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Tensile strength and failure of Al2O3�0001� /Ni�111� interfaces have been examined by the first-principles
pseudopotential method, and compared with Al2O3�0001� /Cu�111� interfaces, and effects of the interface
stoichiometry, configurations, and metal species have been analyzed. From rigid-type tensile tests, the Ni-O
interfaces at the O-terminated interfaces are much stronger than the back Ni-Ni interlayers, while the strength
of the Ni-Al interfaces at the Al-terminated ones is less than half of the back Ni-Ni interlayers. Relaxed-type
tensile tests have been applied to the most stable configurations �Al-site and O-site models of the O-terminated
and Al-terminated interfaces, respectively� to examine the behavior of atoms and electrons at the failure. For
the Al-terminated interface, the Ni-Al interface is naturally broken under lower stress, while catastrophic
failure occurs within the interface Ni layer for the O-terminated interface because of the irregular configuration
of the interface Ni layer of the Al-site model. Tensile strength and interfacial Young’s moduli of Al2O3/Ni
interfaces are larger than those of the Al2O3/Cu interfaces due to stronger Ni-O and Ni-Al interactions.
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I. INTRODUCTION

Alumina/metal interfaces are used in various applications,
such as coatings, electronic devices, structural composites,
electrodes in fuel cells, gas sensors, and heterogeneous ca-
talysis. Such interfaces have a unique electronic structure
between two solids with completely different electronic
properties, which frequently causes peculiar electronic,
chemical, and mechanical properties, as investigated
experimentally1–7 and theoretically.8–23 Alumina/Cu and
alumina/Ni interfaces are especially important in thermal
barrier coatings24 and electronic devices, where the under-
standing of the adhesive and mechanical properties is crucial.
Recent studies have shown that the interface stoichiometry
has serious effects on the nature of bonding and properties of
alumina/metal interfaces. For Al2O3�0001�/metal interfaces,
O-terminated �O rich�, Al-terminated �stoichiometric�, and
double-Al-layer-terminated �Al rich� interfaces can be con-
structed by changing the atomic termination of the
Al2O3�0001� surface. The relative stability among the inter-
faces with different stoichiometries can be determined by
free energies including atomic chemical potentials, depend-
ing on the oxygen partial pressure or Al activity. For the
Al2O3�0001� /Cu and Al2O3�0001� /Ni interfaces, ab initio
thermodynamics analysis13 indicated that both the Al-
terminated �stoichiometric� and O-terminated �O rich� inter-
faces can exist within the experimental oxygen partial pres-
sure or Al activity.

In our preceding papers,15–19 we have made detailed
analyses on the adhesive and mechanical properties of the
O-terminated and Al-terminated Al2O3�0001� /Cu�111� inter-
faces by using first-principles calculations based on density-
functional theory in collaboration with electron microscopy
observations.6,7 For the O-terminated interfaces, we have ob-
served that strong interfacial Cu-O bonds with both ionic and
covalent characters cause much larger adhesive energies than
the Al-terminated ones. The presence of Cu 3d-O2p hybrid-

ization and the preference of three-coordinated Cu-O con-
figurations have been confirmed theoretically and
experimentally.7,16,18,19 For the Al-terminated interfaces, the
electrostatic �image-charge-like� interaction as well as the
Cu-Al hybridization seems to dominate the adhesion. On the
mechanical properties, we have applied ab initio tensile
tests25,26 to the Al2O3/Cu interfaces, and observed strong
effects of the interface stoichiometry.17,18 The Cu-O interface
at the O-terminated interfaces reveals large strength, result-
ing in the preferential deformation of Cu regions, although
the Cu-Al interface at the Al-terminated ones is initially bro-
ken due to the weakness.

Recently, we have examined the nature of bonding and
electronic properties of the Al2O3�0001� /Ni�111� interfaces
theoretically using similar atomic models, and observed sig-
nificant effects of the interface stoichiometry and rigid-body
translations �RBTs�.21–23 The adhesion of the O-terminated
interfaces is explained by the strong Ni-O bonds with both
ionic and covalent characters, and that of the Al-terminated
ones is mainly explained by the electrostatic �image-charge-
like� and Ni-Al hybridization interactions. However, stronger
Ni-O and Ni-Al interactions cause larger adhesive energies
and different relative stabilities among the configurations
with different RBTs, as compared with the Al2O3/Cu inter-
faces.

In this paper, we examine the mechanical properties of the
Al2O3�0001� /Ni�111� interfaces through ab initio tensile
tests, and discuss the effects of the interface stoichiometry,
configurations, and metal species. First, we apply rigid-type
tensile tests17,18 so as to clarify the local strength of each
Ni-O, Ni-Al, and Ni-Ni interlayer, where the interlayer po-
tential curves are analyzed using the universal binding en-
ergy relation �UBER�.27,28 Second, we apply relaxed-type
tensile tests to the most stable configurations of the
O-terminated and Al-terminated interfaces so as to clarify the
detailed behavior of atoms and electrons at failure.
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II. THEORETCAL METHOD

Details of the theoretical scheme are already
given in Refs. 21–23. We deal with coherent �1�1�
Al2O3�0001� /Ni�111� interfaces with the
Ni�1–10� �Al2O3�1–100� relationship. Ni layers are ex-
panded along the interface due to the theoretical lattice misfit
of 9.632% �9.488% in experiments3,29�. We examine three
models with different RBTs parallel to the interface, namely,
O-site, hollow-site �H-site�, and Al-site models, where the
interface Ni atom is located above the O, hollow, and Al sites
of the hexagonal unit cell of the Al2O3�0001� surface, re-
spectively. These correspond to local commensurate regions
at an incoherent interface due to the lattice misfit.14,16 The
supercell is constructed by alternate stacking of Al2O3�0001�
and Ni�111� slabs without vacuum regions. The Al2O3 slab
consists of four O atomic layers and eight Al atomic layers,
and the top Al layers on both sides are removed for the
O-terminated case. The Ni�111� slab contains five atomic
layers for the O-site and H-site models and seven atomic
layers for the Al-site model so as to attain the periodic fcc
�111� stacking.

We use the plane-wave pseudopotential method30 within
the local density approximation �LDA�.31 The “residual
minimization–direct inversion in the iterative subspace”
method32 is used for the electronic optimization, coupled
with an efficient mixing scheme,33 through the efficiently
parallelized code.34 In each relaxation step, the atomic forces
are converged to be less than 0.05 eV/Å, and the C3i sym-
metry of the supercell is preserved. The plane-wave cutoff
energy is 120 Ry. Four and nine sampling k points within the
irreducible Brillouin zone of the present supercell are used
for self-consistent calculations and for the calculation of lo-
cal density of states, respectively. For each termination and
model, we optimized the RBT normal to the interface,
namely, expansion or compression, by iterating the relax-
ation for various initial values of RBT.

After obtaining relaxed configurations,21–23 we apply the
ab initio tensile tests.17,18 In the rigid-type test, only the se-
lected interface or interlayer is stretched gradually without
relaxation. In the relaxed-type test,25,26 the supercell is
stretched in a small increment normal to the interface, atomic
positions are changed linearly, and then lattice relaxation is
performed. This cycle is iterated until the interface is broken.
In this procedure, the cell lengths parallel to the interface are
fixed. Thus the present test is not uniaxial tension but
uniaxial extension. The present kind of first-principles tensile
or shear tests are effective in clarifying the intrinsic strength
and local mechanical behavior of materials, as applied to
bulk materials or nanowires,35–37 defected systems,38,39 and
grain boundaries.25,26,40–44 In contrast, applications to
ceramic/metal interfaces are only few.17,18,45,46

III. RESULTS AND DISCUSSION

A. Rigid-type tensile test

Figure 1�a� shows energy-change curves by the rigid-type
tests of the Ni-O interfaces of the O-terminated interfaces as
compared with the O-terminated Al2O3/Cu interface.18 The

energy increase for compression is also calculated. The bot-
tom of each curve corresponds to the separation energy Esep
of the stable configuration, relative to the fixed separate
Al2O3 and Ni surfaces.23 The shapes of the curves for the
H-site and Al-site models are rather similar to each other, in
spite of different distances of the minimum point, while the
shape of the curve of the O-site model is rather different.
This is caused by different interfacial configurations. Both
the H-site and Al-site models have three-coordinated Ni-O
bonds, while the O-site model has dimerlike Ni-O bonds.
Thus the curve of the O-site model reveals larger curvature at
the bottom and steeper increases against the compression and
expansion. Naturally, the local interface Young’s modulus YI
obtained from the curvature is the largest for the O-site
model, as listed in Table I. A similar phenomenon is ob-
served in the O-site and H-site models of the O-terminated
Al2O3/Cu interfaces.18
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FIG. 1. �a� Interlayer potential curves by the rigid-type tensile
test for the Ni-O interlayers of the three models of the O-terminated
Al2O3�0001� /Ni�111� interface. �b� Stress vs interlayer distance
curves obtained by differentiating the numerical data in �a�. Previ-
ous results of the O-terminated Al2O3�0001� /Cu�111� interface �H-
and O-site models� �Ref. 18� are also plotted. In �a�, calculated
points are connected by a solid continuous line, while the UBER
fitting is shown by a dotted line. The index Ni-O�O� means the
Ni-O interface of the O-site model, for example.
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The energy curves in Fig. 1�a� are fitted by the UBER
function27,28 expressed as E�d�=−E0�1+d*�exp�−d*�, where
d*= �d−d0� / l, l is a scaling constant, d0 is the equilibrium
interfacial distance, and E0 is equal to the separation energy
Esep. Table II lists the values of parameters. The fitting for
the Ni-O interfaces is not so successful in Fig. 1�a�, similar
to the case of the Cu-O interfaces,18 because the UBER is not
suitable for bonds with strong ionic characters or significant
charge transfer.

Figure 1�b� shows the tensile stress obtained numerically
from the data in Fig. 1�a�. The maximum point of each curve,
namely, the maximum gradient of each curve in Fig. 1�a�,
corresponds to the ideal strength of each interlayer, �max, as
summarized in Table II. The strength of the O-site model is
the largest, although Esep is the smallest. As compared with
the O-terminated Al2O3/Cu interfaces, the Al2O3/Ni inter-
faces possess larger tensile strength due to the larger activity
of Ni discussed in Refs. 21 and 23.

Figure 2 shows the results of the rigid-type tests of the
Ni-Al interfaces of the Al-terminated interfaces as compared
with the Al-terminated Al2O3/Cu interface.17 In Fig. 2�a�,
the shape of the energy-change curve of the O-site model is
similar to that of the Al-site model despite a different dis-
tance of the minimum point, while the curve of the H-site

model is much shallower and flatter. In Fig. 2�b� and Table
II, the maximum stress is the smallest for the H-site model,
while the O-site and Al-site models have similar strength.
This relation is also observed in the values of the local inter-
face Young’s modulus YI in Table I. As analyzed in Ref. 23,
the interfacial bonding is stronger in the O-site and Al-site
models than in the H-site model because of the favorable
configuration of the O-site model for the electrostatic and
Ni-O interactions and because of the favorable configuration
of the Al-site model for the Ni-Al hybridization, respectively.

In Fig. 2�a�, the UBER fitting is successful for the H-site
and Al-site models, while it is worse for the O-site model,
different from the same model of the Al-terminated
Al2O3/Cu interface.17 This can be explained by the special
nature of bonding of the O-site model of the Al-terminated
Al2O3/Ni interface containing the Ni-O hybridization,23

which is not observed in the other models of the Al-
terminated Al2O3/Ni interface; the Cu-O hybridization was
also not observed in the Al-terminated Al2O3/Cu interface.17

Figure 3 shows the results of the rigid-type tests for the
back Ni-Ni interlayers of three kinds of Al2O3/Ni interfaces
as denoted by Ni�2�-Ni�1��O�, Ni�2�-Ni�1c�, and Ni�2�-Ni�1�.
The energy and stress curves have shapes similar to each
other, resulting in similar values of Esep, YI, and �max in
Tables I and II, in spite of the different termination and RBT
of the three interfaces. This indicates that the back Ni-Ni
bonds suffer from only small effects of the interface configu-
ration by metallic screening as observed in the Al2O3/Cu
interfaces.17,18 The UBER fitting is successful for these three
curves due to the metallic nature, similar to the Cu-Cu inter-
layers. The energy and tensile strength for the Ni-Ni inter-
layer are intervening between those for the Ni-O and Ni-Al
interlayers, and those for the Ni-Ni interlayer are larger than
those for the Cu-Cu interlayer due to the stronger bulk Ni
bonding caused by its electronic structure. Here, the present
value of Esep for the back Ni-Ni interlayer is somewhat larger
than that �4.08 J /m2� for the back Ni-Ni interlayer at the
ZrO2/Ni�111� interface.46 This should be caused by the us-
age of the generalized gradient approximation in Ref. 46, and
the LDA somewhat overestimates surface energies as ana-
lyzed in our papers.15,21,23 Note that the present tensile
strength of the back Ni-Ni interlayer is close to the experi-
mental tensile strength of bulk Ni along the �100� direction
�37 GPa �Ref. 47��.

In the Al-site model of the O-terminated interface, the
three Ni atoms of the interface Ni layer in the unit cell have
slightly different heights by the symmetry, and the rigid-type
tests have been applied additionally to the cleavage at the
three sublayers Ni�1a�, Ni�1b�, and Ni�1c�, as shown in Fig.
3. The stable Ni-O interlayer distances �bond lengths� be-
tween Ni�1a�, Ni�1b�, Ni�1c�, and O layers are 1.097 Å
�2.008 Å�, 1.366 Å �2.018 Å�, and 1.585 Å �2.217 Å�, re-
spectively. The Ni�1a� atom is located on the center of an O
triangle, where the surface Al atom exists in the stoichio-
metric surface. The Ni�1b� atom is located on the center of
another O triangle just above the subsurface Al�3� atom, and
the Ni�1c� atom is also located on the center of another O
triangle just above the subsurface Al�2� atom. As listed in
Table II, values of Esep for the Ni�1b�-Ni�1a�, Ni�1c�-Ni�1b�,
and Ni�2�-Ni�1c� interlayers are 5.851, 5.419, and

TABLE I. Local interlayer Young’s moduli YI of the
O-terminated and Al-terminated Al2O3�0001� /Ni�111� interfaces

obtained by the rigid-type and relaxed-type tensile tests. Ȳ is the
average Young’s modulus of the supercell obtained by the relaxed-
type test. Previous results of the Al2O3�0001� /Cu�111� interfaces
Refs. 17 and 18 are also listed.

YI

�GPa�
�Rigid�

YI

�GPa�
�Relaxed�

Ȳ
�GPa�

�Relaxed�

Al2O3�0001� /Ni�111� interface

O-term, O-site: Ni-O 403.908

Ni-Ni 214.938

H-site: Ni-O 285.573

Al-site: 239.535

Ni-O 296.871 261.986

Ni�2�-Ni�1c� 220.479

Al-term, O-site: 159.446

Ni-Al 66.823 58.797

Ni-Ni 224.399

H-site: Ni-Al 41.822

Al-site: Ni-Al 62.689

Al2O3�0001� /Cu�111� interface

O-term, O-site: 166

Cu-O 309 225

H-site: 157

Cu-O 219 145

Al-term, O-site: 107

Cu-Al 45 38
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5.422 J /m2, respectively, and the values of the ideal strength
are 36.530, 27.598, and 35.086 GPa, respectively. The sepa-
ration energy and ideal strength are the smallest for the
Ni�1c�-Ni�1b� interlayer, which indicates the possible initia-
tion of tensile failure at this position as will be examined in
the relaxed-type test. The reason of the weakness of the
Ni�1c�-Ni�1b� interlayer seems to be the much larger
Ni�1c�-O bond length than the Ni�1b�-O and Ni�1a�-O bond
lengths as will be analyzed later. The UBER fitting for the
Ni�1b�-Ni�1a� and Ni�1c�-Ni�1b� interlayers is not success-
ful, which should be caused by the complex mixture of Ni-Ni
and Ni-O interactions.

B. Relaxed-type tensile test

1. Interface Young’s modulus

Relaxed-type tensile tests have been applied to the most
stable configuration of each interface stoichiometry, namely,
the Al-site model of the O-terminated interface and the
O-site model of the Al-terminated interface. By the relaxed-
type tests, we can analyze the interface Young’s modulus.17,18

First, an average Young’s modulus Ȳ for each supercell is

obtained through the relaxed-type test in the region of small
strains as listed in Table I. The value of the O-terminated
interface is larger than the experimental Young’s modulus of
bulk Ni �201.5 GPa �Ref. 48�� and smaller than that of bulk
Al2O3 �345 GPa �Ref. 49��, whereas the value of the Al-
terminated interface is much smaller than both the bulk
values. Then we obtain the local interface Young’s modulus

YI using the relation of �1/ Ȳ�= �RI /YI�+ �RNi/YNi�
+ �RAl2O3

/YAl2O3
�, where YNi and YAl2O3

are the Young’s
moduli of Ni and Al2O3 along the �111� and �0001� direc-
tions, respectively, and RI, RNi, and RAl2O3

are the ratio of the
length of each region in the direction normal to the interface
against the cell length. Using the experimental values of bulk
Ni and Al2O3 for YAl2O3

and YNi, we obtain YI of
261.986 GPa for the Al-site model of the O-terminated inter-
face and YI of 58.797 GPa for the O-site model of the Al-
terminated interface. These values are smaller than those
from the interlayer curves by the rigid-type tests �296.871
and 66.823 GPa�, while these are more correct by including
the effects of relaxation. It is natural that these are larger than
the values of the Al2O3/Cu interfaces as listed in Table I, due
to the stronger Ni-O and Ni-Al interactions.23

TABLE II. UBER fitting parameters, d0, l, and E0 �Esep�, and tensile strength �max of the O-terminated
and Al-terminated Al2O3�0001� /Ni�111� interfaces. Previous results of the Al2O3�0001� /Cu�111� interface
Refs. 17 and 18 are also listed.

d0

�Å�
l

�Å�
E0

�J /m2�

�max

�GPa�
�Rigid�

�max

�GPa�
�Relaxed�

Al2O3�0001� /Ni�111� interface

O-term, O-site: Ni-O 1.785 0.357 7.178 64.100

Ni-Ni 1.816 0.595 5.519 36.313

H-site: Ni-O 1.338 0.544 7.713 56.311

Al-site: 28.301

Ni-O 1.097 0.582 8.193 61.003

Ni�1b�-Ni�1a� 5.851 36.530

Ni�1c�-Ni�1b� 5.419 27.598

Ni�2�-Ni�1c� 1.546 0.602 5.422 35.086

Al-term, O-site: 15.384

Ni-Al 1.609 0.455 2.387 16.832

Ni-Ni 1.848 0.597 5.455 36.029

H-site: Ni-Al 1.989 0.534 1.262 8.743

Al-site: Ni-Al 2.282 0.536 2.430 16.437

Al2O3�0001� /Cu�111� interface

O-term, O-site: Cu-O 1.83 0.39 6.04 46.2

Cu-Cu 25.1

H-site: Cu-O 1.36 0.52 7.07 49.9

Cu-Cu 1.93 0.52 3.74 25.9

Al-term, O-site: 10.1

Cu-Al 1.83 0.49 1.62 12.1

Cu-Cu 3.71 25.4
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2. Al-site model of the O-terminated interface

Figure 4 shows the energy-strain and stress-strain curves
by the relaxed-type tensile test of the Al-site model of the
O-terminated interface. Curves of the rigid-type tests for the
cleavage between the Ni sublayers are also plotted, where the
tensile strain is defined by the total cell length containing the
rigid increase of the interlayer distance. The energy curve of
the relaxed-type test is lower than the other curves by lattice
relaxation for the same cell length �strain�. The stress reaches
the maximum of 28.301 GPa at the strain of 14.0% in the
relaxed-type test, where the stretching at the maximum point
is larger than the other curves due to the relaxation. The
maximum stress in the relaxed-type test is close to the
strength of the Ni�1c�-Ni�1b� interlayer by the rigid-type test
�27.598 GPa�, and indeed, the failure occurs at this inter-
layer. The stress drops suddenly after the strain of 14%. This
catastrophic feature is quite different from the continuous
change for the Al-terminated interface, which will be de-
scribed later.

Figure 5�a� shows the changes in each interlayer distance
during the relaxed-type test, where the vertical line repre-
sents the strain of the maximum stress. Before the strain of
6%, all the interlayer distances increase naturally according

to the elastic property of each region, except for the peculiar
behavior of the Al�2�-Al�3� interlayer. The stretching is rela-
tively larger in the region from the interface O layer to the
Ni�2� layer containing the three Ni sublayers. After the strain
of 6%, the Ni�1a�-O�1� interlayer begins to shrink, resulting
in the increase of the Ni�1a�-Ni�1b� and Ni�1a�-Ni�1c� inter-
layer distances. After the strain of 10%, the increase of the
Ni�1c�-O�1� interlayer distance is larger than that of the
Ni�1b�-O�1� interlayer distance, resulting in the increase of
the Ni�1c�-Ni�1b� interlayer distance. After the strain of 14%,
the Ni�1b�-O�1� interlayer distance begins to shrink, result-
ing in the clear failure at the Ni�1c�-Ni�1b� interlayer after
the strain of 15%.

About the bond-length changes shown in Fig. 5�b�, it is
interesting that the Ni�1c�-O�1� bond length is quite larger
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FIG. 2. �a� Interlayer potential curves by the rigid-type tensile
test for the Ni-Al interlayers of the three models of the Al-
terminated Al2O3�0001� /Ni�111� interface. �b� Stress vs interlayer
distance curves obtained by differentiating the numerical data in �a�.
Previous result of the Al-terminated Al2O3�0001� /Cu�111� inter-
face �O-site model� �Ref. 17� is also plotted. In �a�, calculated
points are connected by a solid continuous line, while the UBER
fitting is shown by a dotted line.
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FIG. 3. �a� Interlayer potential curves by the rigid-type tensile
test for the Ni-Ni interlayers of the O-terminated
Al2O3�0001� /Ni�111� interface �O- and Al-site models� and the Al-
terminated Al2O3�0001� /Ni�111� interface �O-site model�. �b�
Stress vs interlayer distance curves obtained by differentiating the
numerical data in �a�. Previous results of the O-terminated
Al2O3�0001� /Cu�111� interface �H-site model� �Ref. 18� are also
plotted. In �a�, calculated points are connected by a solid continuous
line, while the UBER fitting is shown by a dotted line. The indices
Ni�1� and Ni�2� mean the interface Ni and back �second� Ni layers.
Ni�1a�, Ni�1b�, and Ni�1c� mean the three Ni sublayers of the in-
terface Ni layer of the Al-site model of the O-terminated interface.
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than the other Ni-O bonds in the initial configuration. After
the strain of 6%, Ni�1a�-O�1� bond length begins to shrink,
resulting in the increases of the Ni�1a�-Ni�2� and Ni�1a�-
Ni�1c� bond lengths. After the strain of 10%, the increase of
the Ni�1c�-O�1� bond length becomes larger than that of the
Ni�1b�-O�1� bond length, and similarly, the increase of the
Ni�1b�-Ni�2� bond length becomes larger than that of the
Ni�1c�-Ni�2� bond length. After the strain of 14%, the
Ni�1b�-O�1� bond length begins to shrink, and the Ni�1c�-
O�1� bond length reveals rapid increase. Then after the strain
of 15%, the in-plane bond breaking occurs at the Ni�1b�-
Ni�1c� and Ni�1a�-Ni�1c� bonds, as well as the breaking of
the Ni�1c�-O�1�, Ni�1a�-Ni�2�, and Ni�1b�-Ni�2� bonds.

Figure 6 shows the evolution of the valence charge den-
sity distribution at the failure in the relaxed-type tensile test.
To analyze the features of Ni-O hybridization, we plot the
charges around the Ni-O bonds only from eigenstates in se-
lected energy regions, corresponding to the range of the
lower part of the oxygen upper valence band and the bottom
of the Ni 3d band, including the 4s band. In the stable con-
figuration, the Ni�1a�-O and Ni�1b�-O bonds in Figs. 6�a�

and 6�b� seem to be strong with enough hybridization charge
and shorter bond lengths �2.008 and 2.018 Å� as compared
with the Ni�1c�-O bond in Fig. 6�c� with less hybridization
charge and longer bond length �2.217 Å�.

At the strain of 14% shown in Figs. 6�d�–6�f�, the stretch-
ings of the Ni�1a�-O, Ni�1b�-O, and Ni�1c�-O bond lengths
are −2.032%, 6.547%, and 9.950%, respectively, as com-
pared with those of the stable configuration. The stretchings
of the Ni�1b�-Ni�1a�, Ni�1c�-Ni�1b�, and Ni�2�-Ni�1c� inter-
layer distances are 121.760%, 43.511%, and 22.188%, re-
spectively. From the hybridization charge, it is clear that the
Ni�b�-O and Ni�1c�-O bonds are weakened, while the
Ni�1a�-O bond is strengthened. The decrease of the charge is
remarkable at the Ni�1c�-O bond.

At the strain of 16% shown in Figs. 6�g�–6�i�, the stretch-
ings of the Ni�1a�-O, Ni�1b�-O, and Ni�1c�-O bond lengths
are −3.217%, 0.966%, and 24.886%, respectively. It is clear
that the hybridization charge is increased at the Ni�1b�-O
bond due to the bond-length recovery. The respective stretch-
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ings of the Ni�1b�-Ni�1a�, Ni�1c�-Ni�1b�, and Ni�2�-Ni�1c�
interlayer distances are 79.537%, 290.492%, and 22.555%.
The Ni�1c�-Ni�1b� interlayer shows rapid expansion in con-
trast to the shrinkage of the Ni�1b�-Ni�1a� interlayer, which
means that the failure has occurred at the Ni�1c�-Ni�1b� in-
terlayer. After this failure, the Ni slab above the Ni�1c� layer
and the Al2O3 slab with the Ni�1b� and Ni�1a� sublayers
shrink. At the strain of 19% shown in Figs. 6�j�–6�l�, the total
compressions of the two slabs and the expansion of the
Ni�1c�-Ni�1b� interlayer are 4.799%, 6.392%, and 354.070%
against those at the strain of 14%, respectively.

In Fig. 5�a�, we can see the marked increase of the Al�2�-
Al�3� interlayer distance within the Al2O3 slab after the fail-
ure. This change seems to be correlated with the behavior of
the Ni�1c� and Ni�1b� layers. In Figs. 6�f�, 6�i�, and 6�l�, the
Al�2� atom is visible below the O�1� atom, with the same
coordinates on the �0001� plane as the Ni�1c� atom. The
Al�2� atom goes up according to the moving away of the
Ni�1c� atom at the failure. Similarly, the Al�3� atom is visible

in Figs. 6�e�, 6�h�, and 6�k�, and it goes down according to
the sink of the Ni�1b� atom. The nature of the Al2O3 surface
with the two Ni sublayers remaining is quite different from
the interface or clean surface, which seems to cause the pe-
culiar behavior of the subsurface Al atoms.

3. O-site model of the Al-terminated interface

Figure 7 shows the energy-strain and stress-strain curves
by the relaxed-type tensile test of the O-site model of the
Al-terminated interface, as well as similar curves by the
rigid-type test for the Ni-Al interlayer of the same model,
where the tensile strain is defined by the total cell length. It is
natural that the energy curve by the relaxed-type test is lower
by lattice relaxation, and that the stress curve by the relaxed-
type test reveals the lower maximum stress �15.384 GPa� at
the longer critical strain �9.181%�, as compared with the
value of 16.832 GPa at 4.982% in the rigid-type test. The
Ni-Al interlayer distance at the strain of 9% is 2.158 Å,
which is rather similar to that of 2.059 Å at 4.982% in the
rigid-type test. The stress drops rather continuously after the
maximum, which is different from the O-terminated interface
�Fig. 4�b��. This feature is similar to the curve of the same
model of the Al2O3/Cu interface,17 where the maximum
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FIG. 6. Charge density distributions around the Ni-O bonds of
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stress of 10.10 GPa occurs at 9.42% in the relaxed-type test
in contrast to the value of 12.06 GPa at 5.26% in the rigid-
type test. The strength of the O-site model of the Al-
terminated Al2O3/Ni interface is about 1.5 times larger than
the same model of the Al2O3/Cu interface, while the critical
strain is only a little smaller.

As shown in Fig. 8, the Al2O3 and Ni regions and the
Ni-Al interlayer reveal simple expansion before the maxi-
mum stress point, according to the elastic property of each
region, although there is a peculiar behavior of the Al-Al
distance within the Al2O3 slab. The expansion at the Ni-Al
interlayer is the largest because of the smallest local Young’s
modulus. Just before the critical point �9%�, the expansions
of the Al2O3 and Ni regions are 1.823% and 5.236%, while
that of the Ni-Al interlayer is 34.085%. This feature is also
similar to the Al2O3/Cu interface,17 where the expansions of
the Al2O3 and Cu regions and the Cu-Al interlayer are
1.01%, 7.68%, and 31.30%, respectively, at the critical point
of 9.42%. The difference is mainly caused by the smaller
Young’s modulus of bulk Cu �120.2 GPa �Ref. 51��. After the
critical strain of 9.181%, the Ni-Al interlayer distance in-
creases more rapidly, associated with the sink of the interface
Al atom as shown in Fig. 8. Then the Ni slab shrinks, and the
interlayer distances in the Al2O3 slab become similar to those
of the relaxed free surface. This failure process is also simi-
lar to the Al2O3/Cu interface.17

Figure 9 shows the evolution of the valence charge den-
sity distribution at the Ni-Al interface during the relaxed-
type test. In the stable configuration �Fig. 9�a��, the charge
densities between the Al and Ni atoms and between the Ni
and O atoms are substantially caused by the shorter Ni-Al
and Ni-O interlayer distances of 1.609 and 2.123 Å, respec-
tively, associated with the stronger Ni-Al and Ni-O hybrid-
ization and electrostatic interactions,23 as compared with the
Cu-Al and Cu-O distances �1.825 and 2.266 Å� in the same
model of the Al2O3/Cu interface.17 This is the basic reason
for the larger strength of the present interface.

There is a charge depletion region �denoted as I� around
the interfacial Ni and O atoms, although this is rather narrow

as compared with that in the Al2O3/Cu interface. For the
increase of the strain as shown in Figs. 9�a�–9�c�, the charge
density in the depletion region decreases gradually, although
there remains weak Ni-O hybridization even at the strain of
4% as observed in Ref. 23. When the strain goes over the
critical point �Figs. 9�c� and 9�d��, the charge depletion re-
gion begins to penetrate into the interval between the inter-
facial Ni and O atoms. With the further increase of the strain,
the charge depletion region extends above the interfacial Al
atoms �Fig. 9�e��, and finally, the interfacial region is fully
separated into two surfaces �Fig. 9�f��.

During the tensile process, substantial Ni-Al interactions
are observed. The interface Al atom keeps a relatively high
position before the start of sink at the failure. The interface
Ni atoms reveal the in-plane displacements so as to maintain
the Ni-Al interactions in a similar way to the Cu in-plane
displacements observed in the Al2O3/Cu interface.17 Figure
10 shows the variation of the in-plane distance on the �0001�
surface between the interface Al atom and each atom. Note
that the in-plane projected site of the interface Al atom is not
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changed due to the symmetry. The projected position of the
interface Ni atom obviously moves toward the interface Al
atom during the tensile process even after the maximum
stress so as to maintain the Ni-Al interactions, and after the
failure, it recovers. This causes the displacements of the
other Ni and O atoms. The magnitude of the in-plane dis-
placement of the interface Ni atom is larger by 50% than that
in the Al2O3/Cu interface, indicating stronger Ni-Al interac-
tions.

C. Discussion

The mechanical properties of each interface obtained by
the rigid-type tensile tests are consistent with the nature of
bonding of each interface examined in Ref. 23. The
O-terminated interfaces with ionic and covalent Ni-O bonds
have quite larger strength and Young’s moduli than the Al-
terminated interfaces with weak electrostatic and hybridiza-
tion interactions. For each interface stoichiometry, the three
kinds of configurations reveal substantially different me-
chanical properties according to each nature of bonding. The
UBER fitting of the interlayer potential curve has been
shown to be a good measure to examine the nature of bond-
ing as observed in the Al2O3/Cu interfaces.17,18 The ideal
strength and interface Young’s moduli of the Al2O3/Ni inter-
faces are, indeed, larger than those of the Al2O3/Cu inter-
faces, due to the higher activity of Ni as discussed in Ref. 23.

It is interesting that the results of the relaxed-type tests are
consistent with those of the rigid-type tests. For the Al-
terminated interface �O-site model�, the Ni-Al interface is
naturally broken in the relaxed-type test for the critical Ni-Al
interlayer stretching �2.158 Å�, similar to that in the rigid-
type test �2.059 Å�. For the O-terminated interface �Al-site
model�, the failure occurs at the Ni�1c�-Ni�1b� interlayer in
the relaxed-type test for the critical stress �28.301 GPa�,
rather similar to the ideal strength of the Ni�1c�-Ni�1b� inter-
layer by the rigid-type test �27.598 GPa�, and this interlayer
is the weakest in the rigid-type tests. All these results may be
caused by rather simple configurations of the present inter-
faces with only few independent atoms in each layer.

It should be noted that the ab initio tensile tests are essen-
tial to understand the interface mechanical properties. Only
the adhesive or separation energies obtained in Ref. 23 do
not provide enough information. The O-site model has the
largest ideal strength and Young’s modulus in the
O-terminated Al2O3/Ni interfaces in spite of the smallest
separation and adhesion energies. Detailed features of the
failure process can be revealed only by the relaxed-type tests
according to the natural behavior of atoms and electrons. The
present in-plane failure of the interface Ni layer of the Al-site
model of the O-terminated interface is revealed by virtue of
this test, where the Ni 3d-O 2p hybridization is shown to
dominate the interface strength and the in-plane failure.

From the present results, the strength and failure should
firstly depend on the interface stoichiometry, indicating the
importance of the control of the atmosphere in the interface
formation. The Al-terminated interfaces are rather weak and
the failure occurs at the Ni-Al interface, resulting in lower
toughness. The O-terminated interfaces have much higher
strength, and the failure should occur in the Ni side at least,
resulting in larger toughness. Secondly, the strength and fail-
ure process should depend on the features of configurations
such as coordination and irregularity of the interface plane,
as shown in the in-plane failure of the Al-site model of the
O-terminated interface. This kind of complex failure should
also contribute to the increase of the toughness. Of course,
real experimental interfaces with the lattice misfit should
contain various configurations with different RBTs as well as
more disordered configurations, defects, or impurities, which
should cause more complex features of failure. There have
been few experimental studies on the mechanical properties
of Al2O3/Ni interfaces at the atomic scale, although the
present results should be useful to make a detailed analysis
of experimental results in the future.

Finally, we would like to emphasize that the interlayer
potential curves in Figs. 1�a�, 2�a�, and 3�a� as well as the
results of the relaxed-type tests and stable configurations are
useful for the construction of effective interatomic potentials
as recently performed for the Al2O3/Cu system,50–52 which
is one of the practical schemes to link ab initio calculations
and large-scale simulations. This is a challenge because of
the absence of simple models of oxide/metal interfacial
bonding with specific functional forms. Due to the com-
pletely different nature of bonding for the O-terminated and
Al-terminated interfaces, two sets of potentials should be de-
termined and selected according to the local interface
stoichiometry.52 The key problem is multidimensional opti-
mization of interatomic potentials so as to reproduce various
ab initio results.

IV. SUMMARY

We have investigated the tensile strength and failure pro-
cess of the �-Al2O3 �0001�/Ni�111� interfaces by the first-
principles calculations, and made the comparison with the
Al2O3�0001� /Cu�111� interfaces. We have observed that the
interface stoichiometry as well as the configuration have sig-
nificant effects on the tensile strength and fracture. The rigid-
type tensile tests have clarified ideal local strength and local
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Young’s moduli of each Ni-O, Ni-Al, and Ni-Ni interlayer,
for which the interlayer potential curves are analyzed by the
UBER fitting. The Ni-O and Ni-Al interfaces are nearly
twice stronger and weaker than that of the back Ni-Ni inter-
layer, respectively. The relaxed-type tests have been applied
to the most stable configuration of each interface stoichiom-
etry. The Ni-Al interface is broken naturally under lower
stress at the Al-terminated interface �O-site model�, although
catastrophic failure occurs within the interface Ni layer of
the O-terminated interface �Al-site model� due to the irregu-
lar configuration of the interface Ni layer. It has been clearly
shown that the behavior of valence electrons really domi-
nates the strength and failure process. The tensile strength

and interfacial Young’s modulus of Al2O3�0001� /Ni�111� in-
terfaces are larger than those of the Al2O3�0001� /Cu�111�
interfaces due to the larger activity of Ni.
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