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Electronic-structure total-energy investigations for the metal-ceramic interface system Ag/MgO(001)
show that the preferred adsorption site for the overlayer Ag atom is above the 0 site of the clean
MgO(001) surface. The binding energy of the overlayer Ag atom on the MgO(001) surface is 0.3
eV/atom (0.64 l/m ). No significant charge transfer is found between the overlayer Ag and the
MgO(001) substrate, and the interface effect on the MgO(001) substrate is limited to the interface layer.
The Ag overlayer shows typical metal features in the electronic band structure as well as in the charge
distributions. The interface 0 atom is slightly metallized, i.e., the occupied states at the Fermi energy
have hybridized 0-Ag character. Compared with the 0, the Mg is less influenced by the Ag.

I. INTRODUCTION

Metal-ceramic interfacial properties have attracted
considerable attention in recent years due to their techno-
logical applications such as structural, electronic, chemi-
cal catalysis, high temperature, etc. ' Among them, inter-
faces with magnesium oxide (MgO) as a substrate are
among the most frequently studied.

Experimentally, the electronic structure of the
MgO(100) clean surface was studied by Henrich,
Dresselhaus, and Zeiger using energy-dependent
electron-energy-loss spectroscopy (EELS). The surface-
state structure seen in 0-to-Mg loss spectra agrees with
discrete variational Xa calculations of the MgO(100) sur-
face. For the interfaces between noble metals (Cu, Au)
and MgO, Fecht and Gleiter found that the most pre-
ferred orientation relationships between the noble metal
and MgO are (100) „„/(100)M o and (110) „„/
( 110)M o, i.e., the orientation with the highest symmetry
(referred to as a "lock-in" model). Fuchs, Treilleux, and
Thevenard investigated thin films of Ag deposited on
MgO single crystals or multilayers (Ag-MgO or MgO-
Ag-MgO) grown on NaC1 or KBr single crystals. They
found that Ag thin films are grown epitaxially on the
MgO(100) surface, and that Xe irradiation induces
significant interdiffusion at the Ag-MgO interface. Hoel
also reported epitaxially grown Au thin films on the
MgO(001) surface.

Results of transmission electron microscopy deter-
minations of the interface structure are consistent with
the "lock-in" model. Ou and Cowley applied scanning
reAection electron microscopy techniques to the inter-
faces of Cu (and Pd) on MgO(001). The as-deposited Cu
particles tend to align along [100]. He and Moiler re-
ported a series of experimental studies of ultrathin Cu
films on MgO(100) and MgO(111) substrates prepared by
electron-beam evaporation techniques. Structural and

electronic studies using low-energy electron di8'raction
(LEED), Auger electron spectroscopy (AES), EELS, etc.,
concluded that Cu grows epitaxially on MgO(001); that
the electronic changes of MgO are induced in the first
layer by the deposition of Cu; that initially deposited Cu
atoms (well below one monolayer coverage) exist in an
ionized state and are bonded to the oxygen ions; and that
further deposition of Cu gives rise to the formation of a
mixed monolayer of nonmetallic and metallic Cu. As
determined by Delplancke et al. , both Cu and Rh thin
films grow expitaxially on a MgO(100) substrate, and the
latter is found to have good thermal stability at high tem-
peratures for expitaxy. Significantly, it was found that
the adhesion M/MgO interfaces correlates with the cor-
responding formation free energy for metal (M) oxide
(both increase in the order M=Ag, Cu, Ni, Fe, etc.). '

This implies that somewhat covalent p-d bonds may exist
between M-O, although it has been established that the
M/MgO interfaces are atomically sharp without
interdiftusion and formation of the M-oxide layer.

On the other hand, theoretical calculations for the sur-
face electronic structure of MgO(100) have been reported
by a few groups. Lee and Wong" used Green's-function
and linear combination of atomic orbitals (LCAO) calcu-
lations to study the surface band structure of MgO. They
found that there are surface states of MgO(001) lying
about 0.5 eV above the bulk 0 2p band. Xa cluster cal-
culations for the MgO surface by Satako, Tsukada, and
Adachi found that a peak in the surface density of states
occurs 2 eV below the bottom of the bulk Mg 3s conduc-
tion band. Schonberger, Andersen, and Methfessel' car-
ried out full-potential linearized muffin-tin orbital
(FLMTO) calculations for Ti/MgO(001) and
Ag/MgO(001) interfaces in a superlattice geometry, and
found that both Ti and Ag bind on top of oxygen and
that the interface force constants for Ti/MgO(001) are
3 —4 times larger than that for Ag/MgO(001). By consid-
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ering the Coulomb interaction between ceramics and
their images in the metal layer (long-wavelength charge
Iluctuations only), Duffy, Arding, and Stoneham' found
that the metal-ceramic interface is stabilized by the bal-
ance between the electrostatic attraction and the intera-
tomic hard-core repulsion. Furthermore, thermodynam-
ic properties of the MgO surface have also been studied
by a few groups. '

Very recently, we carried out full-potential linearized
augmented-plane-wave (FLAPW) calculations for
Fe/MgO(001). ' Surprisingly, the magnetic moment for
the Fe overlayer is as large as 3.1p~ (almost the same as
that for a free standing Fe monolayer) due to the lack of
overlayer-substrate interaction. Thus it offers an ideal
system to study two-dimensional (2D) magnetism, al-
though to synthesize a high quality Fe monolayer on
MgO(001) still remains a tremendous challenge for exper-
imentalists. '

In this work, we investigated the Ag/MgO(00) system
to study the metal-ceramic interface using the FLAPW
method. As is well known, pure MgO has a NaC1 crystal
structure, one of the most convenient for model calcula-
tions. The (001) surface is by far the most stable surface
of most alkaline-earth oxides, which is almost an unre-
laxed termination of the bulk lattice. ' Ag has simple
metal features and is rather predictable in its behavior
when interfaced with other materials. Also, the short
range of the surface-interface effects for noble metals (less
than one atomic layer)' provides a sound basis for em-
phasizing the real metal-ceramic interface by including
only a small number of Ag layers in the model calcula-
tions. The not-too-large lattice mismatch between the
MgO(001) and fcc Ag(001) surfaces (4%) is a necessary
condition for a simple structure low-energy interface be-
tween these two materials.

Following a brief description of the methodology and
computational models, we present in later sections our
first-principles electron band-structure results for bulk
MgO, the clean MgO(001) surface, and the Ag/MgO(001)
interface.

II. METHODOLOGY
AND COMPUTATIONAL MODELS

We employed the FLAPW method' to study the
structural properties and electronic structure of (i) bulk
MgO, (ii) the clean MgO(001) surface, (iii) a free standing
Ag monolayer, and (iv) an Ag monolayer adsorbed on the
MgO(001) surface with Ag atoms located either above the
0, the Mg, or the hollow site. In all the calculations, the
mufftn-tin (MT) radius of Mg and 0 was set at 1.70 a.u. ,
and that of Ag was set at 2.20 a.u. The Mg 1s and 2s, 0
1s, and Ag 1s, 2s, 2p, 3s, 3p, 3d, 4s, and 4p electrons were
treated as core electrons, and all the others were treated
as valence electrons.

In the FLAPW method, no shape approximation is
made for either the potential or charge densities. The
core electrons are treated relativistically, and the valence
electrons are treated semirelativistically, i.e., no spin-
orbit interaction is included in the Hamiltonian. Plane

waves (PW's) with an energy cutoff of 12.5 Ry (corre-
sponding to 1000 PW's for Ag/MgO) were used to
represent the electronic wave functions. Spherical har-
monics with angular momentum up to 1=8 were used to
express the charge density and potential inside the MT
sphere. We used 21 uniformly distributed k points in the

irreducible 2D Brillouin zone (BZ). The Kohn-Sham
equations were solved self-consistently, and convergence
was assumed when the difference between the input and
output charge densities is smaller than 10
electrons/(a. u. ).

III. RESULTS AND DISCUSSION

A. Bulk MgO

As a first step, we calculated the structural and elec-
tronic properties of bulk MgO using the bulk FLAPW
method. The total energy calculated versus volume yield-

0
ed the optimized lattice constant 4.247 A, which is about
1% larger than the experimentally measured lattice con-

0

stant 4.205 A. This result provides evidence that local-
density approximation (LDA) calculations can be used to
describe ionic systems (especially for ground-state prop-
erties). The lowest excited (Mg) states lie about 5 eV
above the top of the valence band —a value about 40%
smaller than the measured band gap. This difference
however, is expected from the lack of core hole relaxation
in the local-density description of the excitation.

B. Clean MgO(001) surface

The clean MgO(001) surface is represented by a single
slab of five atomic layers of MgO in the NaC1 structure.
We used the experimental lattice constant a =4.205A
throughout the following calculations. Since MgO(001) is
almost an unrelaxed termination of the bulk, no surface
reconstruction or relaxation was considered. The charge
density of the single slab in the (100) plane is shown in
Fig. 1(a). The charge corrugation is very weak on
MgO(001), since the outermost contours are very smooth.
The surface effects are largely limited to the upper half of
the surface layer, and the charge-density contours of the
nonsurface atoms are consistently bulklike in shape. This
is also seen in the list of the charge populations inside the
MT spheres given in Table I. The surface 0 charge pop-
ulation is smaller than that of bulklike 0 by about 0.05
electrons, and the surface Mg charge population is small-
er than that of bulklike Mg by 0.01 electrons —a result of
electron spilling from 0 and Mg atoms into the vacuum
region.

To get an insight into the formation of the MgO crys-
tal and surface, charge-density difference contours be-
tween the self-consistent and atomic superimposed
charge densities are plotted in Fig. 1(b). As expected, ox-
ygen atoms gain electrons from Mg sites and even from
the interstitial region to form a complete 2p shell. In the
bulk region, contours around 0 are highly spherically
symmetric —indicating the ionic character of the Mg-0
interaction. It is obvious that the charge accumulations
in the top-half surface 0 sites are smaller than in the
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FIG. 1. (a) The charge-density distribution
for the clean MgO(001) five-layer slab plotted
for the upper half of a single slab unit cell in
the (100) plane; contours start from 1X10
e/a. u. and increase successively by a factor of
&2. (b) The charge-density difference between
the self-consistent and the atomic superim-
posed charge densities; successive contours
start from 0 (the first solid line), with an incre-
ment of +2X10 ' e/a. u. (c) The effective
Coulomb potential for the clean MgO(001)
slab; contours start from +10 a.u. , change
successively and by a factor of 2. Solid
(dashed) lines indicate positive (negative)
values.

bottom-half region —which suggests that the ionic MgO
interaction is somewhat weakened in the surface region.

In Fig. 1(c), the Coulomb potential ( V, ) calculated for
the clean MgQ(001) surface is shown. For both the Mg
and 0 atoms, the potential also shows good spherical
symmetry within their atomic radii (i.e. , touching MT ra-
dii); obviously due to the strong charge transfer from the
Mg to 0 sites, the electronstatic potential around Mg
atoms is more negative than that at 0 sites. It is interest-
ing to note that at the surface, the potential has positive
values (repulsive) in regions above the surface 0, and neg-
ative values (attractive) above Mg, and a sharp boundary
is seen between the positive and negative potential re-
gions. However, since the charge density on top of the
oxygen atoms is much larger than that over Mg atoms,

layer
center
S-1
surface

MgO five-layer clean surface
Mg
2p total

5.850 6.067
5.850 6.069
5.859 6.057

3$
0.077
0.078
0.075

2$
1.634
1.634
1.635

0
2p

3.851
3.851
3.802

total
5.489
5.490
5.440

center
I-1
interface

5$
0.237

0.076
0.077
0.073

Ag above the 0 site
Mg

5.848 6.065
5.848 6.066
5.851 6.047

Ag in Ag/MgO
4d

8.657

1.635
1.636
1.642

5p
0.055

0
3.847
3.846
3.782

5.486
5.486
5.429

total
8.953

TABLE I. Charge population of the calculated systems, pro-
jected by l values and atoms.
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the total potential, i.e., V= V, + V„, is very smooth in
the vacuum region.

The layer-projected density of states (DQS) of
MgQ(001) plotted in Fig. 2 shows that the DQS in the
Mg MT spheres (tail of 0 states) is much smaller in value
compared with that of the 0 atoms for the occupied
states. As for charge densities, the DOS also converges
to being bulklike from the second layer (indicated by the
similarity between the DOS curves of the second and the
center layers) D.ue to the weakened surface ionic Mg-0
interaction, the surface band gap is 1.5 eV smaller than

0.240
Free-standing Ag monolayer
0.040 8.652 8.936

FIG. 2. The layer-projected density of states (DOS) of the
conduction electrons in units of states/eVatom for the clean
MgO(001) surface.
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that obtained for bulk layers, even though the lowest Mg
states are still 3.5 eV higher than in energy oxygen states.
Combining this with the fact that Ag d states lie well
below EF, the Mg-Ag interaction should be much weaker
than the 0-Ag interaction.

C. Ag/MgO(001)

1. Site preference ofAg on MgO

-2.0 1

Ag above 0 site

Ag above Mg site

Ag above hollo&v site

The metal-ceramic interface between Ag and MgO is
represented by a monolayer of Ag adsorbed on the sur-
faces of the MgO(001) slab. Three possible adsorption
sites of Ag atoms on the MgO(001) surface, i.e., above the
0 atom, above the Mg atom, or in the hollow site, are
considered in the calculations. The total energy vs inter-
layer spacing of these three possible positions of a Ag
overlayer on the MgO(001) surface, plotted in Fig. 3,
shows that for Ag the site above 0 is preferred over the
others. This is somewhat expected since Ag atoms have
more chance to interact with 0 2p states (Ag d —Op), con-
sidering that Mg states lie 3—5 eV above FF. In fact, as
shown in Fig. 3, the Ag-0 interaction may reduce the to-
tal energy considerably compared to the case with Ag on
the Mg sites, especially for shorter interatomic distances.
The optimized interlayer spacing between the Ag mono-
layer and the MgO surface layer is 5.1 a.u. (2.70 A) for
Ag above the 0 site. This value is about 7% larger than
that obtained in FLMTO calculations for the
Ag/MgO(001) interface in a superlattice, " where the in-
terfacial Ag layer is pushed by other Ag layers from

above. In the following discussions, the properties of the
Ag/MgO(001) system are obtained with our optimized
interlayer spacing.

It is interesting to note that model calculations of an
isolated noble-metal atom (Au) on the surface of alkali
halides (NaC1, NaF, KC1, and KBr) by Buckingham, and
Robins' showed that the metal atoms tend toward the
sites above the positive ions (Na and K). A similar result
was also concluded for Ag atoms on NaC1(001), using
van der Waals adhesion model calculations. However,
the semiempirical image charge' results in Ag being
above the hole sites. In contrast, our results indicate that
the Ag monolayer tends toward the site above the (nega-
tive) 0 atom. The difference however, is, due to the fact
that MgO is a weaker ionic crystal compared to alkali
halides, so that some chemical interactions (although not
strong) may be involved in the Ag/MgO adsorption pro-
cess. Experimental measurements for the adsorption sites
are highly desired to verify these theoretical results, since
they may help to define the main mechanism at the
Ag/MgO interface.

2. Charge density

Since the charge density is the fundamental feature of
density-functional theory, a plot of the charge-density
contours in the (100) plane of the Ag/MgO system is
shown in Fig. 4. Its charge population is listed in Table
I. Compared with the clean MgO five-layer slab, the elec-
tron populations at Mg and 0 in the center and the su-
binterface (I-1) layers remain essentially unchanged. In
the interface layer, both Mg and 0 atoms show a net de-
crease of the total charge on the order of 0.01 electrons in
comparison with the surface layer of the clean MgO five-
layer slab. This net decrease is caused by the loss of Mg
3p electrons and 0 2p electrons.

Compared with the charge population of the free Ag
monolayer, the charge population of the Ag atom in the

cQ

c~

C
-2.2

S

-2.3
2.0 2.5 so (A)

FIG-. 3. The total energy vs interlayer spacing for three possi-
ble positions of Ag overlayer atoms on the MgO(001) surface:
Ag above the 0 site; Ag above the Mg site; and Ag above the
hollow site.

FIG. 4. The charge-density distribution for the
Ag/MgO(001) (Ag above the 0 site) slab plotted for the upper
half of a single slab unit cell in the (100) plane. Contours start
from 1X10 e/a. u. , and increase successively by a factor of
v'2.
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Ag/MgO system is only slightly larger (by -0.02 elec-
trons), indicating no significant charge transfer.

At the Fermi level, the energy-sliced charge density
provides information about the nature of these important
mobile conduction electrons. As seen from Fig. 5, the
majority of these are from the Ag layer; however, interfa-
cial 0 atoms also contribute. This shows that the over-
layer Ag atoms form a one-layer conductor, and that the
interface 0 atoms are slightly metallized. Interestingly,
the Mg atoms do not share any of the conduction elec-
trons, and thus are not metallized.

4

—12-

—16-

x, M, Y, X,

-4 -—--,
,
::., :,-~...:—)

-8-

X~ h~ f~

E

Xg Mp Yp Xp

3. Band structure

The conduction-electron band structure of Ag/M 0g
(with Ag above the 0 site) is shown in Fig. 6. The solid
lines denote localized surface states whose wave functions

ghave more than 50%%uo weight within the overlayer A
atom. The Ag 4d and 0 2p bands are very close in ener-

gy and show significant hybridization. The only band
crossing the Fermi level is the hybridized Ag s-p and 0
s-p electron band; it crosses EF at two points along the
high-symmetry directions, i.e., —1/5 from X toward I
along b„and —3/5 from I toward M along X. The top
of the 0 2p and Ag 4d band is located at I with energy—2 eV below E„. The bottom of the empty 0 3s band is
also located at I, with an energy +1.5 eV above EF.

FIG. 6. Energy bands along high-symmetry directions in the
2D Brillouin zone for the Ag/MgO(001) (Ag above the 0 site)
single lab. Symmetry points subscripted by 1 and 2 denote even
and odd reflection symmetries, respectively. Dashed and dotted
lines represent even and odd parities with respect to the z
reflection. Solid lines indicate states whose wave function has
more than S0% weight within the overlayer Ag atom.

the lack of electron states at the Fermi level. The inter-
face 0 DOS is evidently different from that seen for the
noninterface 0 atoms, i.e., a narrower width for the main
peak and an extended tail from s-p electron states cross-
ing EF—a result of the interfacial hybridization with Ag
atoms.

4. Density of states

AQ(S)

The layer-projected partial DOS of the conduction
electrons of Ag/MgO(001) is shown in Fig. 7. The over-
layer Ag DOS has the shape typical for a Ag-metal
monolayer, with the Ag 4d states in the energy range —5
to —2 eV below EF. The electron states with energy
close to Ez are primarily from Ag s- and p-like electrons.
The noninterface 0 atoms remain insulating, because of

O
6$

0I
COI

0
o(x)

S
~~
Ca

I
Cl

0

o(c)

0 I
'

I

-8 -6 —4 -2 0
E (ev)

I

2

FIG. 5. The energy-sliced charge density at the Fermi level
for Ag/MgO(001) (Ag above the 0 site). Contours start from
1X 0-' 31 X 10 e/a. u. and increase successively by a factor of &2.

FIG. 7. The layer-projected density of states (DOS) of the
conduction electrons in units of states/eV atom for
Ag/MgO(001) (Ag above the O site).
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D. Ag Binding Energy

By comparing the total energies of the systems calcu-
lated, i.e., Ag/MgO, the MgO(001) clean surface, and the
unsupported Ag monolayer, we obtain the binding energy
of Ag atoms on a clear MgO surface as 0.3 eV/atom (0.64
J/m ). This adsorption energy indicates that
Ag/MgO(001) belongs to a physisorption class (E& (0.5

eV/atom) instead of chemisorption (E& )0.5 eV/atom).
Such a result is expected, since, as discussed Sec. III C,
there is no noticeable charge transfer and chemical bond-
ing exists in this system. Combined with the fact that the
energy diA'ers only slightly for di6'erent adsorption sites
((2 meV/atom), MgO appears very Rat and seems to

lack stickiness for adsorbates. This is the reason why it is
hard to grow high quality metallic overlayers (e.g. , Fe) on
MgO. '
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