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Charge transfer, surface charging, and overlayer-induced faceting

J. G. Ché& and C. T. Chan
Department of Physics, Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong, China
(Received 11 September 2002; published 17 March 2003

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 (bhlVend
Mo(211). It has been observed experimentally that some fcc overlayers can driid Mand W(111) surfaces
to facet to thg211} 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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[. INTRODUCTION of Ag(110 is induced by alkali adsorption. The driving force
can be surface charging effect or chemical bonding effect. Fu
There are some situations in which a metal surface isnd Ho's LDA calculation had no absorbates and therefore
charged. When a metal surface is subjected to an externab “chemistry,” but considered the change of the surface
electric field, say inside a field ion microscope, or near aenergy purely as a function of surface charging by imposing
STM tip, the surface region will have a screening chargean external electric field, and showed that surface charging
The surface of a metal electrode is also charged inside elealone can already drive the K1) to (1X2) saw-tooth re-
trochemical shells. When a surface has absorbates that haganstruction. The main driving force is thereby clarified. The
different electronegativity, charge transfer will also takeearlier work of Heine and Marksused a simple model, and
place. In some cases, the surface charging is accompanied biso traced the reconstruction to increased lateral interaction
a change of surface morphology and surface properties. Faf surface atoms upon negative charging the surface. Like-
example, it is known that surface charging can cause surfaagise, Cheet al? found that surface charging can stabilize
reconstruction in fcc metal surfacps.g., Ag(110)(X 1) to  surface vacancy arrays in @60, leading to a change of
(1% 2) upon alkali adsorptiolt It is also known that surface surface configuration, which then explained some intriguing
charging can stabilize surface vacancy arrays, leading to phenomena including surface alloying and field-ion observa-
change of surface configuratiériLocal surface reconstruc- tions of the W100) surface. On the other hand, Bohnen and
tions and macroscopic faceting have also been observed kolb® considered whether surface charging can account for
metal electrode surfacésOverlayer adsorption can cause the liting of Au(100)-hex reconstruction in an electrochemi-
some substrate to become unstable if the overlayer and theal environment, and their conclusion is negative. They
substrate have a significant difference in electronegafivity.found that only specific adsorption can explain the voltage-
Closely related to surface charging, an external electric fielihduced morphology change.
can also cause changes in chemisorption bdrBleme of It is in the same spirit that we consider whether surface
these changes may be traced to the surface charging effecharging is the main cause of some intriguing faceting phe-
However, in the case of absorbate adsorption and overlaygromena induced by the growth of overlayers of fcc metals on
growth on electrode surfaces, the surface atoms are interadbp of bcgl111) substrates. It is known that the growth of
ing chemically with the absorbates or electrolyte ions. It issome ultrathin fcc metal films on Mo and(11) metal sub-
not always clear whether the morphology change is mainhstrate can drive the substrate to facet, exposing macroscopic
driven by surface charging or by a chemical bonding mechafacets of{211] orientations. It is well documented that only
nism. metals with Pauling electronegativity greater than 2 such as
It is always desirable to know which part of the interac- Au, Pd, and Pt(2.54, 2.20, and 2.28on Mo(111) and
tion is the main driving force. In particular, we would like to W(111) substrate can cause faceting. Metals of lower elec-
see whether surface charging alone can account for the matronegativity such as Cu and A@.90 and 1.98do not cause
phology change and if it is indeed the case, we have a bettéaceting? Since different electronegativity will induce differ-
understanding of the physics of the problem. If surfaceent charge transfer, it is natural to ask whether the surface
charging can indeed be identified as the major thermodyeharging is the main driving force for the faceting transfor-
namic driving force of certain surface phenomena, it wouldmation. It is in fact tempting to think that charging effect is
be a clean and elegant explanation of the observed phenormportant, as there is indeed an established experimental cor-
ena since surface charging is rather generic and does ngtlation with electronegativity. We can also argue that face-
depend on the details of chemistry. A good example is th¢ing increase the total surface area, leading to less electro-
work of Fu and Hd in which they considered whether sur- static repulsion. On the other hand, Tao, Rowe, and Madey
face charging can cause surface reconstruction iflf€y  measured the W #%,, surface core level shifts from the
metal surfaces. The experimentally observed reconstructiow(111) interface covered by a monolayer of many metals
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using high-resolution photoemission and they found a correscreen out the field so that the electric field cannot penetrate
lation with the heat of adsorption, but no clear correlationinto the bulk. For good metals, the field can hardly penetrate

with the Pauling electronegativity. If surface charge transfetthe top one or two layers, so that slabs of about ten layers
were playing an important role in the faceting process, onghould be thick enough for most purposes. The surface elec-
would expect a correlation between electronegativity and theronic charge and the external charge sheet will establish an
core level shifts. However, the relationship between charg@|ectric field whose strength is controlled by the surface

transfer and chemical shift is complicated by many fact8rs. charge density of the charge sheet. We note that the surface
We shall see that the microscopic details are indeed vergjecironic screening charge on both sides of the slab is es-

complex. We note that in the many systems where charggyhjished automatically during the self-consistency iteration
transfer is significant, typically in absorbate systems, we cal rocess. Thus the magnitude of the external field and the

consider the total energy change of everything and the resul egree of surface charging can be controlled conveniently

usually agree well with experiment. Such an approach has. . .
been used successfutyfor overlayer induced faceting, but glrgzltyv\?giéarg;negirt:s tiza;ggtgr?]n?tﬁledl;?;-z)\(/tsrr;al ch_arge
in this article we focus on the problem: Is overlayer—inducedsonem of tth field in vacuyum w'ould bpe given by Ggeadulss’s

faceting essentially a surface charging effect? We also notB

that for metal surfaces, imposing an external field is equival‘aw' and depends on the charge per unit area of the external

lent to surface charging. charge sheetd). The profile of the electronic screening

The paper is organized as follows. Section Il discusse§harge depends on the properties of the material and the
how one may impose an external field to induce surfac@rientation of the surface, and can be determined by finding
charging with the local-density formalism, and analyze howthe difference in charge density between two calculations:
the surface energy may change. Section Il discusses the e9ne with and the other without the external charge sheets.
fect of Mo(111) and Md211) under surface charging. In or- The atomic positions must be the same in both calculations,
der to exclude effects of chemical bonding and examine th@nd correspond to those that optimize the energy of the sys-
effects of electron transfer in faceting phenomena, we wiltem with the external field turned on. The electric field pro-
model a clean MEA11) and Md211) surface under an elec- file can be determined once we know the profile of the in-
tric field. The electric field will induce an extra charge on theduced screening charge. Comparison of Ehfield strength
clean surface due to screening effects, the magnitude of tha the vacuum region with the Gauss’s law result provides a
electric field is adjusted to reflect the charge transfer betweeguick and convenient check to see whether the separation
the corresponding adsorb and substrate. Thus, the effect gbtween the geometrical surface and the external charge
chemical bonding between adsorbate and substrate can Bfte is big enough. The induced screening charge profile can
excluded. Section IV then considers the charging effect dugso give the penetration depth of the external field.
to the specific effect of the overlayer adsorption. Section Vis  \ve choose to use a symmetric configuration for imposing
the conclusion. the E field. The external charge sheets outside each side of

the slab have the same sign, and we inject or deplete elec-
Il. THE IMPOSITION OF ELECTRIC FIELD trons from the slab to maintain overall neutrality. The exter-
nal charge sheet has the formy,(z)="1(z,)+f(—2zy),

We are going to first consider the generic effect of surfaceyhere z, and —z, are the positions of the sheet, with the
charging. For that purpose, the external governing paramet@nier of the slab taken to be=0. The functionf(z) is
is the surface charge density, or equivalently, the direction,,an to be a Guassian which decays fast enough as that we
a_\nd magnitu_de of an ex_ternall_y _imposed field. The imposiy e 4 “thin” charge sheet. We avoid using a delta function
tion of a static external field within the local densityDA) since its Fourier transform has strong Gibbs oscillation.

formalism is not difficult, and various formulations can be Since we are considering metallic systems, the eiirade-
found in the literatur&®*? LDA is indeed the method of ) 9 ic sy :
leted electrons will all be localized on the slab surface to

choice if we want to gain an understanding of the physics aP . o )
the microscopic level. Empirical and semiempirical methodg>C"€eN out the field. The interior of the metal is locally neu-

(e.g., classical force fields, embedded-atom method, tighlI-ral' It_ is s_urely ppssiblg to impose external sheets of the
binding model require less resources, but the application of?PPOSIte sign on either side of the slab, as a few authors have

external fields will inevitably lead to induced charge rear-done before. There is in fact no difference for the screening
rangements that cannot be handled properly by empirical aﬁmarge profile between the two cases. We prefer to use the
proaches. LDA can take care of these subtle effects selsymmetric configuration because it allows a straightforward
consistently. consideration for the surface energies of a given field and
Our surface systems will be modeled by the standardpolarity. Self-consistency of electronic charge and potential
“slab” geometry. The slabs are repeated, separated by i also reached much more easily.
vacuum region of 18 A. To include the effect of an external We note that in such a formulation, there is no need to
electric field, the most convenient way is to put two externalinclude terms that carry explicitly an exterraffield (it can
uniform charge sheets in the vacuum at the distance of a felwe done if we wish to do 90All that enters into the LDA
A away from the geometrical surfaces, which simulates putfunctional are the additional Coulombic potential due to the
ting the slab into a capacitor. For metallic systems, the eleceharge sheets: the field establishes itself automatically as we
trons will rearrange themselves to give a surface charge titerate to self-consistency.
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IIl. GENERAL CONSIDERATIONS

A. Electrostatic energy 0 g /\/
F—"1 "

We now consider the change in energy when there is an
external field imposed on a metal surface, leading to surface
charging. We first focus on the electrostatic energy, and we
will see that the field-induced energy contains a surface term
that depends only on the field strength and a term that de-
pends explicitly on the geomettthe size of the unit cell, the
form of the external charge sheethus, specifying the sur-
face charging alone cannot determine the surface formation
energy. There is always an additional term that depends on
the geometry of the problem, which is indeterminate unless FIG. 1. The screening charge for N&11), under an external
we specify the configuration of the opposing charging. Afield of 3 V/A. The vertical solid lines indicate the position of the
good example is the case of the metal/electrolyte systentomic layers. Only half of the slab is shown.

Knowing the surface charge per unit area does not specify

the system energy. We also need to know the state of the QO 8

electrolyte and its spatial distribution before the capacitance Ecou=5 > —{p5+P§[AP(G)+pex(G)]
energy can be determined. 670 G

We use a Fourier space expression since we are using +[AP(G) + pod G) ]2 3)
periodic boundary conditions in our LDA calculations. We
note that the system is always neutral overall. The external
field is imposed by external charge sheets, which is presenteﬁje
by peyxt, Which will be balanced by the extra charge of op-
posite sign in the surface of the slab. For example,if is
positive, extra electron states will be occupied ang.if; is
negative, there will be less electron occupancy in the system.

-0.03 |

-0.06 |

-0.09

Charge Density (Electrons/a.u.)

The charge distributior p + p., Will lead to an electric
Id in the vacuum[See Fig. 2 for M@211)]. According to

the Poisson equation, thep + pe, Will have a corresponding
electrostatic potential with Fourier components

i ' i Ap(G)+pexi(G
We write the total electrostatic energy per unit cels V(G)=87 p( )Gzpext( ) @
Q 8 . . . :
fc:ou|=§ > E{Psmb(GHpext(G)}z, (1) and a corresponding electric field with Fourier components
E(G)=—-iGV(G). 5

where pq,(G) and pg{G) are the Fourier components of

the external charge sheet and the slab, respectivglyhere If the external charge shegt,; is placed far away from
includes charge from electrons and ionic cof@ss the unit  the surface, this electric field will be nearly uniform, pointing
cell volume. It is convenient to write

psiaf G) = po(G) +Ap(G), i)

w

wherepy(G) is the total charge of the slab when we turn off
pext (i.€., NO external field but the atomic positions are fixed
at those that minimize the total energy of the system in the
presence of an external fiely(G) contains both the charge

of the ionic core and the electronsp is then the screening
charge and it is localized near the metal surface to screen the
bulk of the metal from the external field. We shall see the -1
form of Ap for Mo(211) in Fig. 1 below. We note that
Ap(G=0)=pe(G=0) a nd the Fourier componeniyp is

ury
T

Electric Field (V/A)

FIG. 2. Thexy-averaged electric field as a function nf as

. calculated from Eq(5) for Mo(211) when an external charge sheet
dictated by the response of the system. For metalsi fi{e) is placed in the vacuum to impose an field of 3 V/A. The vertical

in real space will .be Iocallzeq in the surface reg'?’” to SCI€€IL\id lines indicate the position of the atomic layers. Only half of
out the external field so that it cannot penetrate into the bullg,e gjap is shown. The field inside the slab is zero, as the external
of the metal(except for the Friedel oscillationsThe surface  fig|q is screened by the screening charge shown in Fig. 1. The field
charge density given byo=(1/A)[dz[[,Ap(r)dxdy,  rises smoothly from the surface to the value of 3 V/A in the
whereA is the area of the surface unit céllin the LDA  yacuum, as the screening charge resides outside the geometrical
calculations, thefdz is performed from the middle of the plane of the top surface layer. The smooth change of the potential in
slab to the middle of the vacuum regjoiwe can write EQ. the middle of vacuum is because we have a Gaussian-like charge
(1) as sheet.
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in thez direction in the vacuum region, and has a value given In our LDA calculations, we can calculaig o) according
by o according to the Gauss’s Law. Close to the surface, théo

electric field will be inhomogeneous and deviates from the

Gauss's law value and eventually becomes zero in the bulk N o)= i Eroral ) — Npuk— if Ezdv] (6)
of the metal. A0 bul g7 ’

The three terms in Eq3) can be interpreted as follows. \ypere s () is the total energy of the whole surface unit
The first t(_erm is the electrostatic energy of the ions anc_i theyith the external charge sheet in place, a@ng| is the total
electrons in the slab when thg external charge sheet is ”%tnergy of the atom in the bulk. We note that the tev(e)
there. The second term is the interaction of the gxternal fieldiefined here includes not only the field-dipole energy as a
with the slab. Since the field is zero deep inside the slalontribution to the surface energy change due to the external
while the charge density of the slab is zero deep inside thelectric field. It actually containsverythingLDA gives for
vacuum, this is a surface term. For a small and moderatghe field-induced change that is specifically a surface term,
amount of surface charging, this term is expected to be proncluding the change in exchange-correlation energy. The
portional to the surface charge densiy (or the electric  field induced atomic relaxation, as well as the field induced
field). This term can also be interpreted as the interaction o€hange in the surface dipole, are all taken into account auto-
the external field with the surface dipole of the metal surfacematically and self-consistently. Both are small effects in
If the metal slab is approximated by a jellium slab, thesmall fields, but will makex (o) vs o deviates slightly from
change in the surface energy to the first order is proportiondinearity at higher fields. The electric field is calculated
to poo/a?, wherea is an inverse length that measures theaccording to Eq(5). The \(o) term is well defined, in the
penetration of the electric field into the jellium sli&bOur ~ Sense that for a given substrate and a given amount of sur-
work here basically calculates this term faithfully within the face chargingso many electrons per surface unit gethis
local density formulation. We note that if the external field quantity has a unique value, independent of the choice of the
points outward from the surface, the external electric fieldnit cell
and the intrinsic surface dipole would point to opposite di-
rections, causing an increase in energy. Likewise, a decrease B. The term A(p)

of surface energy is expected if the external field points to-  After the general consideration, we will consider the spe-
wards the surface. This will be shown to be indeed the caseific case of overlayer induced faceting of the substrate in
in our calculations. If the induced surface charge is big, it is(111) surface of Mo and W, and see if surface chargdidge
possible that the surface atomic structures are modified, and charge transfer between substrate and ovenlayar ac-

this will make the second term slightly nonlinear. The third count for the experimentally observed phenomena.

(lash term can be rewritten as (W8§SE?dV, where the Some details of the calculation is now in order. We will
electric fieldE is given by Egs.(5) and (4). Most of the  consider Mo and the substrate is modeled by a slab of 11
energy of this term is stored in the vacuum region sandtayers of Mo for both(111) and(211).1° One physical mono-
wiched between the external charge shegtand the elec- layer of adsorbatefwhich corresponds to three geometric
tronic screening charg&p, which literally forms a capaci- layers for (111) orientation and two geometric layers for
tor. Since the value of this term is dependent on the distanc€11) orientatiorj® are added as additional pseudomorphic
between the charge sheet and the metal surfAgei¢ al-  layers on the both side of the slab. The slabs are separated by
ways near the metal surfagehis “capacitance energy” term a vacuum distance of 18 A. More vacuum is used than usual
is always geometric dependent. We subtract away the bulkecause of the need to include tRdield. The calculations
energy from the total energy of the system, and we will haveare done in the framework of the local density functional
the surface energy in the presence of surface charging in ttepproximatiort,’ norm conserving pseudopotentfaind the
form y(o)=\(0)+C(0,G), whereo is the surface charge Ceperly-Alder form of local exchange-correlation
density,\ (o) is the term linear inr. C(o,G) is a “capaci-  potential'® We employed a “mixed basis sé which con-
tance” energy due to the existence of an electric field outsidasists of both local orbitals centered on atomic sites and plane
the surface charges. This term is geometry dependent, awdaves with a kinetic energy up to 11.5 Ry. The numerical
should be second order in. In our LDA supercell calcula- local orbitals are varied to minimize the plane wave cutoff to
tions, this term depends on the choice of the unit cell, and i®btain convergence. The method has been applied success-
proportional to the square of the electric field in the vacuunfully to many transition metal systemi$.The k points are

(or o) region and the size of the vacuum. It is interesting tosampled on an 8 81 grid in the surface Brillouin zone.

note that some of the surface energy curves in the presence Figure 1 shows the plane-averaged screening chayge

of E field of some previous woP¥ have a quadratic appear- [see Eq.(2)] on a Md211) slab due to the electric field of
ance because of this terth.In electrochemical cells, this 3 V/A. This is the upper bound of the field we used in the
term manifests itself as the electrostatic energy in the dipoléollowing calculations. Since the external charge plate is
layer, and will depend on the spatial distribution of the ionsnegative, the screening charge corresponds to a depletion of
and electrolytes. In the overlayer induced faceting problenelectrons. We note that the screening charge is induced by
that we shall consider in the next section, this “capacitanceharge plates outside the slab. The external charge plate and
energy” term depends on the distance between the overlayéhe screening charge of the metal surface together give rise to
and the substrate as well as the amount of charge transferresl Coulombic potential, which gives an electric field. We note
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e o411 are the surface charges per unit area on(#ig) and

S 045 (111) orientations, respectively, so that when we are consid-

3 ering the Herring faceting condition, we should consider

>

o

o 04f )\211(0'1110050)

E T<)\111(0111)- (8)

Q

©

S 035 ) This is plotted in Fig. 3, where we compare

g )\211(0'1110030)/0080 with )\111(0'111) as a function 0f0'111.

= Y We note that the cogterm in the denominator penalizes the

O , N . . R i

n 0-_% 004 0,006 0016 (212 orientation because the area increases after faceting
Surface Charge bensity (electron/&) leading to an increase in the total energy for a fixed value of

the surface energy. However, the @erm in the bracket of
FIG. 3. The squares and solid dots show, respectively, the scalethe numerator favors th€11) orientation because the area
surface energies;5(0137) and Ay y(0y5,c0s6)/coso (see text for  increases, the transferred charge is spread out over a bigger
definitior) as a function surface charge density. The highest surfacgreg, leading to a smaller surface charge density. Figure 3
charge density calculated corresponds to a very high field okhows that when both effects are considered, the inequality is
3 VIA. not satisfied, and thus if we ignore the “capacitance energy”

) ) term, the surface charging will not lead to faceting of
that the screening chargep screens the external field, and \j(111), as the inequality is never satisfied for any reason-
therefore the interior of the slab has essentially zero fieldgpe values of charge transfer.

The field does not rise abruptly at top layer, but rises Smooth The DA calculated results can be understood as follows.
to its vacuum value of 3 V/A when th&p is nearly zero. consider the difference
The charge profiléand hence the surface charge dendity
Fig. 1 is an unique property of the N&iL1) and the strength D(0)=N\11(0C0SH) — \114(0)COSH, 9
of the external field which determineqp). However, the . . ) )
electric field energy in the vacuum depends on the size of th¥heréo= o1, sincex(o) is nearly linear with respect to
vacuum region. This leads to a geometry depen@dntG) > We have upon expansion to first order
that we will consider later.

In Fig. 3, we plot the value of (o), defined by Eq(6) as
a function of surface charge density for M&1l) and
Mo(211). As predicted by the theory, it is almost linear.

D(0')={)\gll+ X2110 COSO+ - - -}

_{)\2110050+ X1110 COSO+ - - }

In order to determine_whether_surfacg faceting i_s possible ={>\211—>\211cos(9}+{x211— X111} 0 COSO
or not, we should consider the inequality, according to the )
theory of Herring?* (with a>0), (10

where \Y,, is the energy of thg211) orientation without
E< Yi11- (7) surface charging, and thgs are the derivative of the surface
cosé energy[as defined by Eq(6)] with respect to the surface
If this inequality is satisfied, there is a thermodynamic driv-charge(or external fieldl As such, thec's are proportional to
ing force for faceting. The cosine term takes into account ofhe surface dipole potential. The first termA3(,
the increase in area of the facets. —\9,,cosé) is just the Herring faceting conditidit.We see
Let us now consider the contribution of the surface spefrom Fig. 3 (at o=0) that\5,,—\,,c0s6>0 so that the
cific (field-dipole interactiontermA to the surface energy in clean Md111) should not facet to M@11) even though
Eq. (7) to see if thex term satisfies this condition. When the (211) has a lower surface energy per area, but not low
surface is chargeddue to the charge transfer to the over- enough to compensate for the penalty of area increase. This
layen, we have to know the charge transferred on differenis consistent with experimental observations that clean
orientations before we can compare them. It is known thaMo(111) is a stable surface. For the same metal, the orienta-
exactly the same number of overlayer atoms that covers @on with a higher surface dipole has a higher work function.
(111) surface will cover thg211) facets after the faceting Since the(211) orientation is a more compact surface, it
transformatiorf. If we assume that the amount of charge should have a higher work function th&hl1). Our calcula-
transferred per unit area is proportional to the number ofions found that the work function fd211) is 4.8 eV, higher
overlayer atoms per unit aréeve will see that this assump- than the calculated result of 4.4 eV fdrl1), and this implies
tion is better for some elements than others in the followinghat y,1,:> x111. This is indeed the case as the slope for the
section$, then the surface charging on tk211) facets are (211) curve in Fig. 3 is indeed higher than that of tie1).
smaller than the surface charging ¢hll) by a factor of This also means that the second term in Ej. will only
cosf. That is because we have exactly the same number ahake(211) less favorable ife>0, which is the case when
atoms on(211) as on the(111) orientation, but the(211) the overlayer is more electronegative.
facets have an area increased by the geometrical factor of Our result shows that a negative electric fi¢fbinting
cosé. This being the caser,;;= 0111€0S0, whereo,; and  out from surfacgdoes not promote faceting. This is as far as
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TABLE I. LDA calculated charge transfein 10~° electrons/  the larger is the magnitude of the calculated charge transfer.
A?) for Ag, Cu, Au, Pd, and Pt on Ma11) and Mg211). ¢ is the  We found that for the case of Au;,;1~ o11,c0S6, SO that the

angle betweef111] and[211], and co=0.9428. assumption we have used in the previous secfirarge
: transfer per absorbate atom is independent of the orienjation
more electronegative- is good for Au. In addition, we see a systematic trend. For
Ag Cu Au Pd Pt the elements Cu and Ag that are less electronegative than Au,
o1 154 1.91 384 6.32 606 We found thatr;;,<0y;,c0S6, wh?le for the elements Pd and
Tons 097 108 364 6.22 739 Pt that are more electronegative than Au, we found that

011> 0111€0S60. This trend has the following implication.
We note that ifo,1,>011,€0s6, which is the case for the
electronegative elements that cause faceting

we can go to discuss the phenomena as a generic effect of
surface charging. Beyond this point, we need specific infor- A 211(0211) ~ N 115( 0119 COSE
mation about the interaction with overlayers, and we shall >\ 19 07111C0S6) — N 111( 07117) COSH. (12)
derive the information from further LDA calculations. We
first try to determine the charge transfer. We consider thdhis means that if we take the LDA calculated charge trans-
adsorption of Cu, Ag, Au, Pd, Pt on Nit00) and(112). We  fer, instead of using the simplified assumption @f;;
note that Cu and Ag are less electronegative than Au, Pd, P& 011,€0s6, the surface energy contribution due to the field-
Experimentally, it is observed that the former group does notlipole interaction is even more unfavorable for faceting
cause M@11)) to facet. The second group does. since it makes the\,14(0511) even higher compared with
N111(o119) - In short, the surface specific term)(induced by
C. LDA calculated charge transfer and electrostatic energy surface charging should suppress rather than contribute to the
term that is second order in o faceting transformation, and the conclusion is the same

whether we determine the charge transfer approximately

Itis po_ssible to determine the effect of _surfac_e charging agq, simple geometric arguments, or more elaborately with
a “generic” effect up to the lowest orddtinear ino). As | pa calculations.

shown above, the electrostatic energy term that is second We now consideC(,G), which depends on geometry.

order ino cannot have a generic description. We must congp, gimple terms, one may argue that this term should favor
sider the specific properties of the overlay@fleast we need e 4 06etted surface. The argument usually goes as follows. If
to know how far is the overlayer away from the substrate we put(say Au on Mo, there is a certain amount of charge
In order to determine of the charge trans@between the  onoferred from the Mo substrate to the Au overlayer, due to
substr_ate and the overlayer, the metal overlayers_ are put o yiference in electronegativity. If the Au covered {il)
both sides of the Mo substrate slab and the atomic p_os't'onéystem facets to thf211] orientation, the surface area in-
are fully relaxed and the total electronic charge densify,  ¢reases by a factor of 1/céswhered is the angle between
is recorded. The charge density of the clean sSubst@lguate  the two orientations. The surface charge density should de-
and that of the freely suspended overlapglenayerare cal-  crease leading to a lower electrostatic energy of the order of
culated separately and we the calculate the difference co26. Such an argument is very reasonable from a macro-
_ scopic phenomenological point of view, but the reality in the
9P = Pstat ") ~{Psubstai") + Poveriayel 1)} atorir)ﬂc zcale is muchgmors complicated. Such argur)rqent im-
We note that thissp(r) is not the same as the screening plicitly assumed that the charge transferred per atom is the
charge densityAp(r) in the previous section. The screening same, independent of orientation. We already found through
charge densityAp(r) is the screening charge of the metal direct LDA calculation that it is not quite trugee Table )L
substrate in response to a uniform externally imposed fieldin addition, there are always “counter charges” in the sys-
As such,Ap(r) is strictly the property of the metal substrate tem, and their position and configuration changes with ori-
(Mo in this casg¢ only, while thesp(z) defined here depends entation. In the system we are calculating, the charge is
on both the properties of the substrate and the overlayer. Byransferred from the substrate to the overlayer. If we want to
averagingsp(r) over thex-y plane, we obtairdp(z) from  consider the electrostatic energy, that of the whole system
which we see that there is a depletion of electrons on the Mghould be considered. It turns out that the charge transfer
substrate and an excess of electrons of the fcc metals. Thbstribution Sp(z), as calculated from LDA, is a fairly com-
charge transfe@ from the Mo substrate to the overlayer is plex function. It has envelopes that show charge transfer
determined by integratingp(z) from the middle of the slab from the substrate to the overlayer, but there are oscillations
to a dividing that half way between the last Mo plane and thewithin the envelope, indicating that there are charge re-
first overlayer atomic plan®. The surface charge density ~ arrangement within the substrate and the overlayers as a re-
is justQ per unit area. The values are shown in Table I. Wesult of the overlayer-substrate chemical interaction and rehy-
see from the LDA calculations that electrons always movebridization. To make things more complicated, the distance
from the Mo substrate to the fcc metal overlayer, consistenbetween the overlayer and the substrate varies, depending on
with the fact that the fcc metals are more electronegativethe orientation and the overlayer. For the same orientation,
This is true for both(111) and (211). We also see that the the distance of the overlayer depends on the intrinsic size of
more electronegative is the fcc element on the Pauling scaléhe overlayer atoms and the cohesive energy between the

0711,C0S0 1.45 0.94 3.62 5.95 5.90
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1.6 P ; ; ; ; transfer in(211) than the simple geometric relationship. In
fact, the surface charge density in faceti@dl) is larger
than that on(111) for Pt, even though the Pt is more spread
= . M out on the(211). This caused C>0 for the more electrone-
gative element$Au, Pd, Pj. Thus, whether we consider the
field and surface dipole interaction or including the elec-
trostatic energy between of the charge transfer, surface
charging cannot be attributed as the mechanism that pro-
motes faceting.

— -
- o IS
T T T

n

Layer Distance (A

o
™

0.6 : . . - . IV. CONCLUSION
Aa Cu Au Pd Pt

We have analyzed the change of surface energy as conse-
FIG. 4. The distance of the bottom atomic layer of the overlayerquence of surface charging. We found that a surface specific
from the top atomic layer of substrate. The squares ar€lfd) and  term, interpreted as field and surface-dipole interaction, can
circles for(211). be well defined as long as the extent of surface charging is

| dth b hi b N h iven. Other contributions depend on the detail geometry of
overlayer and the substrate. This can be seen in Fig. 4, whefRe gystem. We believe that such analysis is useful in a vari-

we show the distance of the bottom atomic layer of the over-ety of physics and chemistry problems, and can help to de-

layer from the top atomic layer of substrate. The heat Ofinaate the contribution between charge transfer effects and

formationt is larger in magnitude for faceting agents such aShemical bonding effects. We then applied the analysis to

Au, Pd, Pt, and the overlayer is found to be closer to the.qcider the overlaver induced faceting of (bl surface
substrate. We found the higher the heat of the formation (f‘é ! ver eyer ndl ing of (b su '

. . xperimentally, there is an empirical relationship that the
the overlayer, the closer is the distance between the overlay@(erjayer must have an Pauling electronegativity of at least 2
and the substrate. Cu is an exception because of its sm

. i | h i cl h b order that the faceting be possible. This empirical obser-
2::’;;0 radius. We also see thdtll) is closer to the sub- vation may suggest that that the faceting is a consequence of

. . charge transfer and surface charging of the substrate, and
It we want to push further to see if the electrostatic €Nerg%ndeed such notion is consistent with a macroscopic picture

stored between the charged layer can account for faceting, s the faceted surface has more area to accommodate the
we can define transferred charge. However, we found that neither the sur-
C(0)=E 8_77(5,))2((;) face specific term due to field-surface-dipole interaction, nor

g G2 ' the electrostatic energy of the geometry dependent term can

Since Sp is overall neutral, this electrostatic energy is account for Lhe phen?mena. In fgc_t,dcoméalgx Slérface phe-
well defined. If we do so, we can consider the contribution quomenadsuc fas overa;r/]ez grovvth Induce |n|sta (fm?]ce- ical
C(o) to the surface energy in Ed6). We thus consider ting) and surface morphology changes in electrochemica

AC=C,q,/cos6—Cy44, to see if this term can contribute to

cells always have different species interacting strongly with
help the faceting and we note thAC<0 favors faceting.

each other. The interaction leads to charge transfer as well as
The results are shown in Table Il. We found numerically tha{:hemlcal bonding and hybridization. All factors contribute to
the two terms iPAC are small and nearly cancel each other;

he energetics, and it is not obvious which factor is the most

: ; ) important. For the case of overlayer induced faceting, the
so that theA C term is quite small compared with the surface . S
o resent analysis shows that surface charging is not the gov-
specific term, and thus would not have changed the Con-p Y ging g

X . . X "~ erning factor despite the strong correlation with electronega-
clusion we have reached in the previous sections. In additio g P 9 9

. r{ivity. The governing factor is thus the specific chemical
the numerical results shows thaC>0 for the more elec- bonding between the substrate and the overlayer. This is con-

tronegative elemen_ts_ Au, Pd and .Pt; just the opposite that 'Sistent with previous calculatiohswhich found that faceting
required for the driving the faceting transformatlon. Thereagents such as Pd and Pt has stronger heat of adsorption than
are two reasons thaC does not help the faceting. First, the the nonfaceting overlayer elements. We note that a previous

gverla)c/jerfls ct::]oser to thle stubstratet_ n mlﬂl) ortlentaUEn. I%(?Iculatioﬁ also concluded that surface charging is not the
econd, for the more €electronegalive elements such as iving force for AU100) surface reconstruction inside an

and Pt, the interaction between the substrate is stronger f |

: i ! ectrochemical cell. Lastly, we note that all numerical cal-
the (211) and the(111) orientation, leading to a larger charge culations are performed with LDA. The qualitative features

TABLE II. The value of AC (in 103 Jm 2, see text calcu-  ©Of the results will not be changed if we use the generalized

lated by LDA charge densities for five different elements on Mo 9radient approximatiofGGA) since the results can be inter-
substrate. preted semianalyticalljsee Eq.(10)], and thus will not de-

pend on the details of the exchange-correlation functional.

more electronegative»
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