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Charge transfer, surface charging, and overlayer-induced faceting
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Local density functional calculations are used to analyze the change of surface energy of metallic surfaces
upon surface charging. We then studied the systems involving overlayers of fcc metals on Mo~111! and
Mo~211!. It has been observed experimentally that some fcc overlayers can drive Mo~111! and W~111! surfaces
to facet to the$211% orientation, and there is a strong correlation between the electronegativity of the overlayer
and the faceting transformation. Only strongly electronegative fcc elements can cause the faceting, and we
apply our analysis to see whether surface charging is main driving mechanism in view of such an empirical
correlation. Our results show that surface charging is not the dominant force driving the growth-induced
faceting phenomena.
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I. INTRODUCTION

There are some situations in which a metal surface
charged. When a metal surface is subjected to an exte
electric field, say inside a field ion microscope, or nea
STM tip, the surface region will have a screening char
The surface of a metal electrode is also charged inside e
trochemical shells. When a surface has absorbates that
different electronegativity, charge transfer will also ta
place. In some cases, the surface charging is accompanie
a change of surface morphology and surface properties.
example, it is known that surface charging can cause sur
reconstruction in fcc metal surfaces@e.g., Ag(110)(131) to
(132) upon alkali adsorption#.1 It is also known that surface
charging can stabilize surface vacancy arrays, leading
change of surface configuration.2 Local surface reconstruc
tions and macroscopic faceting have also been observe
metal electrode surfaces.3 Overlayer adsorption can caus
some substrate to become unstable if the overlayer and
substrate have a significant difference in electronegativ4

Closely related to surface charging, an external electric fi
can also cause changes in chemisorption bonds.5 Some of
these changes may be traced to the surface charging e
However, in the case of absorbate adsorption and overl
growth on electrode surfaces, the surface atoms are inte
ing chemically with the absorbates or electrolyte ions. It
not always clear whether the morphology change is ma
driven by surface charging or by a chemical bonding mec
nism.

It is always desirable to know which part of the intera
tion is the main driving force. In particular, we would like t
see whether surface charging alone can account for the
phology change and if it is indeed the case, we have a be
understanding of the physics of the problem. If surfa
charging can indeed be identified as the major thermo
namic driving force of certain surface phenomena, it wo
be a clean and elegant explanation of the observed phen
ena since surface charging is rather generic and does
depend on the details of chemistry. A good example is
work of Fu and Ho,6 in which they considered whether su
face charging can cause surface reconstruction in fcc~110!
metal surfaces. The experimentally observed reconstruc
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of Ag~110! is induced by alkali adsorption. The driving forc
can be surface charging effect or chemical bonding effect
and Ho’s LDA calculation had no absorbates and theref
no ‘‘chemistry,’’ but considered the change of the surfa
energy purely as a function of surface charging by impos
an external electric field, and showed that surface charg
alone can already drive the (131) to (132) saw-tooth re-
construction. The main driving force is thereby clarified. T
earlier work of Heine and Marks7 used a simple model, an
also traced the reconstruction to increased lateral interac
of surface atoms upon negative charging the surface. L
wise, Cheet al.2 found that surface charging can stabiliz
surface vacancy arrays in bcc~100!, leading to a change o
surface configuration, which then explained some intrigu
phenomena including surface alloying and field-ion obser
tions of the W~100! surface. On the other hand, Bohnen a
Kolb8 considered whether surface charging can account
the lifting of Au~100!-hex reconstruction in an electrochem
cal environment, and their conclusion is negative. Th
found that only specific adsorption can explain the volta
induced morphology change.

It is in the same spirit that we consider whether surfa
charging is the main cause of some intriguing faceting p
nomena induced by the growth of overlayers of fcc metals
top of bcc~111! substrates. It is known that the growth o
some ultrathin fcc metal films on Mo and W~111! metal sub-
strate can drive the substrate to facet, exposing macrosc
facets of@211# orientations. It is well documented that on
metals with Pauling electronegativity greater than 2 such
Au, Pd, and Pt~2.54, 2.20, and 2.28! on Mo~111! and
W~111! substrate can cause faceting. Metals of lower el
tronegativity such as Cu and Ag~1.90 and 1.93! do not cause
faceting.4 Since different electronegativity will induce differ
ent charge transfer, it is natural to ask whether the surf
charging is the main driving force for the faceting transfo
mation. It is in fact tempting to think that charging effect
important, as there is indeed an established experimental
relation with electronegativity. We can also argue that fa
ting increase the total surface area, leading to less elec
static repulsion. On the other hand, Tao, Rowe, and Mad9

measured the W 4f 7/2 surface core level shifts from th
W~111! interface covered by a monolayer of many met
©2003 The American Physical Society11-1
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using high-resolution photoemission and they found a co
lation with the heat of adsorption, but no clear correlati
with the Pauling electronegativity. If surface charge trans
were playing an important role in the faceting process, o
would expect a correlation between electronegativity and
core level shifts. However, the relationship between cha
transfer and chemical shift is complicated by many factor10

We shall see that the microscopic details are indeed v
complex. We note that in the many systems where cha
transfer is significant, typically in absorbate systems, we
consider the total energy change of everything and the res
usually agree well with experiment. Such an approach
been used successfully11 for overlayer induced faceting, bu
in this article we focus on the problem: Is overlayer-induc
faceting essentially a surface charging effect? We also n
that for metal surfaces, imposing an external field is equi
lent to surface charging.

The paper is organized as follows. Section II discus
how one may impose an external field to induce surf
charging with the local-density formalism, and analyze h
the surface energy may change. Section III discusses th
fect of Mo~111! and Mo~211! under surface charging. In or
der to exclude effects of chemical bonding and examine
effects of electron transfer in faceting phenomena, we w
model a clean Mo~111! and Mo~211! surface under an elec
tric field. The electric field will induce an extra charge on t
clean surface due to screening effects, the magnitude o
electric field is adjusted to reflect the charge transfer betw
the corresponding adsorb and substrate. Thus, the effe
chemical bonding between adsorbate and substrate ca
excluded. Section IV then considers the charging effect
to the specific effect of the overlayer adsorption. Section V
the conclusion.

II. THE IMPOSITION OF ELECTRIC FIELD

We are going to first consider the generic effect of surfa
charging. For that purpose, the external governing param
is the surface charge density, or equivalently, the direc
and magnitude of an externally imposed field. The impo
tion of a static external field within the local density~LDA !
formalism is not difficult, and various formulations can b
found in the literature.6,8,12 LDA is indeed the method o
choice if we want to gain an understanding of the physics
the microscopic level. Empirical and semiempirical metho
~e.g., classical force fields, embedded-atom method, ti
binding models! require less resources, but the application
external fields will inevitably lead to induced charge re
rangements that cannot be handled properly by empirical
proaches. LDA can take care of these subtle effects s
consistently.

Our surface systems will be modeled by the stand
‘‘slab’’ geometry. The slabs are repeated, separated b
vacuum region of 18 Å. To include the effect of an extern
electric field, the most convenient way is to put two exter
uniform charge sheets in the vacuum at the distance of a
Å away from the geometrical surfaces, which simulates p
ting the slab into a capacitor. For metallic systems, the e
trons will rearrange themselves to give a surface charg
12541
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screen out the field so that the electric field cannot penet
into the bulk. For good metals, the field can hardly penetr
the top one or two layers, so that slabs of about ten lay
should be thick enough for most purposes. The surface e
tronic charge and the external charge sheet will establish
electric field whose strength is controlled by the surfa
charge density of the charge sheet. We note that the sur
electronic screening charge on both sides of the slab is
tablished automatically during the self-consistency iterat
process. Thus the magnitude of the external field and
degree of surface charging can be controlled convenie
simply by varying the charge density of the external cha
sheet we impose into the system. The plane-averagedz com-
ponent of theE field in vacuum would be given by Gauss
Law, and depends on the charge per unit area of the exte
charge sheet (s). The profile of the electronic screenin
charge depends on the properties of the material and
orientation of the surface, and can be determined by find
the difference in charge density between two calculatio
one with and the other without the external charge she
The atomic positions must be the same in both calculatio
and correspond to those that optimize the energy of the
tem with the external field turned on. The electric field pr
file can be determined once we know the profile of the
duced screening charge. Comparison of theE-field strength
in the vacuum region with the Gauss’s law result provide
quick and convenient check to see whether the separa
between the geometrical surface and the external ch
plate is big enough. The induced screening charge profile
also give the penetration depth of the external field.

We choose to use a symmetric configuration for impos
the E field. The external charge sheets outside each sid
the slab have the same sign, and we inject or deplete e
trons from the slab to maintain overall neutrality. The ext
nal charge sheet has the formrext(z)5 f (za)1 f (2za),
where za and 2za are the positions of the sheet, with th
center of the slab taken to bez50. The function f (z) is
taken to be a Guassian which decays fast enough as tha
have a ‘‘thin’’ charge sheet. We avoid using a delta functi
since its Fourier transform has strong Gibbs oscillatio
Since we are considering metallic systems, the extra~or de-
pleted! electrons will all be localized on the slab surface
screen out the field. The interior of the metal is locally ne
tral. It is surely possible to impose external sheets of
opposite sign on either side of the slab, as a few authors h
done before. There is in fact no difference for the screen
charge profile between the two cases. We prefer to use
symmetric configuration because it allows a straightforw
consideration for the surface energies of a given field a
polarity. Self-consistency of electronic charge and poten
is also reached much more easily.

We note that in such a formulation, there is no need
include terms that carry explicitly an externalE field ~it can
be done if we wish to do so!. All that enters into the LDA
functional are the additional Coulombic potential due to t
charge sheets: the field establishes itself automatically as
iterate to self-consistency.
1-2
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CHARGE TRANSFER, SURFACE CHARGING, AND . . . PHYSICAL REVIEW B67, 125411 ~2003!
III. GENERAL CONSIDERATIONS

A. Electrostatic energy

We now consider the change in energy when there is
external field imposed on a metal surface, leading to surf
charging. We first focus on the electrostatic energy, and
will see that the field-induced energy contains a surface t
that depends only on the field strength and a term that
pends explicitly on the geometry~the size of the unit cell, the
form of the external charge sheet!. Thus, specifying the sur
face charging alone cannot determine the surface forma
energy. There is always an additional term that depends
the geometry of the problem, which is indeterminate unl
we specify the configuration of the opposing charging.
good example is the case of the metal/electrolyte syst
Knowing the surface charge per unit area does not spe
the system energy. We also need to know the state of
electrolyte and its spatial distribution before the capacita
energy can be determined.

We use a Fourier space expression since we are u
periodic boundary conditions in our LDA calculations. W
note that the system is always neutral overall. The exte
field is imposed by external charge sheets, which is prese
by rext, which will be balanced by the extra charge of o
posite sign in the surface of the slab. For example, ifrext is
positive, extra electron states will be occupied and ifrext is
negative, there will be less electron occupancy in the syst

We write the total electrostatic energy per unit cellj as

jCoul5
V

2 (
GÞ0

8p

G2
$rslab~G!1rext~G!%2, ~1!

whererext(G) and rslab(G) are the Fourier components o
the external charge sheet and the slab, respectively.rslab here
includes charge from electrons and ionic cores.V is the unit
cell volume. It is convenient to write

rslab~G!5r0~G!1Dr~G!, ~2!

wherer0(G) is the total charge of the slab when we turn o
rext ~i.e., no external field!, but the atomic positions are fixe
at those that minimize the total energy of the system in
presence of an external field.r0(G) contains both the charg
of the ionic core and the electrons.Dr is then the screening
charge and it is localized near the metal surface to screen
bulk of the metal from the external field. We shall see t
form of Dr for Mo~211! in Fig. 1 below. We note tha
Dr(G50)5rext(G50) a nd the Fourier componentsDr is
dictated by the response of the system. For metals, theDr(r )
in real space will be localized in the surface region to scr
out the external field so that it cannot penetrate into the b
of the metal~except for the Friedel oscillations!. The surface
charge density given bys5(1/A)*dz**ADr(r)dxdy,
where A is the area of the surface unit cell~ in the LDA
calculations, the*dz is performed from the middle of the
slab to the middle of the vacuum region!. We can write Eq.
~1! as
12541
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jCoul5
V

2 (
GÞ0

8p

G2
$r0

21r0* @Dr~G!1rext~G!#

1@Dr~G!1rext~G!#2% ~3!

The charge distributionDr1rext will lead to an electric
field in the vacuum.@See Fig. 2 for Mo~211!#. According to
the Poisson equation, theDr1rext will have a corresponding
electrostatic potential with Fourier components

V~G!58p
Dr~G!1rext~G!

G2
~4!

and a corresponding electric field with Fourier componen

E~G!52 iGV~G!. ~5!

If the external charge sheetrext is placed far away from
the surface, this electric field will be nearly uniform, pointin

FIG. 1. The screening charge for Mo~211!, under an external
field of 3 V/Å. The vertical solid lines indicate the position of th
atomic layers. Only half of the slab is shown.

FIG. 2. Thexy-averaged electric field as a function ofz, as
calculated from Eq.~5! for Mo~211! when an external charge she
is placed in the vacuum to impose an field of 3 V/Å. The vertic
solid lines indicate the position of the atomic layers. Only half
the slab is shown. The field inside the slab is zero, as the exte
field is screened by the screening charge shown in Fig. 1. The
rises smoothly from the surface to the value of 3 V/Å in t
vacuum, as the screening charge resides outside the geome
plane of the top surface layer. The smooth change of the potenti
the middle of vacuum is because we have a Gaussian-like ch
sheet.
1-3
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J. G. CHE AND C. T. CHAN PHYSICAL REVIEW B67, 125411 ~2003!
in thez direction in the vacuum region, and has a value giv
by s according to the Gauss’s Law. Close to the surface,
electric field will be inhomogeneous and deviates from
Gauss’s law value and eventually becomes zero in the b
of the metal.

The three terms in Eq.~3! can be interpreted as follows
The first term is the electrostatic energy of the ions and
electrons in the slab when the external charge sheet is
there. The second term is the interaction of the external fi
with the slab. Since the field is zero deep inside the s
while the charge density of the slab is zero deep inside
vacuum, this is a surface term. For a small and mode
amount of surface charging, this term is expected to be p
portional to the surface charge densitys ~or the electric
field!. This term can also be interpreted as the interaction
the external field with the surface dipole of the metal surfa
If the metal slab is approximated by a jellium slab, t
change in the surface energy to the first order is proportio
to r0s/a2, wherea is an inverse length that measures t
penetration of the electric field into the jellium slab.13 Our
work here basically calculates this term faithfully within th
local density formulation. We note that if the external fie
points outward from the surface, the external electric fi
and the intrinsic surface dipole would point to opposite
rections, causing an increase in energy. Likewise, a decr
of surface energy is expected if the external field points
wards the surface. This will be shown to be indeed the c
in our calculations. If the induced surface charge is big, i
possible that the surface atomic structures are modified,
this will make the second term slightly nonlinear. The th
~last! term can be rewritten as (1/8p)*E2dV, where the
electric field E is given by Eqs.~5! and ~4!. Most of the
energy of this term is stored in the vacuum region sa
wiched between the external charge sheetrext and the elec-
tronic screening chargeDr, which literally forms a capaci-
tor. Since the value of this term is dependent on the dista
between the charge sheet and the metal surface (Dr is al-
ways near the metal surface!, this ‘‘capacitance energy’’ term
is always geometric dependent. We subtract away the b
energy from the total energy of the system, and we will ha
the surface energy in the presence of surface charging in
form g(s)5l(s)1C(s,G), wheres is the surface charge
density,l(s) is the term linear ins. C(s,G) is a ‘‘capaci-
tance’’ energy due to the existence of an electric field outs
the surface charges. This term is geometry dependent,
should be second order ins. In our LDA supercell calcula-
tions, this term depends on the choice of the unit cell, an
proportional to the square of the electric field in the vacu
~or s) region and the size of the vacuum. It is interesting
note that some of the surface energy curves in the pres
of E field of some previous work6,8 have a quadratic appea
ance because of this term.14 In electrochemical cells, this
term manifests itself as the electrostatic energy in the dip
layer, and will depend on the spatial distribution of the io
and electrolytes. In the overlayer induced faceting probl
that we shall consider in the next section, this ‘‘capacitan
energy’’ term depends on the distance between the overl
and the substrate as well as the amount of charge transfe
12541
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In our LDA calculations, we can calculatel(s) according
to

l~s!5
1

A H j total~s!2njbulk2
1

8pE E2dVJ , ~6!

wherej total(s) is the total energy of the whole surface un
with the external charge sheet in place, andjbulk is the total
energy of the atom in the bulk. We note that the terml(s)
defined here includes not only the field-dipole energy a
contribution to the surface energy change due to the exte
electric field. It actually containseverythingLDA gives for
the field-induced change that is specifically a surface te
including the change in exchange-correlation energy. T
field induced atomic relaxation, as well as the field induc
change in the surface dipole, are all taken into account a
matically and self-consistently. Both are small effects
small fields, but will makel(s) vs s deviates slightly from
linearity at higher fields. The electric fieldE is calculated
according to Eq.~5!. The l(s) term is well defined, in the
sense that for a given substrate and a given amount of
face charging~so many electrons per surface unit cell!, this
quantity has a unique value, independent of the choice of
unit cell.

B. The term l„r…

After the general consideration, we will consider the sp
cific case of overlayer induced faceting of the substrate
~111! surface of Mo and W, and see if surface charging~due
to charge transfer between substrate and overlayer! can ac-
count for the experimentally observed phenomena.

Some details of the calculation is now in order. We w
consider Mo and the substrate is modeled by a slab of
layers of Mo for both~111! and~211!.15 One physical mono-
layer of adsorbates@which corresponds to three geometr
layers for ~111! orientation and two geometric layers fo
~211! orientation#16 are added as additional pseudomorph
layers on the both side of the slab. The slabs are separate
a vacuum distance of 18 Å. More vacuum is used than us
because of the need to include theE field. The calculations
are done in the framework of the local density function
approximation,17 norm conserving pseudopotential18 and the
Ceperly-Alder form of local exchange-correlatio
potential.19 We employed a ‘‘mixed basis set’’20 which con-
sists of both local orbitals centered on atomic sites and pl
waves with a kinetic energy up to 11.5 Ry. The numeri
local orbitals are varied to minimize the plane wave cutoff
obtain convergence. The method has been applied succ
fully to many transition metal systems.20 The k points are
sampled on an 83831 grid in the surface Brillouin zone.

Figure 1 shows the plane-averaged screening chargeDr
@see Eq.~2!# on a Mo~211! slab due to the electric field o
3 V/Å. This is the upper bound of the field we used in t
following calculations. Since the external charge plate
negative, the screening charge corresponds to a depletio
electrons. We note that the screening charge is induced
charge plates outside the slab. The external charge plate
the screening charge of the metal surface together give ris
a Coulombic potential, which gives an electric field. We no
1-4
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CHARGE TRANSFER, SURFACE CHARGING, AND . . . PHYSICAL REVIEW B67, 125411 ~2003!
that the screening chargeDr screens the external field, an
therefore the interior of the slab has essentially zero fie
The field does not rise abruptly at top layer, but rises smo
to its vacuum value of 3 V/Å when theDr is nearly zero.
The charge profile~and hence the surface charge density! in
Fig. 1 is an unique property of the Mo~211! and the strength
of the external field which determinesl(r). However, the
electric field energy in the vacuum depends on the size of
vacuum region. This leads to a geometry dependentC(s,G)
that we will consider later.

In Fig. 3, we plot the value ofl(s), defined by Eq.~6! as
a function of surface charge density for Mo~111! and
Mo~211!. As predicted by the theory, it is almost linear.

In order to determine whether surface faceting is poss
or not, we should consider the inequality, according to
theory of Herring:21

g211

cosu
,g111. ~7!

If this inequality is satisfied, there is a thermodynamic dr
ing force for faceting. The cosine term takes into accoun
the increase in area of the facets.

Let us now consider the contribution of the surface s
cific ~field-dipole interaction! terml to the surface energy in
Eq. ~7! to see if thel term satisfies this condition. When th
surface is charged~due to the charge transfer to the ove
layer!, we have to know the charge transferred on differ
orientations before we can compare them. It is known t
exactly the same number of overlayer atoms that cove
~111! surface will cover the~211! facets after the faceting
transformation.4 If we assume that the amount of char
transferred per unit area is proportional to the number
overlayer atoms per unit area~we will see that this assump
tion is better for some elements than others in the follow
sections!, then the surface charging on the~211! facets are
smaller than the surface charging on~111! by a factor of
cosu. That is because we have exactly the same numbe
atoms on~211! as on the~111! orientation, but the~211!
facets have an area increased by the geometrical facto
cosu. This being the case,s2115s111cosu, wheres211 and

FIG. 3. The squares and solid dots show, respectively, the sc
surface energiesl111(s111) and l211(s111cosu)/cosu ~see text for
definition! as a function surface charge density. The highest sur
charge density calculated corresponds to a very high field
3 V/Å.
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s111 are the surface charges per unit area on the~211! and
~111! orientations, respectively, so that when we are cons
ering the Herring faceting condition, we should consider

l211~s111cosu!

cosu
,l111~s111!. ~8!

This is plotted in Fig. 3, where we compar
l211(s111cosu)/cosu with l111(s111) as a function ofs111.
We note that the cosu term in the denominator penalizes th
~211! orientation because the area increases after face
leading to an increase in the total energy for a fixed value
the surface energy. However, the cosu term in the bracket of
the numerator favors the~211! orientation because the are
increases, the transferred charge is spread out over a b
area, leading to a smaller surface charge density. Figu
shows that when both effects are considered, the inequali
not satisfied, and thus if we ignore the ‘‘capacitance ener
term, the surface charging will not lead to faceting
Mo~111!, as the inequality is never satisfied for any reaso
able values of charge transfer.

The LDA calculated results can be understood as follo
Consider the difference

D~s!5l211~scosu!2l111~s!cosu, ~9!

wheres5s111, sincel(s) is nearly linear with respect to
s, we have upon expansion to first order

D~s!5$l211
0 1x211s cosu1•••%

2$l111
0 cosu1x111s cosu1•••%

5$l211
0 2l111

0 cosu%1$x2112x111%s cosu

~with s.0!, ~10!

where l211
0 is the energy of the~211! orientation without

surface charging, and thex ’s are the derivative of the surfac
energy @as defined by Eq.~6!# with respect to the surface
charge~or external field!. As such, thex ’s are proportional to
the surface dipole potential. The first term (l211

0

2l111
0 cosu) is just the Herring faceting condition.21 We see

from Fig. 3 ~at s50) that l211
0 2l111

0 cosu.0 so that the
clean Mo~111! should not facet to Mo~211! even though
~211! has a lower surface energy per area, but not l
enough to compensate for the penalty of area increase.
is consistent with experimental observations that cle
Mo~111! is a stable surface. For the same metal, the orie
tion with a higher surface dipole has a higher work functio
Since the~211! orientation is a more compact surface,
should have a higher work function than~111!. Our calcula-
tions found that the work function for~211! is 4.8 eV, higher
than the calculated result of 4.4 eV for~111!, and this implies
that x211.x111. This is indeed the case as the slope for t
~211! curve in Fig. 3 is indeed higher than that of the~111!.
This also means that the second term in Eq.~9! will only
make~211! less favorable ifs.0, which is the case when
the overlayer is more electronegative.

Our result shows that a negative electric field~pointing
out from surface! does not promote faceting. This is as far
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we can go to discuss the phenomena as a generic effe
surface charging. Beyond this point, we need specific in
mation about the interaction with overlayers, and we sh
derive the information from further LDA calculations. W
first try to determine the charge transfer. We consider
adsorption of Cu, Ag, Au, Pd, Pt on Mo~100! and~112!. We
note that Cu and Ag are less electronegative than Au, Pd
Experimentally, it is observed that the former group does
cause Mo~111! to facet. The second group does.

C. LDA calculated charge transfer and electrostatic energy
term that is second order in s

It is possible to determine the effect of surface charging
a ‘‘generic’’ effect up to the lowest order~linear in s). As
shown above, the electrostatic energy term that is sec
order ins cannot have a generic description. We must c
sider the specific properties of the overlayer~at least we need
to know how far is the overlayer away from the substrate!.

In order to determine of the charge transferQ between the
substrate and the overlayer, the metal overlayers are pu
both sides of the Mo substrate slab and the atomic posit
are fully relaxed and the total electronic charge densityrslab
is recorded. The charge density of the clean substratersubstrate
and that of the freely suspended overlayerroverlayer are cal-
culated separately and we the calculate the difference

dr5rslab~r !2$rsubstrate~r !1roverlayer~r !%.

We note that thisdr(r ) is not the same as the screeni
charge densityDr(r ) in the previous section. The screenin
charge densityDr(r ) is the screening charge of the met
substrate in response to a uniform externally imposed fi
As such,Dr(r ) is strictly the property of the metal substra
~Mo in this case! only, while thedr(z) defined here depend
on both the properties of the substrate and the overlayer
averagingdr(r ) over thex-y plane, we obtaindr(z) from
which we see that there is a depletion of electrons on the
substrate and an excess of electrons of the fcc metals.
charge transferQ from the Mo substrate to the overlayer
determined by integratingdr(z) from the middle of the slab
to a dividing that half way between the last Mo plane and
first overlayer atomic plane.22 The surface charge densitys
is just Q per unit area. The values are shown in Table I. W
see from the LDA calculations that electrons always mo
from the Mo substrate to the fcc metal overlayer, consist
with the fact that the fcc metals are more electronegat
This is true for both~111! and ~211!. We also see that the
more electronegative is the fcc element on the Pauling sc

TABLE I. LDA calculated charge transfer~in 1023 electrons/
Å2) for Ag, Cu, Au, Pd, and Pt on Mo~111! and Mo~211!. u is the
angle between@111# and @211#, and cosu50.9428.

more electronegative→
Ag Cu Au Pd Pt

s111 1.54 1.91 3.84 6.32 6.26
s211 0.97 1.08 3.64 6.22 7.39
s111cosu 1.45 0.94 3.62 5.95 5.90
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the larger is the magnitude of the calculated charge trans
We found that for the case of Au,s211's111cosu, so that the
assumption we have used in the previous section~charge
transfer per absorbate atom is independent of the orienta!
is good for Au. In addition, we see a systematic trend. F
the elements Cu and Ag that are less electronegative than
we found thats211,s111cosu, while for the elements Pd an
Pt that are more electronegative than Au, we found t
s211.s111cosu. This trend has the following implication
We note that ifs211.s111cosu, which is the case for the
electronegative elements that cause faceting

l211~s211!2l111~s111!cosu

.l211~s111cosu!2l111~s111!cosu. ~11!

This means that if we take the LDA calculated charge tra
fer, instead of using the simplified assumption ofs211
5s111cosu, the surface energy contribution due to the fie
dipole interaction is even more unfavorable for faceti
since it makes thel211(s211) even higher compared with
l111(s111). In short, the surface specific term (l) induced by
surface charging should suppress rather than contribute to
faceting transformation, and the conclusion is the sa
whether we determine the charge transfer approxima
from simple geometric arguments, or more elaborately w
LDA calculations.

We now considerC(s,G), which depends on geometry
On simple terms, one may argue that this term should fa
the facetted surface. The argument usually goes as follow
we put ~say! Au on Mo, there is a certain amount of charg
transferred from the Mo substrate to the Au overlayer, due
a difference in electronegativity. If the Au covered Mo~111!
system facets to the@211# orientation, the surface area in
creases by a factor of 1/cosu, whereu is the angle between
the two orientations. The surface charge density should
crease, leading to a lower electrostatic energy of the orde
cos2u. Such an argument is very reasonable from a mac
scopic phenomenological point of view, but the reality in t
atomic scale is much more complicated. Such argument
plicitly assumed that the charge transferred per atom is
same, independent of orientation. We already found thro
direct LDA calculation that it is not quite true~see Table I!.
In addition, there are always ‘‘counter charges’’ in the sy
tem, and their position and configuration changes with o
entation. In the system we are calculating, the charge
transferred from the substrate to the overlayer. If we wan
consider the electrostatic energy, that of the whole sys
should be considered. It turns out that the charge tran
distributiondr(z), as calculated from LDA, is a fairly com
plex function. It has envelopes that show charge trans
from the substrate to the overlayer, but there are oscillati
within the envelope, indicating that there are charge
arrangement within the substrate and the overlayers as
sult of the overlayer-substrate chemical interaction and re
bridization. To make things more complicated, the distan
between the overlayer and the substrate varies, dependin
the orientation and the overlayer. For the same orientat
the distance of the overlayer depends on the intrinsic siz
the overlayer atoms and the cohesive energy between
1-6
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overlayer and the substrate. This can be seen in Fig. 4, w
we show the distance of the bottom atomic layer of the ov
layer from the top atomic layer of substrate. The heat
formation11 is larger in magnitude for faceting agents such
Au, Pd, Pt, and the overlayer is found to be closer to
substrate. We found the higher the heat of the formation
the overlayer, the closer is the distance between the overl
and the substrate. Cu is an exception because of its s
atomic radius. We also see that~111! is closer to the sub-
strate.

If we want to push further to see if the electrostatic ene
stored between the charged layer can account for face
we can define

C~s!5(
G

8p

G2
~dr!2~G!.

Since dr is overall neutral, this electrostatic energy
well defined. If we do so, we can consider the contribution
C(s) to the surface energy in Eq.~6!. We thus consider
DC5C211/cosu2C111, to see if this term can contribute t
help the faceting and we note thatDC,0 favors faceting.
The results are shown in Table II. We found numerically th
the two terms inDC are small and nearly cancel each oth
so that theDC term is quite small compared with the surfa
specific terml, and thus would not have changed the co
clusion we have reached in the previous sections. In addit
the numerical results shows thatDC.0 for the more elec-
tronegative elements Au, Pd and Pt; just the opposite tha
required for the driving the faceting transformation. The
are two reasons thatDC does not help the faceting. First, th
overlayer is closer to the substrate in the~111! orientation.
Second, for the more electronegative elements such a
and Pt, the interaction between the substrate is stronge
the ~211! and the~111! orientation, leading to a larger charg

FIG. 4. The distance of the bottom atomic layer of the overla
from the top atomic layer of substrate. The squares are for~111! and
circles for ~211!.

TABLE II. The value of DC ~in 1023 J m22, see text! calcu-
lated by LDA charge densities for five different elements on M
substrate.

more electronegative→
Ag Cu Au Pd Pt

DC 20.4 21.4 0.3 7.8 16.2
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transfer in~211! than the simple geometric relationship.
fact, the surface charge density in facetted~211! is larger
than that on~111! for Pt, even though the Pt is more spre
out on the~211!. This causesDC.0 for the more electrone
gative elements~Au, Pd, Pt!. Thus, whether we consider th
field and surface dipole interactionl, or including the elec-
trostatic energy between of the charge transfer, surf
charging cannot be attributed as the mechanism that
motes faceting.

IV. CONCLUSION

We have analyzed the change of surface energy as co
quence of surface charging. We found that a surface spe
term, interpreted as field and surface-dipole interaction,
be well defined as long as the extent of surface chargin
given. Other contributions depend on the detail geometry
the system. We believe that such analysis is useful in a v
ety of physics and chemistry problems, and can help to
lineate the contribution between charge transfer effects
chemical bonding effects. We then applied the analysis
consider the overlayer induced faceting of Mo~111! surface.
Experimentally, there is an empirical relationship that t
overlayer must have an Pauling electronegativity of at lea
in order that the faceting be possible. This empirical obs
vation may suggest that that the faceting is a consequenc
charge transfer and surface charging of the substrate,
indeed such notion is consistent with a macroscopic pict
that the faceted surface has more area to accommodat
transferred charge. However, we found that neither the
face specific term due to field-surface-dipole interaction,
the electrostatic energy of the geometry dependent term
account for the phenomena. In fact, complex surface p
nomena such as overlayer growth induced instability~face-
ting! and surface morphology changes in electrochem
cells always have different species interacting strongly w
each other. The interaction leads to charge transfer as we
chemical bonding and hybridization. All factors contribute
the energetics, and it is not obvious which factor is the m
important. For the case of overlayer induced faceting,
present analysis shows that surface charging is not the
erning factor despite the strong correlation with electrone
tivity. The governing factor is thus the specific chemic
bonding between the substrate and the overlayer. This is
sistent with previous calculations11 which found that faceting
agents such as Pd and Pt has stronger heat of adsorption
the nonfaceting overlayer elements. We note that a prev
calculation8 also concluded that surface charging is not t
driving force for Au~100! surface reconstruction inside a
electrochemical cell. Lastly, we note that all numerical c
culations are performed with LDA. The qualitative featur
of the results will not be changed if we use the generaliz
gradient approximation~GGA! since the results can be inte
preted semianalytically@see Eq.~10!#, and thus will not de-
pend on the details of the exchange-correlation functiona
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