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Adhesive energy and charge transfer for MgO/Cu heterophase interfaces
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Local-density-functional-theor( DFT) calculations within the plane-wave pseudopotential framework are
performed for two polaf111) and two nonpolaKk100 MgO/Cu interfaces. The polar interfaces have larger
works of adhesion than nonpolar ones, consistent with field-ion and electron-microscopy observdtidis of
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 intef&@E63-18206)07735-1

Ceramic-metal interfacéplay a prominent role, for ex- faces are consideredill) polar interfaces with Mg or O
ample, in metal-matrix composites, supported catalysts, oxterminations, and two different nonpol@00) interface con-
ide scales on high-temperature alloys, and electronic packagdigurations. The polar interfaces are found to be more
ing. There is considerable interest in developing an atomicstrongly bonded than nonpolar ones, which may explain the
scale description of such interfaces to guide the tailoring obsence of the latter in MgO precipitates grown by internal
interfacially controlled properties. Atomistic modeling of oxidation in a Cu matri®?
ceramic-metal interfaces, however, is less developed than The charge-transfer profifé n(z) =n(z) — ny(z) [where
that of grain boundariéspwing largely to the lack of con- n(z) is the average valence-electron density in a plane at
venient yet realistic interatomic-force models. An approactdistancez from the interface anth(z) is the superposition
based on image-charge interactions complemented by suitf the metal and the ceramic charge densities in the absence
able short-range interatomic forces across the ceramic-metaf the interfacé gives a compact description of the interface
interface has been explorde Although such cohesive mod- charge distribution.én(z) is significantly nonzero over a
els incorporate some aspects of the chemical bonding avidth of 3—4 A for all of the interfaces considered, slightly
ceramic-metal interfaces, other bonding effects, such awider than the interface separation, although small-amplitude
charge transfer and covalency, are omitted, and the metallicharge-density oscillations extend deeper into the bulk metal.
side of the interface is typically treated as a continuum inThis localization ofén(z) suggests that short-range inter-
image-charge formulations. More rigorous, but much moreatomic potentials, calibrated by LDFT total-energy calcula-
computationally intensive, are local-density-functionaltions, may enable modeling of the interactions across the
theory(LDFT) calculations, e.g., for alumina/NbCdO/Ag/  interface to reasonable accuracy. With such potentials, large-
and MgO/metal interfacegeferences to Table.INon-self-  scale atomistic simulations that include the ceramic-metal
consistent tight-binding calculations have also beemmisfit would become feasible.
performed? Our calculations employ the plane-wave pseudopotential

A fundamental property of ceramic-metal interfaces is therepresentation of local-density-functional theory. The result-
work of adhesionW (or the interface energy, related to it for ant Kohn-Sham equations are solved with a conjugate-
nonpolar interfaces by the Dupexuatiorl). Considerable gradient algorithnt? stabilized for metallic systems
attention has been given to the calculation of metal adhesiony a charge-density-mixing  proceddre. Soft-core
to the MgQ(100) substratecf. Table ). Existing results sug- pseudopotentiat in separable form are used in conjunction
gest the importance of a self-consistent electronic structureith Gaussian-broadened energy levélsand special
calculation for the accurate prediction of interface propertiek-point'® sampling. Minimal speciak-point sets are em-
even for this relatively inert substrate; the desirability of self-ployed in most caseffor example, three points for the
consistent treatment is at least equally great for noninerfpolar interfacesbut tests were run to verify the relative in-
polar interfaces, such as MgO/11). No quantitative com-  sensitivity of adhesive energies to k-point sampling. A basis-
parisons exist, however, between polar and nonpolaset energy cutoff of 70 Ry is adoptétiFor each interface,
ceramic-metal interfaces. the unit cell includes several layers each of MgO and Cu,

We explore in this work the differences between polarwith either one or two atoms per layer. With the adopted
and nonpolar MgO/Cu interfaces by ab initio treatment.  periodic boundary conditions, interfaces may be simulated
MgO/Cu11)) interfaces are known experimentally to be with either a periodic-slab or a multilayer geometry. In the
chemically® and structurally* sharp. Four MgO/Cu inter- periodic-slab geometry, each cell contains a single interface,
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ceramic-metal interfaces. Several tests have therefore been

N(Ifguoé(v:eur (1\1400) performed for the111) interface with O termination. Results

~ I 8 for the adhesive energy, interface separation, and charge

= /VVV\ | transfer are similar for the periodic slab and multilayer ge-
ometries.

= \/\/\/\/\jW\/\/\j 1 The mismatch €15 percent between the lattice con-

= | stants of MgO and Cu, is known to be accomodated by a

< A D misfit-dislocation network that bounds individual coherent

w : ; domainst? Since our calculations treat a Cu in-plane lattice

~ | MgO/Cu (111) constant stretched to that of MgO, the results may be re-

=, | O termination garded as describing the coherent regions between the misfit

> dislocations® 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

< \ l | e_nergies at equilibrium from those gt large i_nterfa_ce separa-

= - ~P tion. The calculated works of adhesion are listed in Table I,

© 15 -10 -5 o ; 10 15 along with published results for other MgO/metal interfaces.

z(A) In agreement with previous LDFT results f6t00 inter-

faces, we find the atop-O configuration favored over the

FIG. 1. Planar-averaged valence-electron density profily, ~ atop-Mg one(image-charge modés find the interstitial
charge-transfer profilesn(z), and effective Coulomb potential configuration the most stabjeThe largerW for MgO/Cu
V(2) for the MgO/Cu O-terminatedl111) (lower panel and the (100 than MgO/Ad100 is consistent with the rule of
Cu-over-Mg(100) interface(upper panél The ceramidmeta) isat  proportionality?? between the stability of MgO/M and that of
negative (positive z. Vertical lines denote the ceramic and the the metal oxide MO. LDFT calculatiofisfor adsorption of
metal interface layers. The scale ofz) is such that the integral Cu atoms on Mg@L00) are in accord with our calculations,
between successive minima in the bulk is 11 electrons per atom PRjiving slightly larger binding energies, and shorter bond
layer. The scale fobn(z) is magnified by a factor of 20 relative to lengths than the present results for solid-solid adhesion.
that forn(z). The interval between major and minor ordinate ticks Existing calculations for MgO/M are exclusively for non-
corresponds to 10 eV fov(2). polar (100 interfaces. The present calculations show that

MgO/Cu1ll) interfaces of either termination are more
stable than(100) interfaces. One obvious reason for the en-

, hanced stability is the geomettywhere, e.g., an interface Cu
and two free surfaces, whereas th_e multilayer geometry hags above a triangle of O atomswhich enables multiple
two interfaces per cell, and space is fully occupied. Clearlyyqnging across the interface. Calculated results for several
nelthgr _g(_aomet(y exactly replicates an interface betweeBroperties are plotted in Fig. 1 for the most stable
semi-infinite solids; however, features common to Ca|CU|a[O-terminatec(111)] interface(lower panel and for the least

tions performed with both types of unit cell can reasonablystame[(loo) with Cu over Md interface(upper panél The
be regarded as interface-related. Such consistency checks aig.omic (meta) layers are at negativépositive z. In the

most germane for polar interfaces, since spurious supercelfs\yer panel, peaks in the valence electron density profile
dependent electric fielfs are more likely to occur in the cgéz) correspond to the O and Cu layers, and Mg layers lie at

presence of_charged Iayers._ Concerns about such artifagiSe minima between the O layers; in the upper panel peaks in
may have discouraged previous treatments of plldr) |,y correspond to MgO layers. The locations of the inter-

face layers are denoted by vertical lines. Below the density
| | profile is the charge-transfer profiin(z) (scaled by a factor

R of 20). We note that for both interfacesn(z) is non-
multilayer | negligiblezgnly in the vicinity of th_e interface biIayer, ie.,
oo ANAAANA nearz=0." In fact, except at the interfaces, the integrated
i | valence electron charge between adjacent minima ar@ 8
= | periodic slab }\\f/ i MgO and 1% in Cu, to within about 0.04, so that local
i A T A ne_utrality holds, except for the interface and immediately
L V/MgO/Cu a1y adjacent layers. _ _ N
L O termination| In the lower panel, we find that the maximuminimurm)
. . ‘ . . in én(z) occurs in the vicinity of the GCu) interface layer,

-15 -10 -5 10 15 which implies electron transfer from Cu to O. The magnitude
of charge transfer, which we define as the integrated density
under the peak obn(z), is 0.1&. The charge transfer for

FIG. 2. 6n(Z) for MgO/Cu O-terminated111) interface, calcu- (100(Cu over Mg (upper panelis considerably smaller
lated with the periodic-slab geometrflower curve, and the (0.06e), and the transfer is essentially from the ceramic to

multilayer geometry(displaced vertically for clarity the metal, opposite to the behavior in the lower panel.
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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 wif®) (MgO|Cu) layers.
Calculations for thé111) O- or Mg-terminated interfaces are performed for the periodic slab geometry with
(3,33), and (5,95) (Mg,0|Cu) layers, and for the multilayer geometry witi3,45) and (5,66) layers.
Periodic slabs are separated by 6.2 A gap. Some previously published calculations for MgO/metal interfaces
are listed for comparison. Calculations bydtial. (Ref. 23 are for adsorbed Cu atoms, and byettial. (Ref.

25) for a Ag monolayer; the other entries are based on several metal layers.

Interface Separation

M (bond length W  Charge transfer

(oriented  Configuration A (eV) (e) Author(s)

Cu(11)) O terminated 1.252.1) 2.9 0.18 This work

Cu(11)) 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(2.39 1.05 Smithet al. (Ref. 26
Ag(100 over O 2.49(2.49 0.88 Schabergeret al. (Ref. 27
Ag(100 over Mg 0.4 Schobergeret al. (Ref. 27
Ag(100 over O 2.38(2.38 0.54 Duffy et al. (Ref. 20
Al(100 over O 2.02(2.02 0.61 Smithet al. (Ref. 26
Ti(100 over O 2.18(2.18 1.2 Schabergeret al. (Ref. 27

Small oscillations occur idn(z) deeper into the bulk on polar and nonpolar interfaces. The polar interfaces exfiibit
the metallic +z) side of the polar(11]) interface. That larger works of adhesion and charge transféi$,stronger
these oscillations represent the electronic response to the ihybridization (not discussed in detail in this papeiii)
terface (and not artifacts is shown in Fig. 2, in which Jarger shifts in the interface layer potentials relative to the
on(z) calculated for a periodic slab may be compared withpulk, than the nonpolar interfaces, afid) small amplitude
that for the multilayer geometryalso plotted in the lower electronic-density oscillations extending at least 5 A into the
panel of Fig. ). The structural features iAn(z) for z<5  metal. The region of large nonzero charge transfer density
A are similar for both geometri_e(§ince .th.e.multilayer cell sn(z), however, is only slightly greater than the interface
possesses a symmetry plane in the vicinityzef5 A no  geparation, for both polar and nonpolar interfaces.
correspondence exists for largey _ The results appear to explain the observation(iif1),

The uppermost curves in each panel of Fig. 1 are the,iher than100), ceramic-metal interfaces for MgO precipi-
effective Coulomb potential§/., including the cont_r|but|on tates in internally oxidized Cu specimelfs'2The potential
of the local (but not the nonlocal pseudopotential. The shifts at the interface layer for the polar interfaces may mani-

atomic planes lie at maximéminima) in V. for the metal .
. . . . fest themselves, e.g., in electron-energy-loss or x-ray spectra
(ceramig layers. The strong interface perturbation shifts the » €0 oy Y sp

potential of the O layer at the interface relative to the bulk‘:’;f'1 (g(zg Cg;?g'?:g{ ?r:]elft?ﬁt;?aecéeilﬁ:::ggticfsgrtm?n%ee (;f 4-
layers in the lower panel, whereas virtually no shift occurs 99 y

for the interface MgO plane in the upper panel. This poten__equately modeled for atomistic simulations by short-range

tial shift, as well aspd hybridization at the interface, dis- interatomic potentials.
places the positions of the O local-density-of-electronic-
states featuregnot shown associated with the [2 bands We thank M. W. Finnis for helpful correspondence. R. B.
towards higher energy at the interface, relative to the bulkis grateful to D. N. Seidman for support and encouragement.
for the polar(111) interface, whereas no such shift is ob- He was supported by the U.S. Department of Energy, Basic
served for the nonpolail00 interfaces. Energy Sciences under Grant No. DE FGO2ER45403/06. R.
The analysis ofén(z) for the two interfaces not repre- B. also acknowledges the hospitality of the Materials Science
sented in Fig. 1 yields charge transfers of @(8r the  Division, Argonne National Laboratory. M. M. was sup-
(100(Cu over Q interface, and 0.1&for the Mg-terminated  ported by the Office of Computational and Technology Re-
(111 interface. Charge transfers for the four interfaces aresearch of the U.S. Department of Energy under Contract No.
collected in Table I. W-31-109-ENG-38. L. H. Y. was supported by the U.S. De-
In summary, we presergb initio calculations for polar partment of Energy under Contract No. W-7405-ENG-48.
and nonpolar ceramic-metal interfaces between cubic matédost of the computational work was performed at the Na-
rials. Several significant differences are found between th&onal Energy Research Supercomputer Center.
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