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Abstract

We have performed density functional calculations to investigate the adhesion and electronic structure at interfaces
between Al and the refractory transition metal nitrides/carbides VN and VC in order to understand the significance of
the ceramic’s metalloid component upon interfacial properties. We find that for both systems the preferred bonding
site places the metal interfacial atoms above the ceramic’s metalloid atoms, and that adhesion energies are comparable
to those found for other metals (Ti, Ag) on MgO. The differences in magnitude and rank-ordering of the adhesion
energies for the two interfaces are rationalized in terms of the the surface energies of the ceramics. Analysis of the
charge density and density of states reveals that covalent Al–C/N bonds constitute the dominant metal–ceramic interac-
tion.  2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Interfaces between metals and ceramics play a
vital role in many industrial applications [1]: het-
erogeneous catalysis, microelectronics, thermal
barriers, corrosion protection and metals pro-
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cessing are but a few representative examples.
However, experimental complications associated
with the study of a buried interface, and theoretical
difficulties arising from complex interfacial bond-
ing interactions, have hindered the development of
general, analytic models capable of accurately pre-
dicting fundamental interfacial quantities.

One such quantity that is key to predicting the
mechanical properties of an interface is the ideal
work of adhesion,Wad [1], which is defined as the
bond energy needed (per unit area) to reversibly
separate an interface into two free surfaces, neg-
lecting plastic and diffusional degrees of freedom.
For example, the degree of plastic deformation that
occurs during interfacial fracture is known to
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depend upon Wad [2–4]. Formally, Wad can be
defined in terms of either the surface and interfacial
energies (relative to the respective bulk materials)
or by the difference in total energy between the
interface and its isolated surfaces:

Wad � s1v � s2v�g12 � (Etot
1 � Etot

2 (1)
�Etot

12)/A.

Here, siv is the surface energy of slab i, g12 is the
interface energy, Etot

i is the total energy of slab i
and Etot

12 is the total energy of the interface system.
The total interface area is given by A.

Although there has recently been much activity
aimed at understanding metal/oxide interfaces
[1,5–12], much less is known about metal/ceramic
adhesion involving non-oxide ceramics. Within
this class, the transition metal carbides and nitrides
are a particularly notable omission, considering
their exceptional hardness, strength and corrosion
resistance [13]. To our knowledge, there have been
only three studies [14–16] of adhesion between
metals and transition metal carbides/nitrides based
on density functional theory (DFT) [17,18], along
with a few earlier studies [19–21] performed using
semi-empirical methods. Recently, our group
examined the stability, Wad and electronic structure
of the polar Al(111)/WC(0001) interface [14], con-
sidering both C and W terminations of the ceramic.
We determined that although the W-terminated
interface had the lowest free energy, and was there-
fore more stable, the C termination had the largest
Wad of 6.0 J/m2. Hartford [15] calculated the
interfacial free energy of the Fe/VN system,
including the effects of N vacancies. The interface
energy was found to be negative for all systems
consisting of more than one VN layer, with the
presence of vacancies resulting in a small increase
in interfacial energy. The interfacial bonds were
determined to consist mainly of covalent N(p)–
Fe(d) σ interactions, with minor V(d)–Fe(d)
character. Finally, Dudiy and co-workers [16]
examined the Co/TiC interface, and found that
their calculated Wad values agreed with wetting
experiments to within 10%. The dominant bonding
mechanism involved strong “metal-modified”
covalent Co–C bonds.

Two groups have used DFT to study interfaces
of Al with other non-oxide ceramics. Hoekstra and

Kohyama [22] considered the polar Al/β-SiC(001)
interface, and found relatively large adhesion ener-
gies of 6.42 and 3.74 J/m2 for C and Si termin-
ations, respectively. Conversely, a relatively weak
adhesion of about 0.9 J/m2 was found for the
Al/AlN system by Ogata and Kitagawa [23]. On
the experimental side, several groups (see Ref. [24]
for a recent review) have investigated the wett-
ability of ceramic substrates by various metals. The
wettability of VN and VC has been examined for a
few interfaces involving transition metals [25,26];
however, data pertaining to interfaces with Al
are lacking.

In this work we present a theoretical comparison
of metal/ceramic adhesion between Al/VN and
Al/VC. Vanadium nitride/carbide, along with other
refractory compounds, are commonly used in tri-
bological applications as a wear-resistant coating
for the purpose of reducing adhesion [27]. How-
ever, the factors that determine the adhesive
properties of a given coating are still poorly under-
stood, and evaluation of many coatings is often
performed on a trial-and-error basis. At the other
extreme, in microelectonics packaging there is gen-
erally a need for strong adhesion between a
carbide/nitride layer and a metallic interconnect or
SiO2. Since the mechanical properties of an inter-
face depend sensitively upon the detailed atomic
and electronic structure at the junction, knowledge
of this type would be a valuable tool in optimizing
the performance of these, and other, systems.

The goal of this study is to calculate the elec-
tronic structure, Wad and optimal geometries of the
Al/VN and Al/VC interfaces within a first-prin-
ciples framework in order to better understand the
nature of metal/ceramic adhesion. Previous studies
have shown this approach to be reliable in repro-
ducing Wad values from experiment [1,7,8,16]. The
Al/VN and Al/VC system serves as a convenient
model of simple metal/transition metal carbide/
nitride adhesion, since moderately sized simulation
cells may be used as a result of similar lattice geo-
metries. Our emphasis here is on drawing compari-
sons between the effects of the non-metallic
(metalloid) part of the carbide/nitride on adhesion.
In particular, we would like to understand how the
substitution VN→VC manifests itself in Wad and to
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explain any differences by analyzing the electronic
structure of the interface.

The remainder of this paper is organized as fol-
lows. Section 2 describes the computational meth-
odology used in this study. Section 3 presents the
results of our bulk and surface calculations on the
pure materials. The major results of this paper are
presented in Section 4, where we discuss the
adhesion, geometry and electronic structure of the
Al/VN and Al/VC metal/ceramic interfaces.
Finally, we summarize our findings in Section 5.

2. Methodology

For this study we employ density functional
theory (DFT) [17,18], as implemented in the
Vienna ab initio Simulation Package (VASP) [28].
VASP uses a plane-wave basis set for the expan-
sion of the single-particle Kohn–Sham wave-
functions, and pseudopotentials [29,30] to describe
the computationally expensive electron–ion inter-
action. (Additional information regarding the
details of the pseudopotential implementation are
provided in Section 3.) The ground-state charge
density and energy are calculated using a pre-con-
ditioned conjugate gradient minimization algor-
ithm [31,32] coupled with a Pulay-like mixing
scheme [33–35]. Sampling of the irreducible
wedge of the Brillouin zone is performed with a
regular Monkhorst–Pack grid of special k-points
[36]. Due to numerical instabilities associated with
integrating the step-function character of the 0 K
Fermi–Dirac distribution, partial occupancies of
the single-particle wavefunctions are introduced
[37,38] with an energy level broadening of 0.1 eV.
Ground-state atomic geometries were obtained by
minimizing the Hellman–Feynman forces [39,40]
using either a conjugate gradient [31] or a quasi-
Newton [33] algorithm. Finally, the generalized
gradient approximation (GGA) of Perdew and
Wang [41] (PW91) was employed for evaluation
of the exchange-correlation energy. More detailed
descriptions of VASP can be found elsewhere [28].

Due to the substantial computational cost of per-
forming a DFT calculation on supercells containing
first row and transition metal elements, we
emphasize that our molecular statics (0 K) predic-

tions of structure and adhesion energies do not
account for temperature and larger-scale size
effects such as reconstructions and lattice mis-
match. In addition, our models of VN and VC are
restricted to perfect 1:1 V:N/C stoichiometry (to
permit the use of smaller supercells), even though
it is well known that carbides/nitrides of the Vb
subgroup may contain 10–20% vacancies in the
metalloid sublattice [13].

3. Bulk and surface calculations

3.1. Bulk properties

To assess the accuracy of the pseudopotential
approximation we have performed a series of cal-
culations on the bulk Al, VN and VC phases.
Results for Al were presented in an earlier study
[7] of the Al/α-Al2O3 interface, where it was
shown that the lattice constant, bulk modulus and
cohesive energy obtained with a norm-conserving
RRKJ-type [29] GGA pseudopotential were in
good agreement with experimental and other first-
principles calculations.

Many transition metal mono-nitrides/carbides,
including VN and VC, crystallize in the NaCl
(rocksalt) structure. In order to gage the signifi-
cance of the V 3p semi-core states on the bulk
structural and electronic properties, we have per-
formed comparison calculations on both materials
using ultrasoft-type [30,48] (US) (in which the p
states are treated only via partial-core corrections
[49]) and “all-electron” projector augmented wave
(PAW) pseudopotentials [50,51].

For the US pseudopotentials set, the V pseudo-
potential was generated with an atomic valence
configuration of 3d44s1, which is the ground state
as predicted by DFT. The outermost cut-off radius,
rc, was set at 1.36 Å and the local potential was
taken as the unscreened all-electron potential out-
side a radius, rloc = 1.78 Å. The C and N US
pseudopotentials were implemented with valence
configurations of 2s22p2 and 2s22p3, respectively,
while using the d channel as the local pseudopoten-
tial component. Cut-off radii were set to
rN

c = 0.87 Å and rC
c = 0.96 Å. Partial core correc-

tions are generally unnecessary for first row
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elements, and therefore were not included for the
metalloid elements.

The PAW pseudopotential set used a 3p6d44s1

valence configuration for V, with rloc = 0.94 Å and
rc = 1.22 Å. The C and N pseudopotentials used
the same valence configuration and local compo-
nent as their US counterparts, while setting smaller
rC

c = rN
c = 0.79 Å. More information regarding the

VASP pseudopotentials database can be found in
the literature [30,51].

Before starting the bulk calculations, the total
energies of each unit cell were carefully checked
for convergence with respect to k-points and plane-
wave cut-off energy; it was found that 56 k-points
were sufficient to ensure convergence to
�1–2 meV/atom for both VN and VC. To achieve
the same level of accuracy with respect to basis
set size, different plane-wave cut-off energies were
required depending on which pseudopotential set
was used: 350 (400) eV for US (PAW) VN, 290
(400) eV for US (PAW) VC. Table 1 compares
our results for the lattice constants, bulk modulus

Table 1
Comparison of VN and VC bulk properties as calculated using different ab initio methods with experiment. Results for the present
study are given in the first two rows for each material. Abbreviations for the pseudopotential methods are defined as follows: US,
ultrasoft pseudopotentials; PAW, projector augmented wave pseudopotentials; NC, norm-conserving pseudopotentials

System Method a (Å) B0 (GPa) Ecoh (eV)

VN GGA, US 4.132 316 12.21
GGA, PAW 4.127 310 12.86
GGA, FPLAPWa 4.12 333 –
GGA, USb 4.13 317 –
LDA, FPLAPWa 4.06 376 –
LDA, NCc 4.19 338 –
Experiment 4.126d (233)h 12.49e

VC GGA, US 4.170 304 13.86
GGA, PAW 4.163 293 14.4
LDA, NCc 4.22 321 –
LDA, LMTO–ASAf 4.137 298 –
Experiment 4.172g (303)h 13.88e

a Ref. [42].
b Ref. [15].
c Ref. [43].
d VN0.98 at 93 K, Ref. [44].
e Ref. [45].
f Ref. [46].
g VC0.88 at 288 K, Ref. [44].
h Ref. [47].

and cohesive energy with those of experiment
[44,45,47] and other first-principles calculations
[15,42,43,46]. (There is some uncertainty in the
experimental data [47] for the bulk modulus due
to the presence of pores and undetected impurities
in the samples. These values are indicated with
parentheses in Table 1.) We find that, for both VN
and VC, use of the PAW results in only minor
changes to the US values, with both pseudopoten-
tial sets giving good agreement with the experi-
mental lattice constant and cohesive energy. The
trend in switching from US to PAW pseudopoten-
tials is to produce slightly smaller lattice constants
and bulk moduli, with larger cohesive energies. In
the case of VN, agreement with the other all-elec-
tron full-potential linearized augmented plane-
wave (FPLAPW) GGA values [42] and another
calculation based on US pseudopotentials [15] is
also very good. For VC, the only other ab initio
calculations [43,46] available for comparison are
based on the local density approximation (LDA)
[52]. While our GGA calculations compare well
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with these in predicting the bulk modulus, the
GGA lattice constants are in better agreement
with experiment.

As a second, and perhaps more rigorous pseudo-
potential comparison, Fig. 1 shows the VN band
structure evaluated using both US and PAW
pseudopotentials at their respective lattice con-
stants. The two methods agree very well for the
occupied states (to within the plot resolution of the
band lines), although there is some minor deviation
for the higher-lying unoccupied bands. Similar
agreement was obtained for the US and PAW VC
band structures. We further note that our VN band
structure agrees well with another recent all-elec-
tron FPLAPW calculation performed by Stampfl
and co-workers [42].

Since the PAW is more computationally expens-
ive, and since our tests show little — if any — loss
of accuracy upon using the US pseudopotentials,
we used the US pseudopotentials for the remainder
of this work.

Although the electronic structure of the bulk
phases of many transition metal mono-nitrides/
carbides has been analyzed extensively via first-
principles methods by other groups (see Refs.
[42,53] and references therein), we present here a
brief review of these properties in order to facilitate
discussion of the interfacial electronic properties.
Generally, the bonding in VN/VC can be classified
as a combination of metallic, ionic and covalent,

Fig. 1. Comparison of VN band structure as calculated using
ultrasoft (solid lines) and PAW (dotted lines) pseudopotentials.

with the V d band being split into bonding and
anti-bonding states by the octahedral crystal field
of the metalloid atoms. Overall, these two
materials share many features of their respective
electronic structures despite having different num-
bers of electrons per unit cell. This so-called “ rigid
band” behavior manifests itself as an upward shift
in the Fermi energy of VN with respect to VC (see
Fig. 2) as more anti-bonding states are filled by the
one additional electron per unit cell provided by
the N atom. Consequently, VN is observed to have
a smaller cohesive energy.

The metallic nature of the bonding can be attri-
buted to the partially filled d bands, as evident in

Fig. 2. Total and angular-momentum-projected DOS for bulk
VN and VC. (a) VN; (b) VC.
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the band structure (Fig. 1) or, more readily, by the
peak in the partial density of states3 (pDOS) near
the Fermi energy (Fig. 2). The ionic nature of the
V–metalloid bond is most clearly revealed in Fig.
3, as a substantial amount of charge density cent-
ered on the V atoms is transferred to the metalloid
atoms upon formation of the compound. Moreover,
the nearly spherically symmetric shape of the
nitride difference charge suggests a larger ionic
effect than in the carbide, which is consistent with
the larger electronegativity of N. (However, the
effects of ionicity appear to be less important than

Fig. 3. Bulk VN and VC difference charge density (relative
to the isolated atoms) through a (100) slice intersecting both V
and N/C atoms. Charge redistribution is visualized by a gray-
scale scheme in which lighter shades (black contour lines) indi-
cate charge accumulation and darker shades (white contours)
indicate charge depletion. (a) VN; (b) VC.

3 The Wigner–Seitz radii for evaluation of the angular-
momentum-projected DOS were set at: rVN

V � 1.51 Å, rVC
V �

1.52 Å, rC � 0.93 Å and rN � 0.92 Å. For Al we used rAl �
1.51 Å.

the filling of covalent anti-bonding states, as the
cohesive energies do not correlate with the elec-
tronegativity of the metalloid.) Lastly, the presence
of a covalent p–d σ interaction is indicated by the
similar energy position and shape of the pDOS
(Fig. 2) for the N/C p and V d states.

3.2. Surface properties

The purpose of this study is to simulate the inter-
face between two bulk-like slabs. It is therefore
important to ensure that the slabs are sufficiently
thick so as to exhibit bulk-like interiors, as it is
known that the adhesion properties of thin films
can differ significantly from those of thicker struc-
tures. To these ends, we have conducted conver-
gence tests on the Al(100), VN(100) and VC(100)
slabs in preparation for their use in interface calcu-
lations.

One way to ensure the presence of a bulk-like
slab is to check for convergence of the surface
energy with respect to the number of atomic layers,
n. Upon attaining a critical thickness, the surface
energy will converge to a fixed value, indicating
that the two surfaces are decoupled by an interven-
ing bulk region. We have calculated the surface
energy for each of the (100) faces of Al, VN and
VC for slabs of size ranging from three to 11 layers
using the method proposed by Boettger [54] (see
Table 2). Before doing so, a separate k-points test
was performed on each surface supercell; to con-
verge the total energy per atom to �1–2 meV, the
carbide/nitride surfaces required a set of 10 k-
points, while for the Al system 36 k-points were
sufficient. All structures were relaxed to a force

Table 2
Convergence of the surface energy with respect to slab thick-
ness

Number of layers, n Surface energy (J/m2)

Al(100) VN(100) VC(100)

3 0.90 1.11 1.30
5 0.89 0.97 1.32
7 0.85 0.97 1.27
9 0.89 0.95 1.29
11 – 0.95 1.27
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tolerance of 0.05 eV/Å per atom, and a 10 Å vac-
uum region was used to prevent interactions
between periodic images.

As can be seen in Table 2, the surface energy
for all three materials converges rapidly with
increasing slab thickness to within about 0.05 J/m2

for slabs with n�5. An earlier study [7] on the
Al/α-Al2O3 interface also observed rapid conver-
gence for an Al(111) slab, where five layers were
found to be sufficiently accurate for interface work.
In that case a surface energy of 0.81 J/m2 was mea-
sured, which is consistent with the present value
of 0.89 J/m2, as the close-packed (111) face of Al
should exhibit a smaller surface energy than other
low-index surfaces. We further note that the
present value of the Al(100) surface energy is in
good agreement with the experimental value
[55,56] of 0.94 J/m2, as extrapolated to 0 K. We
are not aware of any reliable experimental data for
the surface energies of VN or VC. Nonetheless, it
is reasonable that the surface energy of VC (1.27
J/m2) should be greater than that of VN (0.95 J/m2)
considering that VC has a larger cohesive energy.

In addition to our examination of the surface
energy, we considered the surface relaxations as a
function of slab thickness. We found that these
were also well converged by five- to seven-layer
slabs, with all relaxations being a relatively small
2% or less of the corresponding bulk spacings. For
the VN and VC surfaces we refer here to the aver-
age relaxations, as there is some degree of surface
rumpling present. In particular, while as a whole
the first interlayer spacing in VN contracts by
1.7%, the individual V atoms relax inwards by 0.17
Å and the N atoms relax outwards by 0.1 Å. In
VC the relaxations are smaller: the first interlayer
spacing contracts by 1.4%, the V atom moves
inwards by 0.09 Å and the C atom shifts outward
by the same amount, 0.09 Å. For Al(100) the first
interlayer spacing increases by 2%.

Based on the good convergence of the surface
energies and relaxations, we conclude that slabs
with n�5 are sufficient for use in interface studies.

4. Interfaces

4.1. Model geometry

Our model of the Al/VN and Al/VC interfaces
uses a superlattice geometry in which a seven-layer
VN (or VC) (100) slab is placed between two five-
layer slabs of Al(100), resulting in two identical
interfaces per supercell with 24 total atoms. The
free surfaces of the Al are separated by 10 Å of
vacuum, and additional k-point tests showed that
28 sampling points were necessary to converge
the total energy of the interface system to
�1–2 eV/atom. In addition to interfacing the (100)
planes, the slabs were oriented about an axis nor-
mal to the interface so as to align the [001] direc-
tions, resulting in a “cube-on-cube” orientation
relationship:

Al[001](100) || VN/VC[001](100). (2)

Using this orientation, there is a modest mismatch
of 2.3% (3.2%) between the larger VN (VC) cer-
amic surface unit cell and that of the Al. To accom-
modate the periodic boundary conditions inherent
in a supercell calculation, we invoke the coherent
interface approximation [57] in which the (softer)
Al is stretched to match the dimensions of the cer-
amic. In a realistic interface with the above orien-
tation relationship, the mismatch would likely
result in an array of widely dispersed misfit dislo-
cations separated by �180 Å (�129 Å) for the
Al/VN (Al/VC) system. Hence, our model mimics
the coherent regions between dislocations.

To identify the optimal interface geometry we
considered three different stacking sequences,
placing the interfacial Al atoms in one of three pos-
itions with respect to the ceramic surface lattice
structure (see Fig. 4): above the V atoms (V site),
above the N/C atoms (N/C site) and along the V–
N/C bond direction (bridge site). Adhesion ener-
gies were then calculated for each geometry, both
before and after allowing for atomic relaxations.

4.2. Work of adhesion

Our estimates of the ideal work of adhesion
(Wad) were calculated using two different methods.
The first is based on the universal binding energy
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Fig. 4. Three stacking sequences for the Al/VN and Al/VC
interfaces. Small spheres, Al interfacial atoms; medium-sized
spheres, N/C atoms; large spheres, V atoms. The supercell pro-
file along �1̄00� is shown as a black dotted line. (a) N/C; (b)
V; (c) Bridge.

relation (UBER) [58], and involves calculating the
total energy of an unrelaxed interface (formed by
joining truncated bulk surfaces) as the interfacial
separation is incrementally reduced from an initial
value of 8 Å. The ab initio data are then fit to
the UBER function, yielding the optimal Wad and
interfacial separation, d0 (see Fig. 5). The optimal
geometries from the UBER calculations were then
used to begin a second series of calculations in
which the structure of each interface and its iso-
lated slabs were optimized via minimization of the
atomic forces to a tolerance of 0.05 eV/Å. (For
those supercells having the V or N/C site stacking,
all atomic relaxations were along a direction per-
pendicular to the interface due to symmetry, and
all in-plane forces were equal to zero. Structures

Fig. 5. Universal binding energy curves for the Al/VN and
Al/VC interface geometries.

with the bridge-site stacking were constrained to
allow relaxations perpendicular to the interface
only.) To facilitate cancelation of errors across the
different interface models and interface vs. surface
calculations, the same supercell dimensions and k-
points were used whenever possible.

Table 3 summarizes the optimal d0 and Wad

values for all six interface structures, including
both the unrelaxed (UBER) and relaxed geo-
metries. We see that the interfaces with the Al
atoms placed above the metalloid atoms exhibit the
largest Wad values for both ceramics: 1.73 J/m2 for
Al/VN and 2.14 J/m2 for Al/VC. Bonding at the V
site is weakest, and is similar (0.91–0.96 J/m2) for
both systems. Intermediate to these two extremes is
the bridge site, in which only partial Al–metalloid
bonds form. The preference for the metalloid
adhesion site is consistent with earlier adhesion
studies [59–61] involving interfaces of MgO(100)
(which also has the rocksalt structure) with Ti, Ag
and Al.

In the LDA–linear combination of atomic
orbitals (LCAO) study from Ref. [60], Hong and
co-workers noticed that the difference in Wad

between Al/MgO and Ag/MgO correlated with the
difference in the surface energies of the metals.
This behavior is also evident in the LDA–linear
muffin tin orbital (LMTO) results of Schönberger
et al., who considered the Ti/MgO and Ag/MgO
systems. In the present case we observe the same
behavior, only applied to the surface energies of
the ceramics. Specifically, the largest Wad value
occurs for the interface containing the ceramic with
the largest surface energy: VC. Moreover, the dif-
ference in Wad between the VC and VN interfaces
is roughly 0.4 J/m2, for both the metalloid and
bridge sites. This is similar to the difference in cer-
amic surface energies of 0.32 J/m2.

The relatively small Wad values (1.7, 2.1 J/m2)
calculated herein are in reasonable qualitative
agreement with those of Refs. [59,60], which range
from 2.2 J/m2 for Ti/MgO down to 1.6–1.9 J/m2 for
Ag/MgO. (However, a direct comparison between
these results is not recommended due to differ-
ences in computational details such basis sets and
exchange-correlation functionals.) The agreement
is likely due more to the geometry of the ceramic
surfaces rather than the details of the individual



627D.J. Siegel et al. / Acta Materialia 50 (2002) 619–631

Table 3
Unrelaxed and relaxed adhesion energies (Wad) and interfacial separations (d0) for the six Al/VN and Al/VC interface systems

Ceramic Stacking Unrelaxed Relaxed

d0 (Å) Wad (Jm�2) d0 (Å) Wad (Jm�2)

VN N site 2.08 1.68 2.11 1.73
V site 2.78 1.12 2.80 0.91
Bridge 2.53 1.16 2.53 0.98

VC C site 2.08 2.13 2.13 2.14
V site 2.72 1.05 2.73 0.96
Bridge 2.38 1.36 2.31 1.38

metal–ceramic interactions. Namely, the (100) face
of rocksalt-type crystals is a non-polar surface with
equal numbers of cations and anions within each
layer parallel to the interface. The layers are there-
fore charge neutral, and exhibit smaller surface
energies than their polar counterparts. Since
smaller surface energies generally indicate a less
reactive surface, these non-polar geometries tend
to adhere weakly when interfaced with another sur-
face. We have observed similar trends in polar vs.
non-polar geometries for other interface systems
[7,14], and in a follow-up study will cast this
relationship in a more quantitative context [62].

In general, there is good agreement between the
unrelaxed UBER and relaxed Wad and d0 values.
In allowing for relaxation, interfacial distances
change by less than 0.05 Å, and Wad is altered by
about 0.2 J/m2 at most. Similar agreement was
observed in our earlier study [14] of the Al/WC
interface, in which only minor amounts of atomic
relaxation were present. However, significant dif-
ferences between UBER and relaxed Wad values
have been noted for systems that undergo substan-
tial relaxation [7].

Table 4 shows that allowing for interfacial
atomic relaxation results in only small changes to
the average interlayer distances (3.5% or less of
the respective bulk spacings). In Al, three of the
four interlayer distances undergo contraction, pre-
sumably in an effort to counteract the lateral tensile
strain incurred by matching to the larger ceramic
surface cells. In both VN and VC the first inter-
layer contracts by 0.5%, which is slightly less than
what is found for the free surfaces: 1.7% and 1.4%,

Table 4
Interlayer spacing with respect to position perpendicular to the
interface, given in terms of absolute distance (Å) and as a per-
centage of the respective bulk spacing (shown in square
brackets). The central layer of the Al slab is denoted Al3, the
interfacial Al layer as Al1, the central ceramic layer is Cer-
amic4, etc.

Interlayer Average interlayer distance (Å)
[% of bulk]

Al/VN Al/VC

Al2–3 1.98 [�2.0] 1.95 [�3.5]
Al1–2 2.04 [+1.0] 2.00 [�1.0]
Interface 2.11 2.13
Ceramic1–2 2.06 [�0.5] 2.08 [�0.5]
Ceramic2–3 2.12 [+2.4] 2.08 [�0.5]
Ceramic3–4 2.05 [�1.0] 2.09 [0]

respectively. However, the degree of rumpling of
the ceramic interfacial layer in both systems is
nearly identical to that found for the surfaces. In
Al/VN the N atom relaxes towards the Al slab,
while the V atom contracts slightly deeper into the
VN bulk region, resulting in an N–V distance of
0.32 Å. At the surface these atoms are separated
by 0.27 Å. In Al/VC the C–N distance is 0.21 Å
and in the surface it is 0.18 Å.

In summary, we find relatively small Wad values
for both Al/VN and Al/VC interfaces, consistent
with the non-polar nature of the rocksalt (100) sur-
face and with earlier studies of metal/MgO
adhesion. The magnitude of the difference in Wad

and its rank-ordering for Al/VN vs. Al/VC can be
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Fig. 6. Charge density difference (relative to the isolated surfaces) for the Al/VN and Al/VC interfaces taken along the (011) and
(001) directions. The color scheme is the same as in Fig. 3, and the interfacial atoms intersected by the slice plane are labeled. (a)
Al-VN (011); (b) Al-VN (001); (c) Al-VC (001); (d) Al-VC (011).

roughly understood in terms of the differences in
the surface energies of the respective ceramics.

4.3. Electronic structure

To reveal the nature of the interfacial bonding
between the metal and ceramic, Figs. 6–8 depict

Fig. 7. Planar-averaged total charge and charge density difference (relative to the isolated surfaces) for the Al-above-metalloid
geometries along a direction normal to the interfaces. The location of the interfaces is given by dotted vertical lines. (a) Al-VN; (b)
Al-VC.

the interfacial charge density difference, its planar
average along �100� and the layer-projected DOS,
respectively, for the relaxed Al/VN and Al/VC
interfaces using the optimal metal-on-metalloid
stacking sequence. The difference in charge den-
sity was evaluated with respect to the isolated slabs
according to the relation:
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Fig. 8. Layer-projected DOS for the Al/VN and Al/VC inter-
faces, using the optimal (Al-above-metalloid) stacking
sequence. (a) Al-VN; (b) Al-VC.

r(r)interface�[r(r)Al(100) (3)
� r(r)VN/VC(100)],

and is visualized in Fig. 6 with the same gray-scale
scheme as used in Fig. 3. Two slices along (011)
and (001) are shown for each interface, and those

atoms intersected by the slicing planes are ident-
ified.

Since the electronic structures of the bulk cer-
amics are closely related, it should come as no sur-
prise that there are several features of the interfa-
cial electronic structure common to both systems.
First of all, Fig. 6 shows that the interfacial charge
redistribution is a localized effect, being confined
to the first Al layer, and to within the second layer
in the ceramics. This conclusion is supported by
the DOS plot of Fig. 8, where the sub-interface
DOS are similar to their values in the center of
their respective slabs. Secondly, there are extended
regions of charge depletion in the interstitial
regions of the interfacial Al layer, as can be seen
both in Fig. 6 and Fig. 7. This signals a reduction
in lateral Al–Al metallic bonding in favor of for-
ming new bonds across the interface. Likewise,
Fig. 6 shows that lateral bonding in the ceramic
interfacial layer also weakens, as seen by the
reduction in V d-charge in Fig. 6(a) and (d).

The dominant metal–ceramic bonding mech-
anism appears to be a covalent Al–N (or Al–C) σ-
type bond. The bonds can be clearly seen in Fig.
6 as the roughly spherical regions of charge
accumulation along the Al–metalloid bond direc-
tion. In addition, the lower panels of Fig. 7 show
that this charge is peaked slightly closer to the met-
alloid atom than to the Al, consistent with differ-
ences in electronegativity between Al and C/N.
The different magnitudes of the planar-averaged
charge accumulation at the interface in Fig. 7 also
explain the observed differences in magnitude of
Wad: the larger peak in the Al–C bond charge illus-
trates that more charge accumulates there than in
the weaker Al–N bonds of Al/VN. The DOS from
Fig. 8 shows that in Al/VN the bonding is likely
due to hybridization of the Al 3sp states with the
N 2s band in the �17 to �15 eV range. For Al/VC
the same type of overlap occurs, except that it now
involves the C 2s within the �14 to �10 eV range.

To summarize, we find that the dominant
interfacial bonding mechanism is the essentially
the same for both systems, and involves a covalent
Al 3sp–N/C 2s σ-type interaction. The larger Wad

of Al/VC can be explained by the relatively higher
charge density (as compared with Al/VN) within
the bond orbital.
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5. Summary and conclusions

We have performed a GGA–DFT study of the
adhesion, structure and bonding of the Al/VN and
Al/VC interfaces in order to determine the impor-
tance of the ceramic’ s metalloid component on
interfacial properties. We find that for both systems
the preferred stacking sequence places the Al
atoms above the metalloid sites, consistent with
earlier studies of metal/MgO interfaces. Wad values
were calculated to be 1.73 J/m2 for Al/VN and 2.14
J/m2 for Al/VC. The larger Wad value for Al/VC
can be attributed to the higher surface energy of
VC(100), indicative of a more reactive surface and
greater preference for bond formation. In addition,
the difference in Wad was found to be roughly the
same size as the difference in the ceramic surface
energies, further suggesting a dependence of
interfacial properties upon those of its underlying
surfaces. An analysis of the interfacial electronic
structure revealed that both systems form covalent
Al–N/C σ-type bonds. The Al–C bond orbital exhi-
bited a greater concentration of charge, in agree-
ment with that interface’ s larger Wad.
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