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Local-density-functional-theory~LDFT! calculations within the plane-wave pseudopotential framework are
performed for two polar~111! and two nonpolar~100! MgO/Cu interfaces. The polar interfaces have larger
works of adhesion than nonpolar ones, consistent with field-ion and electron-microscopy observations of~111!
interfaces in internally oxidized specimens. Large shifts in the potential of the interface layer relative to the
bulk occur in the polar but not in the nonpolar interfaces. For both polar and nonpolar interfaces, the charge
transfer profile is essentially confined to two layers on each side of the interface.@S0163-1829~96!07735-1#

Ceramic-metal interfaces1 play a prominent role, for ex-
ample, in metal-matrix composites, supported catalysts, ox-
ide scales on high-temperature alloys, and electronic packag-
ing. There is considerable interest in developing an atomic-
scale description of such interfaces to guide the tailoring of
interfacially controlled properties. Atomistic modeling of
ceramic-metal interfaces, however, is less developed than
that of grain boundaries,2 owing largely to the lack of con-
venient yet realistic interatomic-force models. An approach
based on image-charge interactions complemented by suit-
able short-range interatomic forces across the ceramic-metal
interface has been explored.3–5Although such cohesive mod-
els incorporate some aspects of the chemical bonding at
ceramic-metal interfaces, other bonding effects, such as
charge transfer and covalency, are omitted, and the metallic
side of the interface is typically treated as a continuum in
image-charge formulations. More rigorous, but much more
computationally intensive, are local-density-functional
theory~LDFT! calculations, e.g., for alumina/Nb,6 CdO/Ag,7

and MgO/metal interfaces~references to Table I!. Non-self-
consistent tight-binding calculations have also been
performed.8

A fundamental property of ceramic-metal interfaces is the
work of adhesion,W ~or the interface energy, related to it for
nonpolar interfaces by the Dupre´ equation9!. Considerable
attention has been given to the calculation of metal adhesion
to the MgO~100! substrate~cf. Table I!. Existing results sug-
gest the importance of a self-consistent electronic structure
calculation for the accurate prediction of interface properties
even for this relatively inert substrate; the desirability of self-
consistent treatment is at least equally great for noninert,
polar interfaces, such as MgO/Cu~111!. No quantitative com-
parisons exist, however, between polar and nonpolar
ceramic-metal interfaces.

We explore in this work the differences between polar
and nonpolar MgO/Cu interfaces by anab initio treatment.
MgO/Cu~111! interfaces are known experimentally to be
chemically10 and structurally11 sharp. Four MgO/Cu inter-

faces are considered:~111! polar interfaces with Mg or O
terminations, and two different nonpolar~100! interface con-
figurations. The polar interfaces are found to be more
strongly bonded than nonpolar ones, which may explain the
absence of the latter in MgO precipitates grown by internal
oxidation in a Cu matrix.12

The charge-transfer profile13 dn(z)[n(z)2ns(z) @where
n(z) is the average valence-electron density in a plane at
distancez from the interface andns(z) is the superposition
of the metal and the ceramic charge densities in the absence
of the interface# gives a compact description of the interface
charge distribution.dn(z) is significantly nonzero over a
width of 3–4 Å for all of the interfaces considered, slightly
wider than the interface separation, although small-amplitude
charge-density oscillations extend deeper into the bulk metal.
This localization ofdn(z) suggests that short-range inter-
atomic potentials, calibrated by LDFT total-energy calcula-
tions, may enable modeling of the interactions across the
interface to reasonable accuracy. With such potentials, large-
scale atomistic simulations that include the ceramic-metal
misfit would become feasible.

Our calculations employ the plane-wave pseudopotential
representation of local-density-functional theory. The result-
ant Kohn-Sham equations are solved with a conjugate-
gradient algorithm,14 stabilized for metallic systems
by a charge-density-mixing procedure.15 Soft-core
pseudopotentials16 in separable form are used in conjunction
with Gaussian-broadened energy levels,17 and special
k-point18 sampling. Minimal specialk-point sets are em-
ployed in most cases~for example, threek points for the
polar interfaces! but tests were run to verify the relative in-
sensitivity of adhesive energies to k-point sampling. A basis-
set energy cutoff of 70 Ry is adopted.16 For each interface,
the unit cell includes several layers each of MgO and Cu,
with either one or two atoms per layer. With the adopted
periodic boundary conditions, interfaces may be simulated
with either a periodic-slab or a multilayer geometry. In the
periodic-slab geometry, each cell contains a single interface,
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and two free surfaces, whereas the multilayer geometry has
two interfaces per cell, and space is fully occupied. Clearly,
neither geometry exactly replicates an interface between
semi-infinite solids; however, features common to calcula-
tions performed with both types of unit cell can reasonably
be regarded as interface-related. Such consistency checks are
most germane for polar interfaces, since spurious supercell-
dependent electric fields19 are more likely to occur in the
presence of charged layers. Concerns about such artifacts
may have discouraged previous treatments of polar~111!

ceramic-metal interfaces. Several tests have therefore been
performed for the~111! interface with O termination. Results
for the adhesive energy, interface separation, and charge
transfer are similar for the periodic slab and multilayer ge-
ometries.

The mismatch ('15 percent! between the lattice con-
stants of MgO and Cu, is known to be accomodated by a
misfit-dislocation network that bounds individual coherent
domains.12 Since our calculations treat a Cu in-plane lattice
constant stretched to that of MgO, the results may be re-
garded as describing the coherent regions between the misfit
dislocations.20 The primitive unit cell for an ideal coherent
interface contains only a single atom of a given species per
layer.

Works of adhesion are obtained by subtraction of total
energies at equilibrium from those at large interface separa-
tion. The calculated works of adhesion are listed in Table I,
along with published results for other MgO/metal interfaces.
In agreement with previous LDFT results for~100! inter-
faces, we find the atop-O configuration favored over the
atop-Mg one ~image-charge models21 find the interstitial
configuration the most stable.! The largerW for MgO/Cu
~100! than MgO/Ag~100! is consistent with the rule of
proportionality22 between the stability of MgO/M and that of
the metal oxide MO. LDFT calculations23 for adsorption of
Cu atoms on MgO~100! are in accord with our calculations,
giving slightly larger binding energies, and shorter bond
lengths than the present results for solid-solid adhesion.

Existing calculations for MgO/M are exclusively for non-
polar ~100! interfaces. The present calculations show that
MgO/Cu~111! interfaces of either termination are more
stable than~100! interfaces. One obvious reason for the en-
hanced stability is the geometry~where, e.g., an interface Cu
lies above a triangle of O atoms!, which enables multiple
bonding across the interface. Calculated results for several
properties are plotted in Fig. 1 for the most stable
@O-terminated~111!# interface~lower panel! and for the least
stable@~100! with Cu over Mg# interface~upper panel!. The
ceramic ~metal! layers are at negative~positive! z. In the
lower panel, peaks in the valence electron density profile
n(z) correspond to the O and Cu layers, and Mg layers lie at
the minima between the O layers; in the upper panel peaks in
n(z) correspond to MgO layers. The locations of the inter-
face layers are denoted by vertical lines. Below the density
profile is the charge-transfer profiledn(z) ~scaled by a factor
of 20!. We note that for both interfacesdn(z) is non-
negligible only in the vicinity of the interface bilayer, i.e.,
nearz50.24 In fact, except at the interfaces, the integrated
valence electron charge between adjacent minima are 8e in
MgO and 11e in Cu, to within about 0.01e, so that local
neutrality holds, except for the interface and immediately
adjacent layers.

In the lower panel, we find that the maximum~minimum!
in dn(z) occurs in the vicinity of the O~Cu! interface layer,
which implies electron transfer from Cu to O. The magnitude
of charge transfer, which we define as the integrated density
under the peak ofdn(z), is 0.18e. The charge transfer for
~100!~Cu over Mg! ~upper panel! is considerably smaller
~0.06e), and the transfer is essentially from the ceramic to
the metal, opposite to the behavior in the lower panel.

FIG. 1. Planar-averaged valence-electron density profilen(z),
charge-transfer profiledn(z), and effective Coulomb potential
Vc(z) for the MgO/Cu O-terminated~111! ~lower panel! and the
Cu-over-Mg~100! interface~upper panel!. The ceramic~metal! is at
negative ~positive! z. Vertical lines denote the ceramic and the
metal interface layers. The scale ofn(z) is such that the integral
between successive minima in the bulk is 11 electrons per atom per
layer. The scale fordn(z) is magnified by a factor of 20 relative to
that forn(z). The interval between major and minor ordinate ticks
corresponds to 10 eV forVc(z).

FIG. 2. dn(z) for MgO/Cu O-terminated~111! interface, calcu-
lated with the periodic-slab geometry~lower curve!, and the
multilayer geometry~displaced vertically for clarity!.
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Small oscillations occur indn(z) deeper into the bulk on
the metallic (1z) side of the polar~111! interface. That
these oscillations represent the electronic response to the in-
terface ~and not artifacts! is shown in Fig. 2, in which
dn(z) calculated for a periodic slab may be compared with
that for the multilayer geometry~also plotted in the lower
panel of Fig. 1!. The structural features indn(z) for z,5
Å are similar for both geometries~Since the multilayer cell
possesses a symmetry plane in the vicinity ofz55 Å no
correspondence exists for largerz.!

The uppermost curves in each panel of Fig. 1 are the
effective Coulomb potentials,Vc , including the contribution
of the local ~but not the nonlocal! pseudopotential. The
atomic planes lie at maxima~minima! in Vc for the metal
~ceramic! layers. The strong interface perturbation shifts the
potential of the O layer at the interface relative to the bulk
layers in the lower panel, whereas virtually no shift occurs
for the interface MgO plane in the upper panel. This poten-
tial shift, as well aspd hybridization at the interface, dis-
places the positions of the O local-density-of-electronic-
states features~not shown! associated with the 2p bands
towards higher energy at the interface, relative to the bulk,
for the polar~111! interface, whereas no such shift is ob-
served for the nonpolar~100! interfaces.

The analysis ofdn(z) for the two interfaces not repre-
sented in Fig. 1 yields charge transfers of 0.08e for the
~100!~Cu over O! interface, and 0.15e for the Mg-terminated
~111! interface. Charge transfers for the four interfaces are
collected in Table I.

In summary, we presentab initio calculations for polar
and nonpolar ceramic-metal interfaces between cubic mate-
rials. Several significant differences are found between the

polar and nonpolar interfaces. The polar interfaces exhibit~i!
larger works of adhesion and charge transfers,~ii ! stronger
hybridization ~not discussed in detail in this paper!, ~iii !
larger shifts in the interface layer potentials relative to the
bulk, than the nonpolar interfaces, and~iv! small amplitude
electronic-density oscillations extending at least 5 Å into the
metal. The region of large nonzero charge transfer density
dn(z), however, is only slightly greater than the interface
separation, for both polar and nonpolar interfaces.

The results appear to explain the observation of~111!,
rather than~100!, ceramic-metal interfaces for MgO precipi-
tates in internally oxidized Cu specimens.10–12The potential
shifts at the interface layer for the polar interfaces may mani-
fest themselves, e.g., in electron-energy-loss or x-ray spectra
as O(2p) core level shifts. The relatively short range of
dn(z) suggests that the interface interactions may be ad-
equately modeled for atomistic simulations by short-range
interatomic potentials.
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TABLE I. Calculated MgO/metal interface separation, works of adhesion and charge transfers. Calcula-
tions for MgO/Cu~100! interfaces are performed in the multilayer geometry with~5u5! ~MgOuCu! layers.
Calculations for the~111! O- or Mg-terminated interfaces are performed for the periodic slab geometry with
~3,3u3!, and ~5,5u5! ~Mg,OuCu! layers, and for the multilayer geometry with~3,4u5! and ~5,6u6! layers.
Periodic slabs are separated by 6.2 Å gap. Some previously published calculations for MgO/metal interfaces
are listed for comparison. Calculations by Liet al. ~Ref. 23! are for adsorbed Cu atoms, and by Liet al. ~Ref.
25! for a Ag monolayer; the other entries are based on several metal layers.

M
~oriented! Configuration

Interface Separation
~bond length!

~Å!
W

~eV!
Charge transfer

(e) Author~s!

Cu~111! O terminated 1.25~2.1! 2.9 0.18 This work
Cu~111! Mg terminated 2.1~2.7! 1.7 0.15 This work
Cu~100! over O 2.0 ~2.0! 1.0 0.08 This work
Cu~100! over Mg 2.6 ~2.6! 0.2 0.06 This work
Cu~100! over O 1.9 ~1.9! 1.4 Li et al. ~Ref. 23!
Cu~100! over Mg 2.5 ~2.5! 0.5 Li et al. ~Ref. 23!
Ag~100! over O 2.7 ~2.7! Li et al. ~Ref. 25!
Ag~100! over O 2.34~2.34! 1.05 Smithet al. ~Ref. 26!
Ag~100! over O 2.49~2.49! 0.88 Scho¨nbergeret al. ~Ref. 27!
Ag~100! over Mg 0.4 Scho¨nbergeret al. ~Ref. 27!
Ag~100! over O 2.38~2.38! 0.54 Duffy et al. ~Ref. 21!
Al ~100! over O 2.02~2.02! 0.61 Smithet al. ~Ref. 26!
Ti~100! over O 2.18~2.18! 1.2 Scho¨nbergeret al. ~Ref. 27!
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