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Structures of a Ag monolayer deposited on Cu(111), Cu(100), and Cu(110) substrates:
An extended tight-binding quenched-molecular-dynamics study
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We determine the atomic structure of a Ag monolayer deposited on the three low-index faces of a Cu
substrate by means of an extended tight-binding quenched-molecular-dynamics simulation. For the
(111)face, the most stable structure is a p{10X 10) one. The surface plane is strongly waving, the pertur-
bation extending up to the first ten surface layers. For the {100)face, the pseudohexagonal reconstruc-
tion c(10X2) is stablized with respect to pseudomorphy and pseudoepitaxy. The case of the (110) face is
more intricate. As a function of the Ag coverage, we predict a sequence of superstructures going from
the p(2X7) missing-row reconstruction at low coverage up to the pseudohexagonal p(7X2) reconstruc-
tion at the monolayer completion.

I. INTRODUCTION

The metallic multilayers give rise to an increasing in-
terest due to their magnetic and catalytic properties. '

These properties are strongly dependent on the regularity
of the artificial multilayer structures, which is driven by
the topological and chemical nature of the interface be-
tween the various components. Hence, it is of prime im-
portance to understand the atomic structure of the first
deposited monolayer. Let us note that a very similar
problem arises in the case of very strong surface segrega-
tion in very dilute alloys. Our aim here is to model this
phenomenon in the particular case of one Ag monolayer
either deposited on a Cu substrate or obtained by segre-
gation in a very dilute Cu(Ag) alloy, ' for which experi-
mental data can be found for the three low-index faces:
(111) ' (100), ' ' and (110)

Let us recall that the growth mode of an A metal onto
a 8 substrate is usually classified according to three
types. ' ' When there is no wetting, one observes island
formation (Volmer-Weber) whereas a complete wetting
corresponds to a layer-by-layer growth (Frank —van der
Merwe). An intermediate case is the incomplete wetting,
i.e., a layer-by-layer growth followed by island formation
(Stranski-Krastanov). From the macroscopic point of
view, it is possible to predict the growth mode according
to the so-called Metting energy, ' '

S~y~ =X~+ V ~a Ta

where y,- is the surface energy of the i metal and y~z is
the interface energy. Thus, A wets the 8 substrate when

S~&~ &0. This criterion simplifies in the case of bimetal-
lic systems for which the di6'erence in surface energy is
large compared to the interface term (which is generally
small}. This is indeed the case for the Ag-Cu system

Ag Qcu so that SAg~cU &0. The Ag growth on

a Cu substrate is then of the layer-by-layer type, the
remaining question being, what is the atomic structure of
the Ag plane at the completion of the first monolayer?
Three kinds of superstructures can be considered: pseu-
dornorphy, where the deposited A atoms occupy the posi-
tions of the underlying 8 lattice (which occurs when the
deposit-substrate interlayer interactions prevail over the
deposit-deposit lateral ones}; pseudoepitaxy, in which the
deposited atoms form a layer which presents the same
crystallographic structure than the B substrate, but keep
adatom-adatom distances along the close-packed rows as
near as possible as those of the pure A metal (which hap-
pens for strong deposit-deposit lateral interactions); and
reconstruction which, at least for the open faces, allows
(when the deposit-deposit interactions are very strong) a
compacting of the surface compared to pseudoepitaxy.
For instance, in the case of the square (100) and rectangu-
lar (110) orientations, the deposit can prefer a pseudohex-
agonal structure.

In practice, except for pseudomorphy, the deposited
atoms occupy inequivalent sites with respect to the sub-
strate lattice. As a consequence, assuming a rigid bidi-
mensional adlayer is far from being realistic, it is then im-

portant to relax the structure in order to determine the
most stable equilibrium position. Therefore, it is neces-
sary to model the interatomic forces in the framework of
a potential which satisfactorily accounts for such relaxa-
tions. This requires the use of X-body potentials derived
from the electronic structure, since it is known that the
usual empirical pair potentials are unable to reproduce
the inward relaxation of the pure metal surfaces. 22, 23

Once such a potential is granted, all the inequivalent
atoms have to be individually relaxed, which is only pos-
sible within numerical procedures such as the quenched
molecular dynamics, which will be used here.

The present paper is then organized as follows. First,
in Sec. II, we will briefly describe the numerical simula-
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tion techniques and the interatomic potentials we use.
Then, in Sec. III, we will discuss the peculiar problems
which arise when comparing superstructures with
different periodicities and patterns. In Sec. IU, we will

present our results concerning the equilibrium structures
of an Ag monolayer on top of the three low-index faces
[Sec. IV A, (111);Sec. IV B, (100), and Sec. IV C, (110)]of
a Cu substrate. Finally, a comparison between the
different orientations will be given with a conclusion in
Sec. U.

II. THEORETICAL MODEL

Let us summarize the principles of extended tight-
binding quenched molecular dynamics (TBQMD). The
relaxation procedure consists of integrating the equation
of motion,

with

plJ 10+IpD

The parameters ( AtJ, I3tj,qlj, pIJ ) are fitted to the experi-
mental values of the cohesive energy, lattice parameter,
and elastic constants for the pure metals (J=I). For the
cross terms (JWI), AIJ and pIJ are obtained from the
dissolution energies of one impurity of A into 8 and vice
versa. pIJ and qIJ are the arithmetic averages of the pure
metal values. More details on this derivation are given in
Appendix A together with the numerical values in the
particular case of the Cu-Ag system. The presence of the
square root in Eq. (8) is at the origin of the correct
description of surface relaxations. ' The force on atom
i is then obtained from

dv, (t)
F, (t) =m,.

dt
(2)

dEtotF.=—
dfi

(10)

where v;(t) is the velocity at time t of atom i of mass m;,
and F, (t) is the force acting on this atom at this time.
The quenching procedure, in which v; is canceled when

the product F;(t)v;(t) is negative, leads to the minimiza-

tion of the potential energy at 0 K. The force is calcu-
lated in the extended tight-binding formalism from the
total energy,

with

Et t= XE; .

F = (12)

Using Eqs. (3), (4), and (8), one then obtains the expres-
sion of the force acting on atom i,

E =E'+E,b,

where E is a repulsive energy given by

E,"= g ~uexp ptJ D

——1

j,r,"(r IJ

(3)

(4)

with

JIJ
Fj 2 AIJ p exp pIJ

IJ
—10

IJ

K (=I,J) denotes the chemical nature of atom k, rtt is
the 6rst-neighbor distance of pure metal I, and
rtj=(rtt+rJJ)I2 if JAI, r;1 is the distance between
atoms i and j, and r, is the cutoff distance for the interac-
tion.

E,. is the band energy obtained from the extended
tight-binding Hamiltonian

IJ fij
b
+

b p exp 2gIJ pEi Ej fIJ fIJ
p2

(13)

An interesting microscopic quantity in a system con-
taining a high number of inequivalent sites is the local
pressure defined at T =0 K by

II = g lt &p;','&j I+ g l~ &e;'&tl,
ixj

where P; are hopping integrals with

(5) dE;

dlnV ' (14)

where V is the atomic volume. The sign of P; gives the
stress sign:positive for a compression and negative for a
tension. Using Eqs. (3), (4), and (8), one gets

and the on-site term e; depends on the local environ-
ment28'29

—1 1J
P( 3 g Atj D

exP —PIJ
jr, (r fIJ

IJ —10fIJ
'

y (pIJ)2
' 1/2

From Eqs. (5)—(7), taking into account charge-neutrality
requirements, ' ' one obtains the band energy term for a
full d band,

1 /2

2plJ
b O'IJ p exp

E; rIJ

fij —10fIJ
(15)

III. COMPARISON BETWEEN SUPERSTRUCTURES:
PECULIAR SIMULATION PROBLEMS

(8) Our goal is to compare the relative stabilities of the
different possible superstructures for an Ag adlayer over
a Cu substrate by means of numerical simulation. In
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practice, this sets the problem of replacing the infinite
crystal by a finite box subject to periodic-boundary condi-
tions along directions parallel to the surface. In the per-
pendicular direction, we do not use such periodic condi-
tions, which implies working with a thin film, sufficiently
thick to recover bulk properties in the midlayer. It it
worth noticing that the choice of the periodic-boundary
conditions forces the periodicity of the superstructure to
be equal to (or at least a divisor of} the two-dimensional
(2D) box size. Obviously, this procedure is unable to ac-
count for incommensurate superstructures; only their
simplest approximants can be described. From a local
point of view, both structures are very similar and should
lead to differences in energy which are beyond the accu-
racy of our calculations. Furthermore, for a given
periodicity, we have to optimize the pattern and in par-
ticular the number of Ag atoms in the mesh. In the
present case, we systematically use as initial conditions
the pseudomorphy, the pseudoepitaxy, and various possi-
ble reconstructions.

From a practical point of view, we then have to com-
pare boxes with different sizes (to simulate different
periodicities). Moreover, for a given periodicity, the
number of atoms being fixed a priori during the sirnula-
tion, we have to check different initial fillings of the
mesh. Another way to proceed is to overfill the initial
pattern and to allow the elimination of the atoms which
spontaneously tend to rise up into adatom positions by
the size-mismach-induced limited ejections, (SMILE)
mechanism. ' This requires us to define a critical
height beyond which the Ag atom is taken off the sirnula-
tion box. In our calculations, this critical height is al-
lowed to vary between d/2 and d, where d is the inter-
layer distance.

Once the various superstructures are optimized via the
relaxation algorithm, one defines the most stable one as
the structure which presents the minimum adsorbtion en-

ergy per Ag atom E,d, (8),

E„,(8)—E„,(8=0)

Ag

(16)

where L9 is the Ag absolute coverage, defined as

NAg0=
NcU

(17)

N&g and Nc„being the numbers of Ag and Cu atoms in
the 2D mesh of the superstructure. E„,(8) is the total
energy (11) of the slab with a 8 coverage and p~ is the
chemical potential of the Ag vapor phase. Note that
E„,(8=0) corresponds with the initial pure Cu slab with
its two free surfaces and that knowledge of the numerical
value of p~g is not required here since p~g disappears
when comparing two different superstructures. In prac-
tice, we will set p~ =0. Finally, note that other
definitions of the coverage could have been chosen, as can
be seen in Appendix B.

IV. SUPERSTRUCTURES OF AN AR MONOLAYER
ON TOP OF A Cu SUBSTRATE

A. Ag/Cu(111)

As explained above, we will successively study the
pseudomorphy, the pseudoepitaxy, and a contractive
reconstruction similar to that observed in Au(111}. A
constant guide for the choice of the numerical cell is the
geometrical criterion, which allows us to accommodate
the size mismatch along the closed-packed (110) direc-
tions. This leads to use boxes which contain n Cu atoms
and n~ =n+5n Ag atoms along (110) with

5nn=
r*—1

where r' is the ratio of Cu to Ag atomic radii

(18)

0
r*= =0.886 .

Ag

(19)

The simplest solution of (18) is obtained for 5n = —1,
which gives 8&n=8. 75&9. Note that a better agree-
ment should be achieved for higher values of 5n (for ex-
ample, —4, —9, etc.} which leads indeed to very large
cells but, once more, to local configurations not really
different from those obtained for 6n = —1. In practice,
we will use, in the following, boxes containing around
nine Cu atoms along the (110)direction.

1. Pseudomorphy

The corresponding value of the p-plane relaxation (p =0:
surface, etc.) is given by

PP+& PP+&d —d'
P 0

PP+&
(20)

where diaz+, is the (average) relaxed interlayer distance
between the planes p and p +1, and dp p+] is the corre-
sponding unrelaxed distance, which is taken equal to the
pure interlayer spacing for p )0, and to the average of
this spacing in Ag and Cu pure metals for p =0. One
finds

do +4.3% d& 0 2%%'

It is possible to break the symmetry of the pseudomorphy
by heating the initial configuration. Starting from an ini-

Even though this is not necessary in this simple case,
we take a (9X9) box along [1-10] and [10-1] in order to
allow a relaxation satisfying the above-mentioned geome-
trical criterion [Eqs. (18) and (19)]. The first time, we
perform the TBQMD simulation starting from an initial
pseudomorphic condition at T =0 K. In such a case, due
to the symmetry of the system adsorbate substrate, only
vertical displacements are possible. Thus a spontaneous
evolution towards the pseudoepitaxy or a reconstruction
is forbidden. The main result is the rather high value of
the adsorption energy,

E,d, (8=1)=—2. 625 eV/atom .
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FIG. 1. Variation of the adsorption energy E,d, with the ab-
solute coverage 8 for the Ag/Cu(111) system. Full dots denote
pseudoepitaxy (n Xn ), open dots denote pseudomorphy (the ar-
row indicates the effect of the annealing procedure), and the full

square denotes Au(111)-type reconstruction (10X&3).
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tial temperature of T =500 K, the SMILE effect occurs,
leading to the ejections of about two crossed close-packed
rows and to a strong lowering of the adsorption energy
which becomes (see Fig. 1)

E,d, (8=0.79)= —3.076 eV/atom .
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The corresponding density of the Ag overlayer is very
close to the pure Ag(111) one (see Appendix B). This
means that a pseudoepitaxial structure around the
geometrical criterion is favored. One has then to optim-
ize this kind of superstructure, which is the object of the
next section.

2. Pseudoepitary (n Xn )
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In order to optimize the periodicity of such a super-
structure, we start from various (n Xn) initial pseudo-
epitaxial structures with n varying aroud the geometrical
criterion (n -=9). The adsorption energy curve is plotted
in Fig. l. One sees that the minimum value of E,d, (8}is
obtained for n =10,

E,d, (8=0.81)= —3.080 eV/atom,

the minimum being rather flat between n =10 and 11.
The corresponding coverage 0=0.81 is slightly higher
than the coverage of an ideal Ag(111) overlayer
(8=0.785, see Appendix B). The average relaxations are

do =+1.6%, dr = —1.2% .

This pseudoepitaxy implies that all the Ag atoms sit in
inequivalent sites, going from ternary sites (of both the
hcp and fcc type) to top sites, through various intermedi-
ate positions (bridge, etc.). One then expects some corru-
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FIG. 2. Depth profile (p =0, Ag adlayer; p = 1, first Cu layer,
etc.), for the Ag/Cu(111) system, of (a) the corrugation 5z(p)
[average thickness defined in (21)] of the p layer; (b) the average
pressure of the p-layer P(p) (the bars indicate the mean-square
amplitude of the corresponding distribution of local pressures);
and (c) the p-layer tension y (p) [average energy defined in

(23)].



16 022 C. MOTTET, G. TREGLIA, AND B. LEGRAND

P

5z(p)= g [z, —z (p)]
p i=1

where z (p) is the average elevation of the p plane

(21)

P

z (p)= gz, .
p i=1

(22)

X is the number of atoms in the p plane and z; is the
elevation of the atom i T.he p dependence of 5z(p) is
shown in Fig. 2(a). The surface Ay plane is found to be
strongly corrugated [5z (0)=0.23 A], the maximum am-
plitude between the lowest and highest atoms reaching 1

A, i.e., one-half of the interlayer spacing do1=2 ~ 22 A.
More surprisingly, as can be seen in Fig. 2(a), this corru-
gation is very important in the first five layers and then
damped to become negligible beyond the fifteenth layer.
A perspective view of this superstructure is given in Fig.
3(a), illustrating this corrugation and its extension into
the substrate. As can be seen, the surface layers are un-
dulating, presenting hills and hollows, which correspond
to hcp and on-top positions, respectively, contrary to the
common idea. Furthermore, the elevation of the fcc sites
is less important than the hcp ones. In Fig. 4, we see that
the expansion of the Ag plane relative to the Cu substrate
along the close-packed directions is rather uniform, the
Ag atoms not being locked in the fcc or hcp positions. A
good correlation is obtained for the Ag plane between the
local pressure defined in (15) and the elevation: the
deeper the Ag atom is, the more negative (tension) the lo-
cal pressure is. Conversely, the Ag atoms in hcp position

gation of the Ag layer. A measure of the corrugation of
the p layer is given by its average thickness

1 /2

W
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have a positive (compression) local pressure. This obser-
vation is modified for the first Cu planes: the atoms of
the first five planes which are in the propagated hollow
are in compression and not in tension (see Fig. 5). It is
interesting to remark that the profile of the layer energies
defined as

P

V (p)=
& g [E;—E„h(Cu)],

p i=1
(23)

is more rapidly damped [Fig. 2(c)] than the pressure [Fig.
2(b)] and corrugation [Fig. 2(a)] profiles. It can be under-
stood if one realizes that the local environments, beyond
the second layer, are not so different from those of bulk
atoms, even at the bottom of the hollows.

The present results show the necessity of taking into
account the multilayer character of the superstructure,
which was not the case in general up to now. A fixed
substrate treatment should have missed in the present
case the corrugation of the top layer and obviously of the
selvedge, as can be seen in Fig. 3(b).

FIG. 4. Top view of the unit cell of the Ag/Cu(111)
p(10X10) superstructure: the full dots indicate the Ag atoms
of the adlayer and the squares indicate the atoms of the first lay-

er of the Cu substrate.

3. Reconstruction of the Au(ill) type

FIG. 3. Perspective view of the Ag/Cu(111) p(10X10) su-
perstructure. Four unit cells are shown. For the sake of clarity,
the scale of the z axis has been magnified by a factor of 2. The
white spheres indicate the Ag atoms and the black spheres
denote those of the Cu substrate: (a) fully relaxed structure
(mobile substrate), (b) approximation of a rigid substrate.

One can ask whether a more stable structure could be
obtained from the analogy with the reconstruction ob-
served in the pure Au(111) surface. Let us recall
that this reconstruction, which is attributed to the pure
surface tensile strain, allows the surface layer to get a
more close-packed structure than the (111) plane. The
main difference with the previous p(10X10) 2D pseu-
doepitaxy has to be found in its uniaxial character which
leads to a 1D pseudomorphy along the [11-2] direction
and to a 1D pseudoepitaxy along the [1-10] direction.
The relaxed (10X&3) superstructure presents almost no
corrugation [6z(0)=0.07 A) and, as can be seen in Fig.
1, its adsorption energy

E d, (g=0.9)= —2. 934 eV/atom
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lies between the pseudomorphy and the definitively sta-
blest p ( 10X 10) pseudoepitaxy.

4. Comparison with experiments

Our main conclusion for Ag/Cu(111) is the stability of
the corrugated p (10X 10) superstructure. This periodici-
ty compares fairly well to experiments which suggest a
(9+1X 9+1) one. ' To our knowledge, there is no obser-
vation of the precise atomic pattern. We hope that the
present study will stimulate scanning tunneling micros-
copy, Rutherford backscattering spectroscopy, or quanti-
tative low-energy electron diffraction studies to probe the
existence of the unexpected corrugation revealed in the
present work.

B. Ag/Cu(001)

1. Pseudomorphy

As for the (111) face, the symmetry of the pseu-
domorphic adsorbate-substrate system forbids any lateral
displacement at T =0 K. Thus, we only obtain a vertical
relaxation

do =+7.5%%uo, d*, = —0. 1%

and a high value of the adsorption energy

E,d, (8=1)= —2. 871 eV/atom .

In order to break the symmetry of the pseudomorphy, we
anneal the initial structure, starting from a (10X10) box
to account for the geometrical criterion. Once again, the
SMILE effect leads to about 12 ejections, corresponding
to 8=0.88. As can be seen in Fig. 6, the adsorption ener-

gy is significantly decreased,

E,d, (8=0.88)= —3.047 eV/atom .

A close inspection of the surface structure resulting from
these ejections reveals a strong tendency to form hexa-
gons, obtained through a shift of every second [1-10]row
along the [1-10] direction. In particular, this rearrange-
ment leads to a shorter periodicity in the perpendicular
[110] direction so that the final superstructure is closely
related to a c(10X2) periodicity. This pseudohexagonal
reconstruction presents a strong analogy with the one en-
countered in the Sd pure metals (Ir,Pt,Au). ' In
view of the irregularity of the Ag hexagons, we now try
to optimize the structure by starting from pseudohexago-
nal reconstructions (n X2) for various values of n around
the geometrical criterion (n =9).

2. Pseudohexagonal reconstruction (n X2)

FIG. 5. Pressure map of the first four planes for the
Ag/Cu(111) p (10X10) structure for the four cells shown in Fig.
3. (a) Ag adlayer, (b) Cu first underlayer, (c) Cu second under-
layer, and (d) Cu third underlayer. The gray scale illustrates the
pressure variation from the most tensile sites (white spheres,P;„=—135 kbar) up to the most compressed ones (black
spheres, P,„=94kbar).

In order to be consistent with the interaction range of
the potential, we use (n X4) boxes with 7 &n & 14. As
can be seen in Fig. 6, the minimum of the adsorption en-
ergy is very flat around n = 10—11,

E,d, (9=0.90)= —3.066 eV/atom .

Moreover, one checks that the actual periodicity of the
superstructure is indeed (n X2) so that the simulation
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the relative stability of the regular hexagonal structure,
which then corresponds to a (10X25) perodicity
(8=0.935), with respect to the (10X2) one (8=0.900).
The simulation performed on a (10X25) box sets the
SMILE effect in action, leading to eight ejections and
8=0.904, i.e., a coverage very close to an ideal Ag(111)
plane (see Appendix B). The corresponding value of the
adsorption energy,

E,d, (8=0.904)= —3.059 eV/atom,
pseudoepitaxy

-3.1

c(9x9)
e(10x2}~

l 0
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FIG. 6. Variation of the adsorption energy E,d, with the ab-
solute coverage 8 for the Ag/Cu(100) system. Full dots denote
pseudoepitaxy (n X n ), open dots denote pseudomorphy (the ar-
row indicates the eHect of the annealing procedure), and open
squares denote hexagonal reconstruction (n X 2).

is slightly higher, meaning that the c (10X 2) is the most
stable structure. The registry of an hexagonal layer on a
square substrate implies the existence of many in
equivalent sites, and then a corrugation of the adlayer.
One can then wonder to what extent this corrugation can
be compared to the spectacular one previously shown in
the case of a hexagonal-hexagonal deposit (Sec. IV A 2).
One sees in Fig. 7 that this is not the case: the adlayer is
remarkably Hat [5z(0)=0.08 A], the maximum ampli-
tude being 0.2 A. As a consequence, contrary to the pre-
vious (111) case, one observes no perturbation of the Cu
substrate.

boxes contain two elementary cells. This is in very good
agreement with the experimental data which conclude
with a c (10X 2) superstructure. For this c (10X2)
periodicity, the Ag atoms form a quasiregular hexagonal
lattice, with a slight dilation of about 4% [1—5/(3v'3)]
in the [110]direction and a rather large outwards relaxa-
tion (do =+ 11.2%). It is then tempting to check up on
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FIG. 7. c(10X2) Ag/Cu(100) pseudohexagonal structure.
(a) Top view (one unit cell): the large dots denote the Ag ada-

toms, and the small dots denote the Cu atoms of the first under-

layer. (b) Perspective view (two unit cells): the white spheres
indicate the Ag adatoms and the black spheres denote the Cu
substrate atoms. For the sake of clarity, the scale of the z axis
has been magnified by a factor of 2.

FIG. 8. c(9X9) Ag/Cu(100) pseudoepitaxial structure. (a)

Top view (one unit cell): the large dots denote the Ag adatoms,

and the small dots denote the Cu atoms of the first underlayer.

(b) Perspective view (four unit cells): the white spheres indicate

the Ag adatoms and the black spheres indicate the Cu substrate

atoms. For the sake of clarity, the scale of the z axis has been

magnified by a factor of 2.
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3. Pseudoepitaxy (n Xn) C. Ag/Cu(110)

Even though the annealing procedure clearly leads to a
pseudohexagonal-type reconstruction of the Ag layer,
one can wonder about its stability compared to the third
kind of superstructure quoted in the Introduction: a
pseudoepitaxy (n X n ) for n values around the geometri-
cal criterion (n =-9). As can be seen in Fig. 6, this group
of superstructures appears for lower values of 8 (8-=0.8).
The minimum of the adsorbtion energy, which now is
reached for the value of the geometrical criterion,

E,z, (8=0.79)= —3.026 eV/atom,

is found well above the value for the c (10X 2) superstruc-
ture. This pseudoepitaxy occurs with a strong corruga-
tion extending deep into the substrate (about 10 layers} as
in the (111)case. This is illustrated in Fig. 8(b). A major
difference is that now the misfit is accommodated
through localized dislocations [Fig. 8(a)] instead of ex-
tended ones. These dislocations border domes with
square bases of eight Ag atom sides. This superstructure
preserves the fourfold symmetry of the substrate, which
reduces the number of inequivalent sites and then confers
a regular shape on it. This strongly differs from the
p(10X10) Ag/Cu(111) superstructure where the three-
fold symmetry is lost, leading to a more irregular struc-
ture.

4. Discussion and comparison with experiments

To summarize our results for Ag/Cu(001), we have op-
timized two kinds of superstructures corresponding to
different coverage ranges: the c(9X9) pseudoepitaxy
(8—=0.g) and the c (10X2) pseudohexagonal reconstruc-
tion (8-=0.9), the latter one having the lowest adsorption
energy. This is in complete agreement with the experi-
mental observation of the c (10X2) superstructure at the
completion of the first monolayer. ' ' However, one can
wonder about the possible occurrence of the c(9X9)
structure for lower coverages. Up to now, experiments
have not shown the stability of this structure. This can
be understood from Fig. 6, which is characteristic of at-
tractive interactions between adsorbates (at least up to
8=—0.9), the most close-packed structure being the most
stable one. This means that, even for low coverages, the
Ag layer structure is made of c(10X2) islands which
grow with increasing 0. It is worth noting that this
c(10X2) Ag/Cu(001) superstructure (hexagonal adlayer
on a square substrate) is significantly less corrugated than
the p (10X10) Ag/Cu(111) one (hexagonal adlayer on an
hexagonal substrate). The topology of this pseudohexag-
onal reconstruction is very similar to that observed for
the (001) surface of pure 5d metals, even though we have
not optimized here the rotational angle of the hexagonal
lattice with respect to the square substrate. ' In partic-
ular, the corrugation found here (0.2 A between the
lowest and highest atoms) compares fairly well with the
value obtained for the pure metals (0.5 A), the
difference being consistent with the larger value of the
outwards relaxation obtained in the present heteroatomic
case (11%compared to 3%}.

The (110) surface is the most open low-index face. Its
rectangular primitive cell exhibits two inequivalent direc-
tions: one ([1-10])is close packed and the other ([001]) is

open. Therefore, the variety of possible atomic rear-
rangements is larger than for the other orientations. Fur-
thermore, let us recall that the (110) face of the 5d transi-
tion metals (Ir,Pt,Au) undergoes the well-known
missing-rom reconstruction ' which, instead of com-
pacting the surface, has the reverse effect. Even though
neither Cu or Ag undergo this reconstruction as pure
metals, one can wonder if it could occur for the
Ag/Cu(110) system. In the following, we will then op-
timize successively the pseudomorphy, the pseudoepi-

taxy, and then two types of reconstruction: a contractive
pseudohexagonal one [by analogy with the (001) face] and
the missing-row one [by analogy with the (110) faces of
5d metals].

1. Pseudomorphy

As for the other two orientations, the numerical simu-
lation of an unannealed pseudomorphy only leads to vert-
ical displacements due to the symmetry of the
Ag/Cu(110) system,

do =11.9%, d~ = —3.4% .

The corresponding value of the adsorption energy is no-
ticeably lower than for the other orientations,

E,~,(8=1)= —3.037 eV/atom .

The annealing of this pseudomorphy keeps the structure
unchanged, indicating no preference for any ordered su-
perstructure. Let us note that this annealing leads to
large-amplitude (and low-frequency) vibrations along the
[001] direction, as already mentioned for the pure
Cu(110) surface. The quenching procedure can then set
some problems for this orientation by freezing these vi-
brational states. To avoid it, we will replace the anneal-
ing by starting from various initial configurations at
T =0 K, beginning with the pseudoepitaxy.

2. Pseudoepitaxy p(1Xn )

The geometrical criterion in the [1-10] direction leads
again to a periodicity n =9 along it. In the less close-
packed [001] direction, it is reasonable to think that the
pseudomorphy is preferred, leading to p ( 1 X n ) pseu-
doepitaxy. As can be seen in Fig. 9, the minimum is
reached for n =8,

E,~,(8=0.875 }= —3.092 eV/atom,

which is lower than the pseudomorphy, the difference be-
ing significantly smaller than for the other two orienta-
tions. The corresponding structure, illustrated in Fig.
10(a), does not exhibit a so-pronounced corrugation
[5z(0)=0.08 A] as for the (111)and (001) pseudoepitax-
ies but instead a strong osci11atory relaxation,

do =18.8%, d
~

= —5.0% .
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FIG. 11. Top view of two unit cells of the Ag/Cu(110)
p(1 X 8) superstructure. The large dots indicate the Ag atoms
of the adlayer and the small dots indicate the Cu atoms of the
first underlayer.
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FIG. 9. Variation of the adsorption energy E,d, with the ab-
solute coverage 0 for the Ag/Cu(110) system. Full squares
denote missing-row reconstruction (2Xn), full dots denote
pseudoepitaxy (1 X n ), open dots denote pseudomorphy and
MRP, and open squares denote hexagonal reconstruction
(n X2).

Let us remark that, as for the c(9X9) Ag/Cu(001) pseu-
doepitaxy, but contrary to the p(10X10) Ag/Cu(ill)
one and to the c (10X2) Ag/Cu (001) reconstruction, the
misfit is accommodated through an array of localized
edge dislocations with a Burgers vector b=a/2 [1-10].
The atomic structure of the Ag layer can then be ana-
lyzed in terms of chains, seven atoms long, lying in the
[1-10] channels, separated by a pseudovacancy (see Fig.
11).

3. Pseudohexagonal reconstruction (n X2)

As for the (001) orientation, it is possible to coinpact
the Ag layer by forming hexagons in which the Ag close-
packed rows lie now along the open [001]direction, every
second row being shifted along this direction. In that
case, the geometrical criterion (18) has to be rewritten

along the open (001) direction, which gives (see Appen-
dix B),

5n 5n
r*v'2 —1 0.2526

(24)

At the difference of the (001) and (111) cases, the com-

pacting of the surface is achieved now by adding Ag
atoms along this direction, the simplest cells being ob-
tained for 5n =1 (n =4) and 5n =2 (n =8). We have
then optimized the adsorption energy with respect to n

for these two values of 5n As can .be seen in Fig. 9, the
minimum is obtained for the p(7X2) structure, i.e. ,
5n =2 and n =7. The corresponding relaxed pseudohex-
agonal structure is shown in Fig. 12. The corrugation on
the first plane [5z(0)=0.29 A] is found to be more im-

portant than for the near-hexagonal c (10X2) superstruc-
ture on the (100) face and even more than for the (111)
face. This corrugation is accompanied by a very large di-

lation contraction of the first interlayer distances,

do =53.9%, di = —7.9% .

Surprisingly, its adsorption energy

FIG. 10. Perspective view of the Ag/Cu(110) p(1X8) [(a)
pseudoepitaxy, 18 unit cells] and p(2X7) [(b) missing-row
reconstruction, 12 unit cells] superstructures. The white

spheres indicate the Ag atoms and the black spheres indicate
those of the Cu substrate.

E,d, (8= l. 286) = —3.052 eV/atom

is found well above that of the p (1 X 8) pseudoepitaxy
and even hardly lower than that of the pseudomorphy
(see Fig. 9), although it corresponds to a higher coverage
(0= l. 286). The origin of this unusual behavior has to be
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related to the probable repulsive character of the effective
interactions between [1-10]Ag chains, as has been found
for the pure Au(110} surface or for Cu or Ag(110) under
stress.

4. Missing-rom reconstruction p (2X n )

If repulsive effective interactions really exist between
[1-10] Ag chains, one can expect a great stability of a
missing-row-type reconstruction. ' ' As for the pseu-
doepitaxy, we have to optimize the periodicity n along
the [1-10] direction, whereas every second [1-10] Ag
chain is missing. The minimum of the adsorption energy
is now obtained for n =7 (see Fig. 9),

E,d, (8=0.43)= —3.090 eV/atom .

This value is very close to that found for the p(1X8)
pseudoepitaxy and significantly lower than for the
p (7 X 2) pseudohexagonal reconstruction, which confirms
the repulsive character (or at lest the weakness) of the
effective interactions between [1-10] Ag chains. The
p(2X7) superstructure, illustrated in Fig. 10(b), has the
same characteristics as the p(1XS) pseudoepitaxy, i.e.,

the misfit is accomodated by an array of pseudovacancies,
separating Ag chains, now six atoms long. The corre-
sponding relaxations are lower than for the pseudoepi-
taxy,

dQ =9.7%, d 1
= —3.1% .

One can note in Fig. 9 that, similarly to what is observed
when going from pseudomorphy to pseudoepitaxy
(1 X 8), the adsorption energy of the p (2X7}structure is
significantly lower than the missing-row pseudomorphy
(MRP) p(2X1).

5. Discussion and comparison with experiments

The great variety of experimental results indicates the
peculiarity of the (110) surface. ' Whereas, for the (111)
and the (100) faces, only the (9+1X9+1)pseudoepitaxy
and the c (10X2) pseudohexagonal reconstruction are ob-
served, a large number of superstructures are mentioned
as a function of the coverage for the (110) face: ' a
p (1 X 8) or a p(1 X 5), depending on the temperature for
8(0.9 and a p(7X2) or a c(4X2) for 8=-1.25. More-
over, some indications for the occurrence of another
structure at 0-=0.5 are also given, consistent with the
missing-row reconstruction. ' Thus a very rich phase di-
agram (8, T) is suspected for the (110}face, as expected in
the presence of attractive effective interactions between
Ag adatoms along the [1-10]direction and repulsive ones
perpendicular to this direction. ' ' This is in good agree-
ment with our simulations, which give only the stable
structures at T =0 K.

V. CONCLUSION

(b)

&001& - ~
)l

&110&

FIG. 12. p(7X2) Ag/Cu(110) pseudohexagonal structure.
(a) Perspective view (two unit cells). The white spheres indicate
the Ag adatoms and the black spheres indicate the Cu substrate
atoms. (b) Top view {one unit cell). The large dots denote the
Ag adatoms, and the small dots indicate the Cu atoms of the
first underlayer.

Using the extended tight-binding quenched-molecular-
dynamics simulation, we have determined the atomic
structures of an Ag monolayer deposited on the three
low-index faces (111),(100), and (110)of a Cu substrate.

On the (111) and the (100) faces, we have obtained
near-hexagonal monolayer structures. A very unexpected
result is the multilayer corrugation found for the (111)
face: the Ag atoms, which are on top positions, embed
themself in the substrate, instead of rising up above the
surface. This leads to a strong corrugation, which affects
the first 10 layers of the substrate. This result shows the
severe limitation of the often-made rigid substrate ap-
proximation. A consequence of this extended corruga-
tion can occur in the superficial segregation
phenomenon. ' As mentioned in Sec. IVA2, due to
the undulations, some sites in the selvedge are in
compression: it means that they would be preferentially
occupied by small atoms. This suggests a decoration
method to obtain a local pressure map near the surface.

This study points out a major difference between the
"isotropic" (111)and (100) faces and the more anisotrop-
ic (110) one. For the first two orientations, the deposited
layer has a tendency to compact itself up to (or even
slightly above) the pure close-packed Ag(111) plane den-
sity, similarly to pure 5d metal surfaces: Au(111) recon-
struction with a compacting of about 4%, ' ' and Ir,
Pt, and Au (100) reconstructions with the formation of
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TABLE I. Parameters values for Ag and Cu.

A

(eV) (eV)
B C44 C' E„

(eV/atom) (eV/atom) (eV/atom) (eV/atom)

0
0

(A)

Cu 0.0894 10.55 1.2799 2.43

Ag 0.1031 10.85 1.1895 3.18

10.44
(10.44)
11.55

(11.55)

5.74
(6.03)
5.35

(5.45)

1.91
(1.91)
1.92

(1.82)

—3.50
(
—3.50)
—2.95

(
—2.95)

2.56
(2.56)
2.89

(2.89)
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APPENDIX A: DERIVATION OF THE INTERATOMIC
POTENTIALS FOR THE Cu-Ag SYSTEM

The parameters (A,p, q, P) defined in Eqs. (4) (6), and
(9) are fitted, for the pure metals, to the experimental
values of the cohesive energy E„h,the lattice parameter
a, the bulk modulus B, and the elastic constants C44 and
Ci 87

E„„=6A(2+R2) —p+6(2+Ep), (A1)

distorted hexagons. This has to be related to the
tensile strain found for the unreconstructed metal sur-
faces. On the other hand, very open superstructures are
stabilized for the (110) surface. In other words, the in-
teractions between Ag adsorbates are attractive for the
(111)and (100) orientations, as is generally admitted for a
metal-metal system, but repulsive (at least between adja-
cent close-packed rows) for the (110)face.

Finally, let us mention the various modes adopted to
accommodate the size mismatch along the close-packed
[110]directions: the accommodation is homogeneous for
the near-hexagonal superstructures whereas we observe
an array of very localized dislocations for cubic or rec-
tangular structures. The latter situation can better
be described in terms of pseudovacancies which can be
disordered at TAO K. It should then be tempting to
rationalize these differences by means of a Frenkel-
Kontorowa —type model, while keeping in mind that the
rigid substrate approximation inherent to this model may
be too severe. Current work is under progress in this
direction.

(12+6E2 &2)=0 6pA (2+R&&2}=Pq
Br (12+6E~)'i

4A 2 2~ (1+R,)—
3 9(6+3E~ )

(A2}

x [(6+3E2V2) +36E~(1—v'2)2]

Cg4 =pA (p —1 —R2&2)

qp (2q —1 —E2V'2),
(12+6E )'~

(A3}

(A4)

C' = (P 3+4pR,—) — (q 3 +4qE, )
pA

(12+6E2)'

(A5)

with E2 =exp[ —2q (v'2 —1)] and R2 =exp[ —p(&2—1)].
In these formulas, the repulsive interactions and the

hopping integrals are extended up to the next-nearest
neighbors. They are linked up to zero with a fifth-order
polynomial to avoid discontinuities both in the energy
and in the forces. To ensure that the homoatomic in-
teractions do not change when going from the pure metal
to the alloy, we use this polynomial termination from the
biggest distance between next-nearest neighbors (here the
Ag one) up to the smallest distance between third neigh-
bors (here the Cu one). The values of the parameters
(A,p, q, p) for both metals are given in Table I, with a
comparison between the experimental ' and the calcu-
lated values of E„a,B, C44, and O'. The agreement is
very satisfactory.

The heteroatomic terms ( AIJ,pij, qlJ, pi& ) are obtained
from the heat of dissolution of one impurity of Ag in Cu
and vice versa. Due to the importance of the size effect
between Cu and Ag, it is of prime importance to allow
the atoms to relax to obtain these energies. We then
adopt a trial-and-error method to get AIJ and pzJ, plJ
and qlJ being given by an arithmetic average of the pure

TABLE II. Heteroatomic parameters with heats of solution hH.

Cu-Ag

A

(eV)

0.0977 10.70

(eV)

1.2275 2.805

hH (Cu in Ag)
(eV/atom)

0.276

hH (Ag in Cu)
(eV/atom)

0.396
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metal parameters. The values of the heteroatomic pa-
rameters are given in Table II with the heats of solution
bH (A in B) and b,H (B in A) used in the fitting pro-
cedure. As for the pure metals, we impose the heteroa-
tomic interaction to go to zero at the same distance by a
fifth-order polynomial.

APPENDIX 8: COVERAGES AND DENSITIES
OF THE SUPERSTRUCTURES

We present here the correspondence between the abso-
lute atomic surface density (in atoms/cm ) and the vari-
ous possible definitions for the coverage, either as the ra-
tio 8 between the numbers of Ag and Cu atoms in the 2D
mesh [absolute coverage defined in Eq. (17)] or expressed
in Ag(111) monolayer (ML) units OM„. This is illustrated
in Table III in the case of all the most stable superstruc-
tures determined for the three low-index orientations.

One observes that the superstructures obtained "at the
completion" for the three low-index faces correspond in
each case to 8M& close to unity. This can suggest a new
criterion for the choice of the optimal periodicity, which
differs, except for the (111)face, from the geometrical one
developed in the main text [Eqs. (18), (19), and (24)].
Namely, HM„=1 leads to the following: for the pseu-
doepitaxy of the (111)face, n =5n /(r* —1); for the hex-
agonal reconstruction of the (100) face,

TABLE III. Surface densities and coverages for the three low

index orientations.

Face Superstructure
NAg

Density g 8

Ncu
(10" atoms/cm ) [Eq. (17)]

~ML

(100)

(110)

pure Ag

p (10X10)
Pseudomorphy

pure Ag
c(9X9)
c(10X2)

Pseudomorphy

p(2X7)
pure Ag
p(1X8)

Pseudomorphy
p(7X2)

1.383
1.427
1.762

1.197
1.206
1.373
1.526

0.463
0.847
0.944
1.079
1.388

0.785
0.810
1.000

0.785
0.790
0.900
1.000

0.429
0.785
0.875
1.000
1.286

1.000
1.032
1.274

0.866
0.872
0.993
1.103

0.335
0.612
0.683
0.780
1.003

n =&35n/[2(r') —&3] and for the hexagonal recon-
struction of the (110) face, n =&35n /[v'8(r ') —&3].

For the last structure, it is interesting to note that this
criterion leads to n very close to an integer value (n =7)
for 5n =2, in good agreement with the observation of the
p (7 X 2) superstructure.
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