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Abstract

Density functional theory calculations using ab initio pseudopotentials and a plane wave basis are applied to study
copper and silver overlayers on the unreconstructed MgO(l l 1)surface. Each of the two adsorbates can stabilize both
O- and Mg-terminations of MgO(l I l). We found zero charge transfer for noble metals adsorption on the Mg-termi-
nated surface. A non-zero charge transfer, which occurs at the oxygen terminated surface, is not sufficient to induce an
energy gap at the Fermi level and to convert the surface into insulating one.
@ 2005 Elsevier B.V. All rights reserved.
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l. Introduction

The metal-magnesia (MgO) interface is a prin-
cipal model system to study the oxide-supported
metal deposits in various experiments. The metal
adsorption on the non-polar MgO(100) surface
has been intensively investigated theoretically dur-
ing the last decade (see for example [-8] and the
references therein) in the effort to determine metal

t-."rponaing author. Tel.: *7 4212719956; fax: *7
42127 t9598.

E-muil address: vzavod@mail.ru (V.G. Zavodinsky).

0039-6028/$ - see front matter O 2005 Elsevier B.V. All rishts reserved.
doi: 10. l0l  6/ i .susc.2005.05.063

binding properties, which control the metal growth
modes and adhesive properties. Another low-index
surface, the MgO(l I l), is far less investigated. The
MgO(lIl) surface is a polar, unstable surface,
which shows the quasi-metallic features of elec-
tronic structure. One of the ways of achieving its
stability is a 2 x 2 reconstruction, which often oc-
curs at this surface leading to the appearance of
a surface forbidden gap due to the formation of
atomic scale facets [9]. Another way is a micro-
scopic faceting into neutral [00] planes upon
annealing [9-ll]. The MgO(l I l) surface can be
also stabilized due to adsorption of H2O [2],
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ozone [13], oxygen [14], and presumably some

other gases.
Some transition and noble metals were studied

on the MgO(l I l) surface in Refs' [15,16] using

the full-potential FP-LAPW and FP-LMTO meth-

ods, and the stable nature ofthis interface has been

discussed there. Recently the alkali metals adsorp-

tion on the MgO(l I 1) surface was studied theoret-

ically by two of us [17], and it was- suggested that

singie -onolayers of alkali metals stabilize the

oxigen-terminated MgO(l I l) surface' It has been

also-shown that deposition of Li monolayer leads

to the transformation of the electronic structure

of the MgO(l l l) surface from the metallic-like

to an insulator-like. Copper has one s-electron

above the 3d filled shell and its chemical behavior

often looks like that of alkali metals' A similar

electronic structure of silver (with the 5s valence-

electron) makes it an interesting object to study a

chemicai trend of the stabilization effect for differ-

ent noble metals. Such trends has been studied re-

cently from first principles for monolayers of

transition (and noble) metals on MgO(l I l) tl6l'
However, in that investigation only monolayers

and bilayers were considered and the details of

the nobli metal interaction with the MgO(l I l)

surface were not discussed' Another theoretical

study [18] which was devoted to comparison of

electronic- properties of Cu/MgO(l l l) and Cu/

MgO(100) interfaces considered even thicker Cu

filirs, consisting of several (3-6) copper layers'

Therefore, those results cannot be projected di-

rectly on the problem of monolayer and submono-

layei cove.ages. The goal of our work is to study

the energeticl and electronic structure of the Cu

and Ag monolayers and submonolayers on the po-

lar unieconstructed MgO(l I 1) surface'

2. Method and details of calculation

The ab initio calculations were performed

using the FHI96MD program [19], employing

the ierdew-Wang (PW9l) form of the generalized

gradient approximation for the exchange-correla-

iion .n"rgy-functional. The fully separable Troul-

lier-Mart-ins pseudopotentials were constructed

using the fHigepp code [20]' The parameters of

psedoupotentials for Mg and O were taken from

our privious work [l?] where they were verified

to calculate the equilibrium lattice constant a6'

and bulk modulus Be, in a good agreement with

measured values. Pseudopotentials for Cu and

Ag were optimized in the same way' The plane-

wave basis with energy cut-off of 44 Ry was ap-

plied. Similarly to Ref. [17]the MgO(l l l) surface

*u, ,.pr.r.nted by the Mg- and O-terminated five-

tayer tvtglOlMg/O/Mg and O/Mg/O/Mg/O slabs

with the 2 x I surface unit cell' The slabs were sep-

arated from each other by the 20 A thick vacuum

space and repeated PeriodicallY'' 
The coppir and silver atoms were adsorbed

symmetricaly on both sides of a slab' Both full-

monolayer (l ML) and half-monolayer (0'5 ML)

"ou"rug", 
were studied. Similarly as in previous

studies (compare [17], and references therein),

relaxations of the atoms of overlayers and atoms

of the first MgO surface layer were taken into

account, but all other Mg and O atoms were kept

fixed in their ideal bulk positions and the copper

and silver atoms were positioned in three-fold

coordinated sites. For the k-space integrations

for slabs we used mainly a single (0'25 0'25 0'00)

point. Note however, that in special cases (test

calculations and calculations of the density of

electronic states) larger k-point sets were imple-

mented.
The binding energy for adsorbed atoms was

determined from the following expression:

I
E, :  i .  (Ev,v*o -  Eraeo- N' E1,a),- ,fv

where EyTygo is the energy of the slab with ad-

sorbed metai, Eyrs represents the energy of the

clean MgO slab, aid Ev is the energy of the single

metal atom calculated in a large cubic cell' N is the

number of metal atoms in a surface unit cell, on

both sides of the slab.

3. Results and discussion

The calculated binding parameters for copper

and silver atoms adsorbed on both Mg-and O-ter-

minated surfaces are collected in Table l ' They are

compared with the data for lithium which was

fla

i]
I t ,
l l .
I t
1t

I
j
t

t

i

1



l 1 6 Y.G. Zauodinsky et al. I Surface Science 589 (2M5) 114-l19

Table I
The binding energy 85, and the distance r/ from an adatom to a Surface atom, for Cu and Ag overlayers deposited on the MgO(l I l)
surface

Mg-terminated O-terminated

LiAgCuLiAgCu

0.5 ML coaeruge
Eu (eV/atom)

./(A)

1.0 ML couerage
Er(Evlatom)

,t (A)

-3.34
(-3.28)

2.61
(2.63)

-3.93
(-3.94\

2.51
(2.s0)

-3.02
(-2.97)

2.62
(2.64)

-3.48
(-3.e4)

2 . 7 1
(2.70)

-t.72

2.86

- 2 . 1 1

2.74

-7 .13
(-7.39\

2.05
(2.0r )

-5.01
(-5.27',)

2.20
(2. | 8)

-4.87
( -5 .13 )

2.35
(2.32)

-4.24
(-4.4e)

2.40
(2.36'l

-6.78

1.90

-6.47

1.85

Results for unrelaxed MgO surface (in brackets), and for Li adsorption [7] are also given for comparison.
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found [ 7] to be the strongest bonded alkali metal
at these surfaces.

For a 0.5 ML coverage, the binding of copper
and silver atoms on the O-terminated surface is
stronger than on the Mg-terminated one, and the
Cu atoms are stronger bonded than Ag atoms.
The distance d between the adsorbed and surface
atom correlates with the binding energy: the larger
the d, the smaller the E'6. This behavior is similar
to that described in Ref. [17] for alkali metals on
the MgO(l I l). On the Mg-terminated surface,
both copper and silver are stronger bound than
lithium atoms. However, on the O-terminated sur-
face, only the binding energy of copper exceeds
that of lithium. Silver atoms are bonded approxi-
mately 1.5 eV weaker than Li atoms.

For the 1.0 ML coverage, the Cu and Ag bond-
ing is also stronger than that of Li atoms on the
Mg-terminated MgO(l I l) surface. However, lith-
ium is most strongly bound at the O-termination.
Interestingly, the Cu and Ag bonding on the Mg-
terminated surface increases with the increased
coverage. This is in contrast to the O-termination,
where the bonding decreases for the 1.0 ML cover-
age. This effect correlates with changes of the
adsorbent-surface distance d, with the increasing
coverage: it increases for the Mg-termination and
decreases for the O-termination. In general, one
can state that copper and silver adsorption on
MgO(l I l) is characterized by a rather large bind-

ing energy of 3.5-5.0 eV per atom (in absolute
value), for both surface terminations.

It is necessary to note once again, that all above
calculations used a single k-point (0.25 0.25 0.0).
The reliability of this single k-point representation
was checked by us previously [7]by carrying out
test calculations for the Li atom adsorption with 9
k-points. The binding energy diffbrence of about
0.1 eV was found. Now the same test calculations
for Cu and Ag monolayers have given differences
in binding energies of 0.1-{.2 eV, not larger than
5%.

Unfortunately, to the best of our knowledge,
there are no experimental data on the Cu/
MgO(l1 l) and Ae/Mg(l I l) monolayer systems,
which can be compared with our calculations.
Therefore, our results are compared with those
of all-electron calculations [6]. However, the lat-
ter work does not report on the binding energies
but on the adhesion energies. They were deter-
mined as a difference (per metal atom) between
the total tvte/MgO energy and energies of a sepa-
rated MgO slab and metal films. Therefore, we
also have calculated adhesion energies for Cu
and Ag monolayers (using a 3x3xl k-points
mesh). One can see that the comparison (Table
2) with the results of Ref. [16] is rather good.
The energy differences are within 0.3 eV or llo/o.
As one would expect, binding energies are larger
(at an absolute value) than adhesion energies,



Table 2
The adhesion energy (eV per atom) for Cu and Ag monolayers

deposited on the MgO(l I l) surface

Mg-terminated O-terminated
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-3.1 3 -2.31
-2.8 -2.6

O-termination

- 5 0 s 1 0 - 5 0 5 1 0
Energy, eV

Fig. L Densities of states for the clean MgO(l I l) surface and

for the 1 ML of Cu and Ag adsorption. Dashed vertical lines

mark the Fermi level.

distributions for the full-monolayer of copper and
silver at both terminations of the MgO(l I l).
Electron density profiles n(z) were obtained by
integration of the electron charge density distribu-
tions over the x and J, space coordinates (parallel

to the surface) [17]. The sum of the Gaussians, cen'
tered on the atoms, gives an average of the n(z)
profile, and the areas under the Gaussians (ex-

pressed as the ratios of the total number of elec-

trons in the system) helped to quantify the
charge redistribution between the atoms of the
slab (with respect to the clean surface). Fig. 2

ll7

AgCuAgCu

This work
Ref. [6]

-1 .63
-1.7

-1.39
-  1 . 3 t

because the former ones contain deposits from

atomic interactions within metallic film.
Our previous study of Li adsorption on the

O-terminated MgO(I1 l) surface has revealed an

appearance of the energy gap around the Fermi

level [7], which can be attributed to the charge

transfer between adsorbed metal atoms and the

MgO surface. This is in contrast to the clean

MgO(l I l), which electronic energy spectrum does

not exhibit any gap around the Fermi level. An

analysis of the electronic structure for the Cu and

Ag adsorbate system at I ML coverage on the

O-terminated surface, shows that in this case there

is a non-zero distance between occupied and non-

occupied states at the (0.25 0.25 0'00) point' The

calculated values of this distance LE are 0.89 eV
(Cu) and 0.84eV (Ag) compared with l.9eV for

Li tl7]. However, in the case of Li adsorption,
increasing the number of k-points (up to 16;

4x4x I mesh) shows that the non-zero distances
between occupied and non-occupied states exist

not only at one k-point. Therefore, the total plot

of electronic states contains a forbidden gap of
1.8 eV ll7l. In the Cu/MgO(l I l) and Asl

MgO(l l l) systems the "gap" exists only at one k-
point and disappears in the 16 k-points scheme
(see Fig. l). Thus, the adsorption of either Cu or

Ag atoms does not lead to a conversion of the

metallicJike character of MgO(l I l) into a dielec-

tric-like one, as the Li adsorption does. The similar
features of the electronic structure were discussed
for the Pd adsorption [15,16]. It seems that the rea-

son of such properties of the Cu, Ag and Pd films is

connected with an influence ofd-electrons. The par'

ticipation of d-electrons of Cu, Ag and Pd atoms in

the metallic-like bonding of these atoms leads to the

non-zero density of states at the Fermi level.
In order to compare the Cu and Ag adsorption

with that of Li in details we calculated the charge
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Fig. 2. The electron density profiles across the clean
MgO(l I  l )  slab (a) and a slab consist ing of 1.0ML of Cu on

the MgO( I I I ) surface (b). Dashed and dotted curves represent
the Gaussians used to model the densities of Mg, O and Cu

atoms. A solid curve is the sum of Gaussians. Dark circles
represent the electron density profiles resulting from the DFT

calculations.

displays this procedure, and its quality, both for a
clean surface, and for the Cu adsorbent on the
Mg-terminated surface.

The analysis of electron densities shows that the
Cu and Ag adsorption on the Mg-terminated sur-
face is characterized by zero charge transfers from
adsorbed atoms to MgO. The calculated magni-
tude of the charge localized on the particular
atoms at the O-terminated surface is presented in
Table 3.

One may suspect a correlation between the
width of the energy distance between occupied
and non-occupied states AE the amount of charge
transferred from the adsorbed metal LQ, and the
binding energy ,86. Namely, values of AE and
absolute values of .86 increase approximately line-
arly with increasing of A'Q.

Table 3
The calculated charge AQ localized on the atoms (in units of
electron per atom) in the bulk MgO, at the O-terminated
MgO(l I l) surface, and in the MgO(l I l) slab Me/OJMg/OJ
Mg/O,/Me covered with a full-monolayer of metal Me (Cu, Ag)

System Mgo"o.Me

o

o

o

t3o
o

rI]

_ 1 0
o

' = a

1 O

a ) A

3 1

0

MgO-bulk
M g o ( l  l 1 )
Cu/MgO(l
Ae/Meo(l
LilMgo(l

r )
r )
r )

-0.90 +0.90
:0.45 -0.90 +0.90

+0.36 *0.81 -0.90 +0.90
+0.32 -0.77 -0.90 +0.90
+0.45 -0.90 -0.90 +0.90

MgMgMg Results for Li [7] are given for comparison. O" is the surface
oxygen atom; O. is the central oxygen atom of the slab.

4. Summary

A first-principles study of the Cu and Ag
adsorption on the MgO(1 I l) surface is presented.
Contrary to alkali-atom adsorbents, which princi-
pally may stabilize the O-terminated MgO(l I l)
surface only, the copper and silver adsorbents
can stabilize both O-and Mg-terminations of the
surface. On the O-terminated surface Cu and Ag
are stronger bound for the 0.5 ML coverage. On
the Mg-terminated surface, their bonding is stron-
ger for the 1.0 ML case.

We have found that the Cu and Ag adsorption
on the Mg-terminated surface is followed by a zeto
electron transfer from metal atoms, whereas on the
O-terminated surface is equal to 0.36 e/atom for
Cu and 0.32elatom for Ag. However, this charge
transfer is not large enough to form the energy
gap at the Fermi level. Thus the electronic struc-
ture of the Cu/MgO(l I l) and Ae/MgO(l I l) sys-
tems preserves its metallic-like character, similar to
the clean MgO(l I l) surface case.

An interesting, but much more difficult task is to
compare directly the energetics of the MgO(l I l)
surface, stabilized by the metallic atoms adsorp-
tion, with the clean surface, stabilized by the 2x2
reconstruction. However, this requires much lar-
ger, and more complicated slabs than applied here,
and therefore is deferred to a future work.
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