the same volume. The difference between
the ensemble and the two bulk materials then isolates the
interface energy from other contributions to the total energy.
Ultimately, only the results that are not sensitive to the inter-
face strain are trusted. The approach was proposed by Zhang
et al. and has been applied in the study of (Ni,Cu)/Al,O;
interfaces with and without impurities.'®

The four types of commensurate interfaces are as follows.
In GGA, type-I interface corresponds to fixing the Al,O5 at
its experimental lattice constant 4.7628 A,S3 but to compress-
ing metal lattice, 6.7% for Ag and 7% for Au. Type-II inter-
face model is built by stretching Al,O; by 3.5% and com-
pressing Ag by 3.5% (Au by 3.8%). In LDA, type-I interface
corresponds to compressing 3.73% for Ag and 4.69% for Au
but to fixing Al,O5 at its experimental lattice constant. LDA
type-II interface model is formed by expanding Al,O; by
3.5% and compressing Ag by 0.37% and Au by 1.37%. Note
that the compression of metal slabs to form commensurate
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interfaces in LDA is much smaller than that in GGA. This is
due to the fact that GGA often overestimates lattice constants
of solids. LDA interfaces have mismatch around 4%. Com-
pression of metal lattice is much less than that in GGA to
form commensurate interfaces (see Table I).

To avoid metastable states of the complex interfaces, Ag
or Au slab is slid on the Al,O5 surface to get different initial
interfacial structures. At least three kinds of initial configu-
rations are employed for our calculations. They correspond
to the Ag or Au atoms on top of Al atoms (labeled as the Al
top), on top of oxygen atoms (O top), or on top of the three-
fold oxygen hollow sites (hollow-top), respectively (see Fig.
2). All the structures are fully relaxed by minimizing the
Hellmann-Feynman forces on all the atoms to less than
0.01 eV/A.

B. Link to thermodynamic quantities

Similar to the (Cu,Ni)/Al,O5 interfaces studied before,'©
the stability of the complex (Ag,Au)/Al,O;5 interfaces de-
pends on the chemical potential of Al u,; or the chemical
potential of oxygen uno. We only describe the link of ab
initio results to thermodynamic quantities briefly here, and
readers may refer to our earlier publications'®!” for details.
When thermodynamic equilibrium exists at the metal
(M)/Al,05 interface, the interfacial Gibbs energy G, at tem-
perature 7, is related to the free energy of the ensemble (at
ambient pressure) by

2
G1= Giow = 3NoMAL0, = Nutar = |:NAI - 5N0:| Apar

2
- |:NA1_5N0:|MOAI(O K), (1)

where G, is the total energy of the interface ensemble.
Mo>Ma, and uy, are the chemical potentials of O, Al,
and metal atoms, respectively, and Ng,Na,N, are the
corresponding numbers of atoms. Au,; is defined by Awy,

(a) Al-top

(b) O-top

(c) Hollow-top

FIG. 2. (Color online). Ball models of three interfacial configurations before relaxation (top view). Small black (blue in color) balls
represent metal (Ag or Au) atoms; small gray (green in color) balls represent Al atoms; big black (red in color) balls represent the first-layer
O atoms close to the interface plane; big gray (orange in color) balls represent the second layer O atoms. Dark lined parallelograms show the
surface unit cell used in calculations. (a) Metal atoms on top of Al atoms (Al top); (b) Metal atoms on top of O atoms (O top); (c) Metal

atoms on top of the threefold oxygen hollow sites (hollow top).
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= pa1— uoy(0 K), where u3,(0 K) is the chemical potential of
the ab initio standard state of fcc Al at zero temperature.'®
The superscript O refers to the quantities for pure bulk solids.
To get Eq. (1), the Al and O at the interface (both in solid
solution in the metal and at the termination of the Al,O3) are
assumed to be in equilibrium with bulk Al,O3 and with the
metal. The metal (M) atoms at the interface are also assumed
to be at equilibrium with a metal bulk. Therefore, the condi-
tions of uy=u)(T) and 3,u,0+2,u,A1=,u0AleS(T) can be
adopted in deriving Eq. (1). Interfacial energies and their
dependence on the aluminum chemical potentials can be cal-
culated by using Eq. (1) and taking ab initio total energies as
input. The structure with the lowest interfacial energy is the
most stable one. Relationship of G; to aluminum activity a,;
and to oxygen partial pressure P, at finite temperature can
be established by'®!”

AILLA]=kT In aan+ AOAI(T), (2)

%ln Py, = kLTAGOAIZOZ(T) -2 1nay, 3)
where k is Boltzmann constant, A} (7) is defined by AS,(T)
=u(T) = u,(0 K) and is calculated based on the JANAF
table.!”-* AG21203 is the experimental standard Gibbs reac-
tion energy for a-Al,O; formation in accordance with the
reaction 2Al(solid)+3/2 O,(gas)=Al,05(solid), which has
been measured and tabulated in a handbook.”> The tempera-
ture dependent chemical potentials of pure solids ,U,?((T)
=,u9((() K)+A§)((T) (X=Au, Ag, Al,03), are employed to cal-
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culate the interfacial energy at a finite temperature. ,u?((O K)
is obtained by ab initio method for the stable phase of a solid
at 0 K, and the AY(7) term is evaluated by using JANAF
table.>* Note that the aluminum activity is taken as a bridge
to link ab initio results to the thermodynamic quantities [see
Egs. (2) and (3)]. This is one of the advanced methods de-
veloped recently for ab initio thermodynamics because it
avoids the problem of defining the ab initio standard state of
oxygen gas.!”

III. INTERFACIAL STRUCTURE
AND CHEMICAL BONDING

A. Interfacial structure

(1) The Ag/Al,O5 interfaces. As mentioned in Sec. II, we
start the relaxation of interfacial structures from three differ-
ent initial configurations for each of the Al-terminated,
O-terminated, and Al,-terminated interfaces and label them
as Al, O, and hollow top, respectively. The most stable con-
figurations for all the type-I and type-II interfaces are pre-
sented in Table II. For the O-terminated interface, the Al-top
configuration always has the lowest interfacial energy for
both the type-I and type-II interfaces. The Ag layer close to
the top oxygen layer of Al,O; surface buckles [Fig. 3(b)],
and one of the Ag atoms (Agl labeled in Fig. 3(b)] occupies
the top Al site on the Al,O5 surface. The whole first-layer Ag
atoms assume the epitaxial positions of the Al sublattice in
Al,05 bulk. This was also found for (Al,Cu)/Al,O5 inter-
faces before.!®**43 The reason is that the Agl atom at the Al
site saturates the surface oxygen dangling bonds well and

FIG. 3. (Color online). Ball model of the relaxed type-I Ag/Al,O5 interfaces (upper half of the symmetric slabs). Big black (blue in
color) balls represent Ag atoms, smaller gray (green in color) balls represent Al atoms, and less dark (red in color) balls represent O atoms.
Only the most stable configurations are presented. (a) Al-terminated interface of Al top; (b) O-terminated interface of Al-top; (c)

Al,-terminated interface of hollow top.
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TABLE II. The most stable configurations for the Ag/Al,O3 and
Au/Al,Oj5 interfaces. Only GGA results are shown here.

Al terminated O terminated Al, terminated

Ag/ALL, O3 type I Al top Al top hollow top
type 11 O top Al top hollow top
Au/AL, O3 type 1 Al top Al top hollow top
type 11 O top O top hollow top

therefore stabilizes the O-terminated interface. For the Al-
terminated interface [Fig. 3(a)], the Al-top configuration is
the most stable one for the type-I interface, and the first-layer
Ag atoms also occupy the epitaxial positions of the Al sub-
lattice. It is noticed that the stable interfacial configuration
changes to O-top for the Al-terminated type-II interface, but
interfacial energy difference from that of the Al top is very
small. For the Al,-terminated interfaces [Fig. 3(c)], both
type-1I and type-II interfaces stabilize at the hollow-top.

(2) The AulAl,O5 interface. In general, the Au/Al,O5 in-
terfaces show the same behavior as the Ag/Al,O5 interfaces.
For the Al-terminated interface, the Au atoms close to the
Al,O5 locate at the top Al sites for the type-I interface. For
the Al,-terminated interfaces, results are the same as those
for the Ag/Al,O; interfaces (see Table II). For the
O-terminated interface, the most stable configuration is still
the Al-top for type I but change to O-top for type-II inter-
faces. Similar to the Ag/Al,O5 system, the interfacial energy
difference between the Al-top and O-top interfaces is mar-
ginal. Therefore, type-I interfaces are chosen as the example
to discuss the characteristics of chemical bonding at the
(Ag,Au)/Al,O5 interfaces in the following.

B. Chemical bonding at interface

Electron charge density difference contour plots of (1120)
plane of the Ag/Al,O5 interfaces are presented in Fig. 4. The

(1120) plane is chosen because it passes through the interfa-
cial Al and Ag atoms. The relatively black region with solid
lines implies electron accumulation in this area, and the rela-
tively white color with dotted lines indicates electron deple-
tion. For the Al-terminated interface [Fig. 4(a)], the interface
shows somewhat metallic bonding in addition to the ionic
bonding characteristics from the pattern of charge depletion
and accumulation around interfacial atoms, especially the Al
and oxygen atoms. Figure 5(a) shows the projected density
of states (PDOS) of some interfacial atoms. By comparing
the PDOS of the interfacial Ag atoms (Agl and Ag2) to that
of an Ag atom in its bulk state, the d-orbital DOS narrows
and shifts a little closer to the Fermi level. Integral of the
DOS of the Ag in bulk, Agl and Ag2 atoms at interface gives
nearly the same electron number of the fully occupied d
orbitals. The Ag d electrons do contribute to the interfacial
bonding but most possibly redistribute themselves in differ-
ent orbital. This picture is consistent with the charge density
redistribution as shown in Fig. 4(a). Such charge redistribu-
tion leads to the polarization force'>!® as discussed before.
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FIG. 4. Electron-density difference contour plots of (1120)
plane through interfacial Al and Ag atoms for (a) Al-terminated
Ag/Al,O3 interface, (b) O-terminated Ag/Al,O5 interface, and (c)
Al,-terminated Ag/Al,Oj3 interface. This plot represents the differ-
ence between the self-consistent electron density distribution of the
solid interface and the sum of the overlapping atomic density dis-
tributions. The relatively black area with solid lines indicates elec-
tron accumulation, and the relatively white area with dashed lines
indicates charge depletion.

Therefore, the chemical bonding at the Al-terminated inter-
face is a combination of both metallic interaction and elec-
tron polarization. For the O-terminated interface, the primary
bonding is the ionic interaction between Ag and O ions as
clearly seen in Fig. 4(b). The PDOS in Fig. 5(b) also shows
the overlapping of the p electronic states of interfacial O
atoms with the d electronic states of the Agl [Fig. 4(b)]
atoms at Fermi energy, indicating covalent interaction be-
tween the interfacial Ag and O atoms. For the Al,-terminated
interface, interfacial interaction between the Ag atoms and Al
ions are mostly metallic bonds as seen in both Figs. 4(c) and
5(c).

The chemical bonding at the Au/Al,O; interfaces is
also analyzed by charge density difference contour plots
and project DOS plots. In general, the bonding characteris-
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FIG. 5. (a) Projected density of states of interfacial atoms at the
Al-terminated Ag/Al,Oj5 interface. Agl and Ag2 correspond to the
atoms as labeled in Fig. 3(a). Oxygen and Al atoms at the interface
have similar DOS distribution to the corresponding atoms in Al,O;
bulk. (b) Projected density of states of interfacial atoms at the
O-terminated Ag/Al,O5 interface. Agl and Ag2 correspond to the
atoms in Fig. 3(b). (c) Projected density of states of interfacial
atoms at the Al,-terminated Ag/Al,O; interface. The DOS of the
three Ag atoms at the interface is similar to the DOS of a Ag atom
in its bulk state.
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tics of the Al-terminated, O-terminated, and Al,-terminated
Au/Al,O5 interfaces are quite similar to that of the
Ag/Al,O5 interfaces and are not discussed here.

IV. INTERFACIAL STABILITY AND RELATIONSHIP
TO MEASUREMENT

A. Interfacial stability

The relationship between the interfacial energy 7; and the
chemical potential of aluminum Ay, is plotted in Fig. 6.
Note that the Au,, is defined by referring to the ab initio
standard state of fcc Al at zero temperature.'®!” Only the
results for the most stable configurations are presented for
each interfacial stoichiometry. The top label (In Po) is a
thermodynamic variable, and its link to Au,; at a finite tem-
perature is determined by Egs. (2) and (3). As is known, the
condition in which alumina can exist is

Appa<0and Apg =< 0.

The two conditions lead to the physically effective range
of A/*l’Al’

- %AHA1203 <Apn=<0, (4)

where AH ALO, is the heat of formation of alumina, which is
taken to be 17.37 eV.?> These two limits are presented by the
left Y axis and the right vertical dotted line in the figure. It is
clear that both type-I and type-II interfaces in both LDA and
GGA show the same trend of dependence of the interfacial
energy y; on Auy for either Ag/Al,O5 or Au/Al,O5 inter-
face. It means that the strain involved in the ideally commen-
surate interface model does not affect the trend of interfacial
stability for the systems studied here. It should be addressed
that the range of Au,,; for the type-II interfaces with strained
Al,Oj is a little different from that for type-I interfaces be-
cause of the change of AH ALO, with the internal strain in
Al,05. Fortunately, our calculations show that the AH ALO,
changes very little for the strained Al,O5 investigated here.
With 3.5% stretching of ALOj3 in (0001) plane, AHy, o, of
the strained A1203 is 17.24 eV/formula in GGA, and 17.04
eV/formula in LDA, only 0.13 eV (GGA) and 0.28 eV
(LDA) difference from 17.37 eV for the unstrained Al,Os.
Therefore, we still use the thermodynamic parameters for the
unstrained Al,O3 to discuss problems in this paper.

Similar to (Ni,Cu)/Al,O5 interfaces,'® as Au,, decreases,
the Al,-terimated, Al-terminated, or O-terminated interfaces
becomes the most stable one, respectively. The O-terminated
Au/(Al,O3), interface needs much lower Au,, value to be
stable comparing with that for the Ag/(Al,O3)q interfaces.
This is consistent with the chemical bonding picture (see
Sec. III B). The bonding at the O-terminated interfaces is
mainly from the interaction between O atoms and metal at-
oms. As is known, Ag can form an oxide with AHAgZO
=-0.32 eV (per O atom),’! but Au has no oxide. The ener-
gies for the Al-terminated interfaces are independent of
Ay For both the Ag/(Al,05), and Au/(Al,O5),; inter-
faces, the range of Au,; in which the Al-terminated interface
can exist is relatively wide so that the Al-terminated inter-
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FIG. 6. Interfacial energies 7, of type-I and type-II interfaces for
(a) Ag/Al,05 and (b) Au/Al,O3. The oxygen partial pressure are
inferred from the Au,; by the combination of Egs. (2) and (3) at a
experimental temperature 1300 K for Ag/Al,O5 and at 1400 K for
Au/Al,0O3. The left vertical dotted line represents the limit that
aluminum activity should be less than 1 at the experimental tem-
perature. The right vertical dotted lines are defined by Aug
<5.79 eV.

faces should be able to be obtained easily in comparison with
either the O-terminated or the Al,-terminated interfaces. The
(Ag,Au)/(Al,03) 1 interfaces can exist only if Auy; is very
high due to basically the weak bonding between Ag(Au) and
Al atoms. This is consistent with observation that there is no
naturally existed stable Ag-Al and Au-Al alloys. Calcula-
tions in LDA for interfacial energies are also performed for
the type-I (Au,Ag)/Al,O; interfaces, and the last results are
presented in Fig. 6 together with the GGA results. It is not a
surprise that LDA calculations give the same trend of inter-
facial stability as that from GGA calculations, similar to
what we obtained before for Nb/Al,O; interfaces.?

B. Relationship to measurement

Figures 6(a) and 6(b) also show the dependence of the
interfacial energy ; on the oxygen partial pressure Po, de-
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FIG. 7. Works of adhesion for (a) Ag/Al,O3 interfaces at 1300
K and (b) Au/Al,O5 interfaces at 1400 K. Only the results in GGA
are plotted.

termined from Au,; by the combination of Egs. (1)—(3). The
temperature used is 1300 K for Ag/Al,O5 in Fig. 6(a) and
1400 K for Au/Al,O; in Fig. 6(b), at which most sessile
drop measurements were performed.’®>’ The left dotted ver-
tical lines in Figs. 6(a) and 6(b) correspond to as;=1. The
corresponding works of adhesion Wy, of the (Ag,Au)/
Al O3 interfaces and their dependence on oxygen partial
pressure Pg are obtained from the interfacial energies in
conjunction with the surface energies (o(al,0,), and oy)
upon using:

Wad=0u+ a0y, ~ 7, (5)

where T(ALO,) is the surface energy of the most stable
Al,O; surface (Al terminated) and o, represents the surface
energy of metal surface. Both surfaces have the same strain
as they have in the corresponding interfaces. The results of
W,q in GGA are presented in Fig. 7(a) for Ag/Al,O5 and in
Fig. 7(b) for Au/Al,O5 interfaces. Interestingly, the type-I
and type-II interfaces almost have the identical works of ad-
hesion. The small difference of the slopes of the W,y curves
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TABLE III. Works of separation W.,(J/m?) for the (Ag,Au)/Al,O5 interfaces. Results for metal (M /M)
and Al,03(Al,03/Al,03) are for the bulk at the corresponding strained states. M/M(Al,05)q represents that
one-third of the metal atoms in the layer close to interface plane are left on the O-terminated alumina surface.
The data outside of the parentheses are calculated by Eq. (6b) and the data in the parentheses are calculated

by Eq. (6a).
Model Expt.
type M/(A1203)A1 data M/(AIZOS)O M/(A1203)A12 MIM A1203/A1203
M/(ALO3)o M/M(ALOS),
I (GGA) 0.32 (0.42) 0.50*  4.10 (4.20) 2.06 1.85(1.95) 1.59 2.56
Ag 1(GGA) 0.33 (041) 3.93 (4.00) 2.53 1.83 (1.93) 1.44 3.36
II (LDA) 0.83 (0.91) 5.14 (5.31) 255 (2.54) 242 3.19
I (LDA)  0.59 (0.75) 5.00 (5.12) 2.56 (2.68) 243 4.00
1 (GGA) 021 (0.29) 0.6-0.9° 3.08 (3.16) 242 (251  1.14 2.56
Au I(GGA) 0.29 (0.32) 0.3-0.43° 2.78 (2.81) 1.46 2.31(2.38) 095 3.36
II (LDA) 0.73 (0.88) 4.23 (4.47) 3.27 (3.33) 234 3.19
I (LDA)  0.58 (0.65) 3.78 (3.80) 3.12 (342)  1.86 4.00

4Reference 56.
PReference 58.
‘Reference 57.

for the O-terminated and the Al,-terminated interfaces is
from the change of the in-plane lattice constants at the dif-
ferent strained interfacial states. This is due to the fact that
the strain effect on surface energies and that on interfacial
energy are nearly equal. When Eq. (5) is applied to calculate
W4, the strain effects on surfaces and interface cancel each
other. The same phenomenon is also observed in the calcu-
lations of works of separation (see Table III) for the type-I
and type-II interfaces.

1. Al-terminated and O-terminated interfaces

We first make a comparison of the calculated works of
separation (W,,) with the measured one. W, can be calcu-
lated in two approaches. One way is to obtain W, by

Wiep=0m+ Oar0,~ V1 (6a)

This is just the definition of work of separation of an
interface that is separated to give two surfaces. Although Eq.
(6a) is similar to Eq. (5), the term OaLo, in Eq. (6a) does not
correspond to the most stable Al-terminated Al,O5 surface as
Eq. (5) does. It is the Al,O5 part of an interface after the
interface is separated. In order to get W, using Eq. (6a),
OALO, for Al,O5 surfaces of different terminations have to be
calculated.? OALO, and 7y, have the same dependence on
partial pressure of Al or oxygen atom, therefore, Eq. (6a)
gives a fixed value of W, Another approach is to get W,
by

Wsep = (El + E2 - Etotal)/zA > (6b)

where E\, is the total energy of an interface supercell that
contains both metal and Al,O; slabs. E;(E,) is the total en-
ergy of a supercell that has the same dimensions as the in-
terface supercell but contains only the metal (the Al,O3)
slab. A is the cross-sectional area of the supercell. Both ap-

proaches give close values for W, and the results from both
Egs. (6a) and (6b) are presented together in Table III.

Because the Al-terminated interface is stoichiometric,
work of separation of the interface W, is the same as W4
that has been measured in the passed years.’®=8 Notice that
the experimental values of W, fall between the LDA and
GGA results of W, For the Ag/(Al,03)y, interface, LDA
value is closer to the measured one. By taking account of the
effect that GGA calculations underestimate surface energy,*
we believe that the LDA result is more reasonable. In that
case, the calculated work of separation show a reasonable
agreement with the measured value. For the Au/(Al,O3) 4,
interface, our LDA result is higher than the experimental
values from sessile drop experiments®’ but close to the one
obtained by dihedral angle measurement.® Compare to both
the O-terminated and Al,-terminated interfaces, the Al-
terminated interface has a relatively low W, This is par-
tially due to the fact that the bonding at the interface is
mainly from weak metallic interaction and polarization,
which are not as strong as the ionic bonding at the
O-terminated interface or the metallic bonding at the
Al,-terminated interfaces.

The Al-terminated Ag/Al,Oj5 interface is estimated to be
stable when Po, is in the range of 10733-1073 atmosphere
[Fig. 6(a)]. The O-terminated interface becomes the most
stable one after oxygen partial pressure exceeds ~1072 at-
mosphere. Experimentally, Chatain et al. observed that the
contact angle of Ag drops on Al,O5 surface was a constant at
relatively low oxygen partial pressure but kept decreasing
after oxygen partial pressure was above a critical value in a
careful sessile drop experiment,’® indicating the transition of
the interfacial structure from Al-terminated to O-terminated
one. This is consistent with our theoretical prediction. One
thing that should be mentioned is that two plateau areas were
observed in experiment (as shown in Fig. 4 of Ref. 56) with
a small difference of works of adhesion. We do not under-
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stand that well but guess that the difference may come from
possible reconstruction of the stoichiometric interfaces.

The O-terminated Ag/Al,Oj5 interface can exist after oxy-
gen partial pressure Po > 1073 atmosphere based on our the-
oretical estimation. Sessile drop measurements carried out in
the range of oxygen partial pressure did find a decreasing of
contact angle, corresponding to the O-terminated interface in
our opinion (Fig. 3 in Ref. 56). W, of the Ag/(Al,05)q
interface is about 4—5 J/m?. Even with some Ag atoms being
left on the (Al,O3)q surface to saturate the surface oxygen
dangling bonds and to neutralize the surface charge, W, is
still about 2 J/m? [as indicated by M/M(Al,O5), in Table
II1], higher than the W,,, of Ag bulk (about 1.5 J/m?). There-
fore, this interface is more likely to be broken in the silver
bulk other than the real Ag/(Al,03)y interface.

For the Au/Al,O5 interfaces, our calculations show that
the Al-terminated interface is always the most stable one
even after the Po, has been greater than 1 atmosphere [Fig.
6(b)] at 1400 K. By ignoring the area with Po,>1 atmo-
sphere, the Au/Al,O5 interface most likely has Al termina-
tion and shows no dependence of work of adhesion (or con-
tact angle) on oxygen partial pressure. This is truly the
experimental observation as reported by Chatain et al.”’

2. Aly-terminated interfaces

The results in Sec. IV B 1 showed that the Ag/Al,O5 in-
terface may be Al or O terminated, and that the Au/Al,O3
interface is mostly Al terminated. The O termination is
hardly observed for Au/Al,O; interface. Although the inter-
facial energies of those interfaces depend on the interface
type, i.e., the strain of the interfaces, as shown in Figs. 6(a)
and 6(b), the general trend of the stability of the Al- and
O-terminated (Ag, Au)/Al,O5 interfaces is unchanged. Such
a trend is also in good agreement with experimental obser-
vation. Figures 6(a) and 6(b) also show that the
Al,-terminated interfaces may exist at low oxygen partial
pressure for both the Ag/Al,O5; and Au/Al,O5 systems. To
our knowledge, there is no reported experiment on the Al-
rich interfaces for these systems. Our earlier calculations for
Ag/Al,O5 interface using WIEN2K showed that the Al-rich
interface had a bit higher interfacial energy than the Al-
terminated one.'> But careful inspection later showed that the
configuration fell into a subtle local metastable state due to
the complex interfacial structure. Further relaxation also re-
duced the interfacial energy to be lower than that of the
Al-terminated one, similar to what we obtained in Fig. 6(a).

Due to the ideally commensurate interface model used in
our calculations, whether the Al-rich (Ag,Au)/Al,O5 inter-
faces could exist is still a problem. By looking at the differ-
ence of the interfacial energies between the type-I and
type-II interfaces of Al, termination, we notice that there
may be an uncertainty (of about 0.3-0.4 J/m?) of the inter-
facial energy for the Al,-terminated systems. By taking that
uncertainty into account and adding the number onto the
calculated interfacial energy, the Au/(Al,03),, interface
still has lower energy than the Au/(Al,O3),; interface.
Therefore, the Al-rich interface may still exist for the
Au/Al,O; system. But the interfacial energy of the
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FIG. 8. Heats of solution for a substituional Al atom in the
strained Ag and Au bulk.

Ag/(Al,03),, interface is no longer lower than that of the
Ag/(Al,03),, interface, indicating that the Ag/(Al,03) 4, in-
terface may not be a stable state in practice. This is hardly
conclusive because the interfacial energies of the Al-
terminated interfaces may also have a uncertainty due to the
strain effect. A good way is to study a real interface with
misfit dislocation in the future.

We may also look at the problem from a different aspect.
As discussed in Sec. III, the bonding at the Al,-terminated
interface is mainly determined by Ag-Al or Au-Al metallic
interaction due to the extra Al layer at the interface than
the Al-terminated interfaces. Therefore, change of the
Al-Ag(Au) interaction with the strain of Ag(Au) may also
provide hints on the extra uncertainty of the interfacial en-
ergy of such an Al-rich interface relative to the stoichio-
metric Al-terminated interfaces. To estimate the extra uncer-
tainty, change of the heat of solution (HOS) for a
substitutional Al atom in the strained Au or Ag bulk is cal-
culated. The change of the HOS (per Al atom) is taken as a
rough estimation of the extra uncertainty of the interfacial
energy. Note that the Ag and Au lattices have the same strain
(from =7% to 0) as the strain they have at the Al,-terminated
(Ag,Au)/(Al,03) 1, interfaces. The aluminum heat of solu-
tion is defined as

AI_Isolution = Etolal - NAglu“Ag(fCC) - MAl(fCC) . (7)

E, is the total energy of a supercell (3 X3 X3 of the
primary unit cell of fcc metal) of silver bulk with an alumi-
num atom at a substitutional site. N, is the number of silver
atoms in the supercell, u,, is the total energy (per atom) of
pure silver at the strained state, and u,,; is the total energy
(per atom) of pure aluminum without strain. The AHi0n
for Al in the strained Au is obtained by following the same
procedure. Figure 8 shows the calculated HOS in both LDA
and GGA. Note that the change of HOS with strain is not
sensitive to LDA or GGA approach. For silver case, when Ag
is compressed from 0 to —7%, the Al HOS goes deep and its
change is 0.3 eV in either GGA or LDA. We may understand
that a strained Ag slab or Au slab possibly enhances interfa-
cial interaction and decreases interfacial energy. On the other
hand, by mapping the change of HOS per Al onto the inter-
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facial energy, we may get a rough estimation of uprising of
the real interfacial energy. This is simple and by no means
accurate. For the Al,-terminated Ag/Al,O; interface, the
change of the interfacial energy is estimated to be 0.24 J/m?.
Such a change makes the interfacial energy of the
Al,-terminated Ag/Al,Oj5 interface be higher than that of the
Al-terminated one, indicating that the Al,-terminated inter-
face is unlikely more stable than the Al-terminated one in
practice. For gold case, the HOS change is about 0.4 eV with
strain from O to —7% and the uprising of the interfacial en-
ergy is 0.33 J/m?. It only changes a little the partial pressure
for the Al,-terminated interface to become stable. We believe
that the Al,-terminated Au/Al,O5 interface should be ob-
servable experimentally. The heat of solution for Al in Au is
higher than that for Al in Ag, consistent with the above con-
clusion that the Al-rich interface may exist for the Au/Al,0O3
interface but may not exist for the Ag/Al,O5 interface.

V. SUMMARY AND CONCLUSIONS

The structural stability and adhesion of the Ag/Al,O5 and
Au/Al,Oj5 interfaces are studied by an ab inito method. Be-
cause of the lattice mismatch between metal Ag(Au) and
alumina, two types of commensurate interfaces at different
strained states, type I and type II, are studied parallelly. We
trust only those results that are not sensitive to the interfacial
strain. From the calculated interfacial energies, we conclude
that the Al,-terminated, O-terminated, and Al-terminated in-
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terfaces could exist depending on the environmental oxygen
partial pressure. For Au/Al,Os, it is more likely that only the
Al-terminated and Al,-terminated interfaces could be ob-
served. For conditions applicable to sessile drop experi-
ments, the O-terminated interface could exist for the
Ag/AlL,O; system but be hard to be observed for the
Au/Al, O3 interfaces, consistent with the known experi-
ments. The Al,-terminated interface may exist for the
Au/Al,O5 interfaces under relatively low O, pressure or
high Al activity but may not exist for the Ag/Al,O5 inter-
face. The chemical bonding of the O-terminated interfaces is
more determined by the ionic interaction between metal and
oxygen atoms, which leads to a strong adhesion of the inter-
face. The bonding of Al-terminated interfacial is mainly de-
termined by some metallic interaction mixing with electron
polarization effect, leading to a relatively weak adhesion.
The chemical bonding at the Al,-terminated interface is me-
tallic. Our calculated works of adhesion W,y and works of
separation W, show reasonable consistency with measured
values.
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