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Abstract

By using first principles calculations, it is found that the noble metal atoms Ag, Au and Cu would like to occupy the

vacancy sites of the W(0 0 1) or Mo(0 0 1) surface to form the substitutional surface alloys, despite the fact that they do

not like to form alloy in the bulk. The electronic local function (ELF) for these substitutional surface alloys shows that

there is no obvious chemical bonding between the noble metals and W or Mo. The analysis of electronic structures lets

us conclude that the surface alloying of immiscible metals may originate from the surface state shift of W (or Mo)

induced by changes of the electronic environment of surface W (or Mo) when surface W (or Mo) atoms are alternatively

replaced by Ag (Au or Cu).
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1. Introduction

Surface alloying has been a subject of extensive

interest in recent years because of its applications

in many fields such as corrosion, catalysis, and

surface hardening. One of the notable aspects in

this field is the surface alloys form from elements

which do not mix in the bulk. For example, Cu

and W are immiscible and do not alloy in the bulk,

but when Cu is deposited on W(0 0 1) surface, Cu
will alternatively substitute surface W to form a

single layer surface alloy [1–3]. It is well recognized

that whether elements can form substitutional al-
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loys in the bulk depends on three factors: atomic

size, chemical bonding, and coordination number.
However, the mechanism of substitutional surface

alloying is not always clearly understood [4,5].

Therefore, it is interesting to show whether sub-

stitutional surface alloys of immiscible metals are

formed due to one or more of these factors or from

any other mechanism. The driving forces of the

surface alloying are most noticeable, because sur-

face alloying is believed very important for many
surface processes.

It has been reported that noble metals (Cu, Au,

Ag) form surface alloys on W(0 0 1) and Mo(0 0 1)

surfaces, although they do not alloy with bulk W

or Mo [1,3,6–14]. The formation mechanism of

these surface alloys is believed similar. Singh and

Krakauer performed ab initio calculations on Cu/
ed.
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W(0 0 1) substitutional surface alloy, i.e., W(0 0 1)

with W atoms replaced alternatively by Cu atoms

[2]. They concluded that no strong bonding be-

tween Cu and W atoms exists while the alloy is

formed because of the near-instability of ideal

W(0 0 1) surface against the formation of W(0 0 1)
c(2 · 2) surface vacancy.

In order to reveal the driving forces for the

formation of the substitutional surface alloy of the

noble metals such as Ag, Cu and Au on W(0 0 1) or

Mo(0 0 1), for which no bulk alloy exists, the in-

teraction between adsorbates and substrate must

be understood. It has been well established that the

difference of the electronegativity between the ad-
sorbate and substrate may induce charge transfer

from one to another, leading to a change of surface

morphology and other surface properties. A typical

example is the surface reconstruction of Ag(1 1 0)

induced by alkali adsorption [15], Fu and Ho

considered the change of the surface energy as a

function of surface charging and showed the charge

transfer could possibly result in the reconstruction
[16]. It is noticed that noble metals are more elec-

tronegative than W on the Pauling scale, therefore,

electrons might be depleted from the W(0 0 1) sur-

face if adsorption of noble metal atoms on it oc-

curs. Therefore, it is interesting to know if charge

transfer is the primary driving force for the for-

mation of substitutional surface alloy i.e., whether

the physical effect such as surface charging or the
chemical bonding results in the surface alloying.

In order to show the effect of the charge transfer

on the substitutional surface alloys of noble metals

on W or Mo(0 0 1), the physical factors are ex-

clusively considered here without any chemical

interactions. It has been shown that an external

electric field can induce surface charging due to

electrostatic screening, resulting in charge transfer
on surfaces. Therefore, the clean W(0 0 1) surface

under an external electric field is considered in the

present work. In this case surface charge transfer

does not depend on any of the local chemistry

since no adsorbates and therefore no any possible

chemical bonding exists. This will be helpful to

reveal the real mechanism of the surface alloy on

such kind of metal surfaces and to have a better
understanding of the underlying physics of such

intriguing surface phenomena.
In the present work the detailed mechanism in

surface alloying of immiscible metals is studied as

following four steps. First, the surface formation

energy of Ag on fourfold-hollow site and substi-

tutional site of W(0 0 1) surface are calculated by

ab initio calculations based on the DFT and norm-
conserving pseudopotential method with plane

wave basis set to know if these surface alloys favor

in energy. The substitutional surface alloy is mod-

eled as that W surface atoms on both sides of

a W(0 0 1) slab are alternatively replaced by Ag

atoms. Second, the electronic localization function

(ELF) [17–19] for these systems is calculated to

investigate the effect of the chemical bonding. It
has been shown that in a many electron system the

value of ELF is large (close to one) in the regions

where electrons are paired up to form covalent

bonds, while it is small in low electron density

regions; ELF value is also close to one where the

unpaired lone electron is localized on a dangling

bond. On the other hand, for a homogeneous

electron gas ELF equals 0.5 no matter what elec-
tron density is. This means that an ELF close to

0.5 will correspond to a bond of metallic character

[20]. Third, in order to reveal the underlying

mechanism clearly and to see if only the surface

charging can induce surface alloying, chemical

factors on the surface alloying should be excluded.

In this connection the surface charging is modeled

by imposing an external electric field on the
W(0 0 1) c(2 · 2) vacancy structure and the charge

transfer is compared with that of Ag/W(0 0 1). The

charge variation of W(0 0 1) c(2 · 2) vacancy struc-

ture under an external electric field is calculated

by using the method proposed by Che et al. [21].

Finally, the surface density of states (SDOS) of

Ag/W(0 0 1) substitutional array is shown to ex-

plain that the Ag-induced shift of surface states of
surface W atom near the Fermi level should be

responsible to this kind of surface alloying of im-

miscible metals.
2. Methods

The first principles calculations are performed
within the local density functional formalism

[22,23], together with norm-conserving pseudopo-



Fig. 1. Top view of Ag atoms forming a c(2· 2) array on the

fourfold-hollow sites above the W(0 0 1) surface (a) and Ag/

W(0 0 1) c(2 · 2) substitutional surface alloy (b). Small and large

circles represent W and Ag atoms respectively. Atoms in the

first, second, and third layers are represented by black, gray,

and white circles, respectively.
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tentials [24]. The wave functions are expanded by

means of a mixed-basis set consisting of plane

waves with kinetic energy up to a certain cutoff

energy, plus a set of localized numerical functions

centered at atomic sites describing the more tightly

bound d orbitals [25]. This approach has been
successfully applied to the electronic and structural

properties of many transition metals [26]. The

shape of the numerical orbitals is chosen to opti-

mize the total energy and after this is done, the

total energies can converge with a relatively small

set of plane waves. In the calculations a plane-

wave basis with kinetic energy up to 11.5 Ry is

used, which is sufficient to provide a total energy
convergency better than 0.01 eV. For the bulk

tungsten, this approach gives a lattice constant

a0 ¼ 3:14 �AA, which agrees well with experimental

data of 3.17 �AA.

The surfaces are modeled by the standard slab

geometry. Slabs of nine atomic layers (seven of

substrate and two adlayers), separated by a vac-

uum of 18 �AA, are used and repeated periodically
along the normal direction of surfaces. The k

points are sampled on an 8 · 8 and 12 · 12 mesh

within the surface Brillouin zone (SBZ) for c(2 · 2)
and p(1 · 1) unit cell respectively. All atoms in the

unit cell are fully relaxed by computing the Hell-

mann–Feynman forces on the atoms. Relaxation

of atomic positions is facilitated by a force matrix,

which is initially taken to be a diagonal matrix
with force constants estimated from the Debye

temperature. The force matrix is then updated

during the course of atomic relaxations by using a

modified Broyden scheme [27]. The whole proce-

dure is accelerated by a force–corrector scheme

[28] and the relaxation terminates when the max-

imum of the remaining forces is smaller than 0.01

eV/�AA.
Adsorption of Ag atoms on the W(0 0 1) surface

may lead to two different configurations. One is an

overlayer structure that the Ag atoms are on the

fourfold-hollow sites above the W(0 0 1) surface

forming a c(2 · 2) array, while another is surface

alloy that the W atoms of the top layer are re-

placed alternatively by Ag atoms, forming an or-

dered c(2 · 2) substitutional surface alloy. The top
view of this two structures is shown in Fig. 1. In

order to compare the energetics of the two struc-
tures, a surface formation energy per surface atom

(Es) is defined as

Es ¼
1

2N
½EðAg=WÞslab � ðEðWÞsubstrate þ nlAgÞ� þ r;

ð1Þ
where N is the number of atoms per surface unit

cell, EðAg=WÞslab is the total energy per unit cell of

the slab with Ag adsorbed on W, EðWÞsubstrate is the

total energy of the clean W substrate, n is the total

number of Ag atoms in the surface unit cell, lAg is

the chemical potential of the Ag atoms, and r is

the surface energy per surface atom of the clean W
substrate. The factor of 2 in the denominator ac-

counts for the fact that Ag atoms are located on

both sides of the W slab.

The surface formation energy for the two Ag

configurations (overlayer and alloy) can be com-

pared directly and the configuration which has

lower energy is the energetically favorable one. In

calculations lAg is set equal to the bulk energy of a
singleAg atom in the fcc structure. The choice of the

bulk energy as the reference energy of the adatoms

has the advantage that it can be shown immedi-

ately whether the adatoms wet the substrate or not.

If Es < r, then the Ag atoms gain energy by cover-

ing the surface rather than forming macroscopic

bulklike islands on top of the substrate. In this case,

it is concluded that the adatoms wet the substrate.
To introduce the effect of an external electric

field, two external uniform charge sheets are placed
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parallel in vacuum [21], one at 9 �AA above and

another at 9 �AA below the slab. The electrons in

metallic systems will rearrange themselves to give a

surface charge which screens off the field. The

surface screening charge and the external charge

sheets establish an electric field in the vacuum
whose magnitude is controlled by the charge den-

sity of the charge sheet [21]. Atomic positions for

different models (with and without electric field) are

fully relaxed.
3. Results and discussions

3.1. Atomic structures

For Ag/W(0 0 1) systems the top view and side

view of Ag/W(0 0 1) c(2 · 2) substitutional surface
alloy are shown in Figs. 1(b) and 2 respectively.

Suppose the Ag atoms are removed or replaced by

W atoms, the figures will represent W(0 0 1) c(2 · 2)
vacancy and the W(0 0 1) p(1 · 1) surface. Re-
moving the surface W atom from the Ag/W(0 0 1)

substitutional surface results in the structure of Ag

on fourfold-hollow site shown in Fig. 1(a). In

calculations, all atoms are fully relaxed until the

remaining forces acting on each atom are all

smaller than 0.01 eV/�AA. Due to the symmetric

constraint the atoms relax only along the surface

normal direction.
In order to study the properties of Ag occupy-

ing the vacancy sites of the W(0 0 1) surface,
Fig. 2. Side view of fully relaxed structure of Ag/W(0 0 1)

c(2· 2) substitutional surface alloy. W and Ag atoms are rep-

resented by small and large circles, respectively. A and A0 rep-

resent two types of W atoms, of which one is below the surface

W atoms, while the other is below the surface Ag atoms.
W(0 0 1) c(2 · 2) vacancy structure is first consid-

ered and it is compared with the W(0 0 1) p(1 · 1)
surface. Although the W(0 0 1) surface is a well

studied system, the multilayer relaxation of the

surface still remains inconclusive, even for the first

layer. The contraction of the first layer spacing of
this surface is still controversial, the experimental

values range between 5.5 ± 1.5% and 11± 2% [29–

33]. Present calculated atomic relaxations in the

percentage change of the interlayer spacings for

W(0 0 1) p(1 · 1) surface, W(0 0 1) c(2 · 2) vacancy
surface and Ag/W(0 0 1) surface are listed in Table

1. Several experimental and theoretical results are

quoted for comparison.
The S-2 layer in Ag/W(0 0 1) surface and

W(0 0 1) c(2 · 2) vacancy surface contains two in-

equivalent types of atoms [8], of which one (A) is

below the surface W atoms while the other (A0) is

below the Ag atoms or vacancies as shown in Fig.

2. The difference of the positions of inequivalent

atoms in S-2 layer along the [0 0 1] direction for

Ag/W(0 0 1) c(2 · 2) substitutional surface alloy
and W(0 0 1) c(2 · 2) vacancy is both 0.05 �AA.

Therefore, the percentage change of the interlayer

spacings given in Table 1 has been averaged for the

S-2 layer. The D12 in Table 1 stands for the change

corresponding to the interlayer spacing of the first

and second W layer.

The present results show that the surface layer

of the W(0 0 1) p(1 · 1) surface contracts by
)11.4%, while the deeper layers appears in an os-

cillatory relaxation of 3.2%, )0.7% and 0.2%. This

kind of contractions may be explained by Smolu-

chowski smoothing effect [35,36]. The Smolu-

chowski�s effect is that when a surface is created by

cutting a perfect crystal, the electrons tend to re-

duce the charge density corrugation near the vac-

uum region. It means that the charge ‘‘flows’’ from
the ‘‘hills’’ (surface W atoms) into the ‘‘valleys’’

formed by the surface atoms. In this way a net

positive charge on the ‘‘hills’’ and a negative

charge in the ‘‘valleys’’ result, which induces an

inward electrostatic forces on the ion cores of the

surface atoms and results in the surface W layer

contraction.

It has been already established that according
to the Smoluchowski smoothing effect the more

open the surfaces are, the larger contraction the



Table 1

Layer relaxation given in the percentage change of the unrelaxed interlayer distance for W(0 0 1) surface of p(1 · 1) and c(2 · 2) vacancy
and Ag/W(0 0 1) substitutional surface alloy. Available data from other studies are also listed for comparison

Citation D12 D23 D34 D45

p(1 · 1) Present work )11.4 3.2 )0.7 0.2

LAPWa )4.02 3.06

Expt.b )11± 2

Expt.c )5.5 ± 1.5

Expt.d )10± 2

Expt.e )6.7 ± 2

Expt.f )7±1.5

c(2 · 2)-V Present work )15.4 0.0 0.2 )0.7

Ag/W(0 0 1) Present work )12.7 0.8 )0.4 )0.1
aRef. [34].
bRef. [29].
cRef. [30].
dRef. [31].
eRef. [32].
f Ref. [33].

Table 2

Surface energies (in eV/surface atom) for W(0 0 1) surface of

p(1· 1) (Es) and c(2 · 2) vacancy (Evac
s ), and surface formation

energies (in eV/surface atom) for Ag adsorbed on the fourfold-

hollow site (Efour fold
s ) and surface substitutional site of the

W(0 0 1) surface (Esub
s )

Es Evac
s Efour fold

s Esub
s

2.81 2.72 2.70 2.20
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layer spacing will be. Therefore the large contrac-

tion appears on rough surfaces, while little con-

traction exhibits on close-packed ones. In the

present work the first layer contraction of the
W(0 0 1) c(2 · 2) vacancy surface 15.4% which is

larger than that of the p(1 · 1) W(0 0 1) is obtained.

This result agrees with the above picture because

the vacancy surface is more corrugate than the

W(0 0 1) p(1 · 1) surface. When the vacancies are

occupied by Ag atoms the first W layer contraction

for the Ag/W(0 0 1) substitutional surface reduces

to 12.7%, close to that of the W(0 0 1) p(1 · 1)
surface, 11.7%. According to the above picture this

is also reasonable. The somewhat larger contrac-

tion of 12.7% may be attributed to the more

electronegativity of Ag atom than W atom on the

Pauling scale. The charge ‘‘flows’’ from the surface

W atoms towards the Ag atoms, which results in

an additional net positive charge on the surface W

atoms, inducing electrostatic forces on the ion
cores of the surface W atoms.

Energetically this can be also understood by a

simple picture: when atoms decrease the distance

due to contracting interlayer spacing between the

first and second layer, it will be more favorable in

energy by expanding their lateral spacing. There-

fore, it can be expected that the W(0 0 1) c(2 · 2)
vacancy structure is more stable against the
W(0 0 1) p(1 · 1) structure, because there is a more

lateral spacing for atoms in the vacancy array. It is

the same case for the Ag/W(0 0 1) system. Com-

pared with the W(0 0 1) c(2 · 2) vacancy array, the
lateral displacement of surface W atoms will be

suppressed when Ag atoms occupy the vacancy

site. The contraction for Ag/W(0 0 1) therefore

reduces to 12.7%.

Next the surface formation energy for Ag atoms

adsorbed on the fourfold-hollow site and the sur-

face substitutional site of the W(0 0 1) surface is

considered. The calculated surface formation en-
ergies for W(0 0 1) p(1 · 1) and c(2 · 2) vacancy as

well as for Ag on substitutional site and on four-

fold-hollow site of the W(0 0 1) surface are listed in

Table 2. The surface formation energy per surface

atom of Ag on the substitution site is 0.50 eV

lower than that of Ag on the fourfold-hollow site,



Fig. 3. ELF grey plot of (1 1 0) plane of Ag/W(0 0 1) c(2· 2)
substitutional surface alloy (a) and W(0 0 1) c(2· 2) vacancy (b).
The position of Ag and W are represented by white and black

circles, respectively.
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which means that the Ag/W(0 0 1) substitutional

surface alloy is more favorable energetically.

Therefore it is expected that Ag on the substitu-

tional sites is more stable than on the fourfold-

hollow sites, since bulk Ag is of fcc structure and

likes to have a higher coordination. A single Ag
adatom on a W(0 0 1) surface in the fourfold hol-

low site has four first neighbors (1NN) of W, while

in the substitutional site, it is embedded in an

electron density provided by four 1NN W at a

distance of 0.866 a and four 2NN W at a distance

of a, here a is lattice constant. This implies theo-

retically that Ag/W(0 0 1) substitutional surface

alloy could be formed.
The surface formation energy of W(0 0 1)

c(2 · 2) vacancy is 0.09 eV lower than that of

W(0 0 1) p(1 · 1) surface, meaning that the W(0 0 1)

p(1 · 1) surface is near-instable against the for-

mation of W(0 0 1) c(2 · 2) vacancy, as concluded

by Singh and Krakauer [2]. It is believed that this

near-instability is reponsible for the formation of

Cu/W(0 0 1) substitutional surface alloy [2]. Pre-
sent calculated surface formation energy of Ag on

the vacancy site of the W(0 0 1) surface is 0.50 eV

lower than that of Ag on fourfold-hollow site of

the W(0 0 1) surface, which should be the primary

reason for the formation of the stable Ag/W(0 0 1)

substitutional surface alloy.

What is the driving forces for this single layer

alloy of Ag with W surface? Whether it is chemical
bonding because of the change of electronic envi-

ronment? In order to answer these questions the

electronic structures of Ag/W(0 0 1) substitutional

surface alloy are investigated in the following.

3.2. Electronic localization function

According to the suggestion of Jarvis et al. [37],
in present work electron local function (ELF) is

used to investigate the metallic bonds of Ag/

W(0 0 1) surface alloy and W(0 0 1) c(2 · 2) va-

cancy. The ELF for (1 1 0) plane of both slabs is

shown in Fig. 3. The ELF can give a quantitative

description about bonding. For the (1 1 0) plane of

Ag/W(0 0 1) substitutional surface alloy the ELF

values between Ag and W atoms, shown in Fig.
3(a), range from 0.17 to 0.29, corresponding to a

low charge density. This implies that quite weak
bonds form between Ag and W atoms. This is
consistent with the ELF values of a AgW pseudo-

alloy in the bulk, 0.17–0.27. The pseudo-alloy is

obtained in this way: one of two W atoms in a bcc

cell is replaced by one Ag atom, and its lattice

constant is optimized to be 3.22 �AA. Of course, such

an alloy does not practically exist, therefore, we

believe similar interaction should not play an im-

portant role in surface alloying of Ag/W(0 0 1). By
comparison, the values of ELF range from 0.42 to

0.54 in the region among the nearest-neighbor W

atoms, which is coincident with the fact that strong

metallic bonds exist between W atoms. On the

other hand, for the (1 1 0) plane of W(0 0 1) c(2 · 2)
vacancy, shown in Fig. 3(b), the values of ELF are

between 0.46 and 0.55 in the region among the

nearest-neighbor W atoms, which indicates not
only that strong bonding do exist between W

atoms but also that the bonding has almost not

been disturbed upon introduction of Ag atoms as

the values of ELF keep almost unchanged.

The nearest-neighbour W atoms of Ag in the

Ag/W(0 0 1) surface alloy are in the second layer in

the (1 1 0) plane. The distance between the Ag and

the nearest-neighbour W is 2.90 �AA. Accordingly,
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we assume that the strongest interaction between

Ag and W should be localized in this plane if any.

However, it is also interesting to investigate the

ELF for (1 0 0) plane because the distance between

surface W and Ag is only 3.18 �AA. We found an

interesting feature in this plane, i.e. a different ELF
between surface W and Ag, shown Fig. 4(a). In the

region between the surface W and Ag, we found

that the ELF seems to be metallic-like, as pointed

by an arrow in the figure. However, for the (1 1 0)

plane, we read the maximum ELF values from the

joint line between Ag and W, while we do so for

the (1 0 0) plane, the ELF values range only from

0.16 to 0.23, somewhat smaller than that of the
(1 1 0) plane. This is reasonable because the dis-

tance between surface W and Ag is longer. The

ELF between surface W and Ag seems to be me-

tallic-like since the surface W atom is relaxed to

the bulk (12.7% layer contraction), resulting in

that the ELF between the surface W atom and its

nearest-neighbor W in the second layer is partly

mixed into the the ELF between the surface W and
Ag. However, when we compare it with the ELF of

the W(0 0 1)c2 · 2 vacancy, as pointed by an arrow

in Fig. 4(b), it could be concluded that such a

metallic-like ELF does not arise from the interac-

tion between Ag and W, rather from the relaxation

of the W.
Fig. 4. ELF grey plot of (1 0 0) plane of Ag/W(0 0 1) c(2· 2)
substitutional surface alloy (a) and W(0 0 1) c(2 · 2) vacancy (b).
The position of Ag and W are represented by white and black

circles, respectively.
In brief, the ELF pattern demonstrates clearly

that there is, if any, only weak chemical bonding

between Ag and W atoms, consisting well with the

conclusions for Cu/W(0 0 1) substitutional surface

alloy by Singh and Krakauer [2].

3.3. Surface charging effect

From above analysis chemical bonding could be

excluded from the mechanism of the formation of

Ag/W(0 0 1) substitutional surface alloy, it is nat-

ural to ask which driving forces account for the

surface alloying. It is noted that Ag is more elec-

tronegative than W and it will cause significant
charge transfer between Ag and surface W upon

the Ag adsorption and will induce charge redis-

tribution [38–40]. It is interesting to know if the

depletion of electrons from W atom of Ag/W(0 0 1)

is a driving force for surface alloying of Ag on

W(0 0 1) surface even though Ag does not alloy

with W in the bulk.

In the following the effect of surface charging
on surface alloying is considered exclusively with-

out any chemical bonding involved. It is well

known when a metallic system is subjected to an

external electric field The electrons will rearrange

themselves yielding a surface charge to screen out

the field so that the electric field cannot penetrate

into the metal bulk. For a typical metal, the

screening charge is mainly distributed in the top
layer. In this respect surface charging is equivalent

to a surface subjected to an external electric field.

An external electric field imposing on the sur-

face will perturb the surface states and then affect

surface morphology. There have been several in-

vestigations reported in which an external electric

field is intentionally applied in order to examine its

influence on the surface. Since an external electric
field can change the surface morphology [3,21,41],

it is interesting to know whether or not the surface

charge can stabilize the Ag/W(0 0 1) when Ag

atoms deposit on the vacancy sites of W(0 0 1) sur-

face, and whether or not the surface charging effect

is an exclusive driving force for surface alloying of

immiscible metals.

In order to simulate the electron depletion of
W, an external electric field is added on the

W(0 0 1) c(2· 2) vacancy. In the present calculation
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this is accomplished by setting two external uni-

form charge sheets at the middle of the vacuum,

which is just like putting the slab at the middle of a

capacitor. The strength of the electric field and

also the amount of surface charging can be con-

trolled by the charge density of the charge sheet. It
is obvious that in this way only the physical charge

transfer is involved.

Che et al. [21] have concluded that an external

electric field can really stabilize the W(0 0 1)

c(2 · 2) vacancy structure, which implies surface

charge transfer might stabilize the Ag/W(0 0 1)

substitutional surface alloy too. Therefore, the

difference in charge distribution of the surface W
atoms between the system of Ag on the W(0 0 1)

vacancy site i.e. Ag/W(0 0 1), and the system of

W(0 0 1) vacancy surface is calculated. The later is

obtained by removing Ag from the Ag/W(0 0 1)

while the positions of all W atoms are kept the

same for both systems, i.e., corresponding to those

that optimize the energy of the Ag/W(0 0 1) sub-

stitutional surface alloy. The pseudocharge differ-
ence in charge density obtained in this way is

ploted in the (1 0 0) plane and shown in Fig. 5(a).

The cross in the figure represents the position of

the surface W atoms. The solid curves represent

charge added, while the dotted curves represent

the charge removed. Note that in both sides

(left and right) of Fig. 5(a) there are considerable

charges added around the Ag atoms, since the
pseudocharge difference here is shown for two
Fig. 5. The difference in charge density of the surface W atoms

between Ag on the W(0 0 1) vacancy site and the W(0 0 1) va-

cancy surface (a), and between with and without an external

electric field for c(2· 2) vacancy (b). Dotted lines represent

charge decrease, while solid lines represent charge increase. The

cross represents the position of W atoms. The adjacent contours

are separated by 0.001 e/au3.
systems: one with Ag atom and the other without.

For comparison, the pseudocharge difference in

charge density between the W(0 0 1) c(2 · 2) va-

cancy with an external electric field of 3 V/�AA and

that without the external electric field is also cal-

culated in the same way, that is, the positions of all
W atoms of the system without the electric field are

kept to the same as the system with an external

electric field of 3 V/�AA. The corresponding pseudo-

charge difference of the surface W atom is shown

in Fig. 5(b), also for the (1 1 0) plane. Again, the

dotted curves indicate charge reduction.

Clearly Fig. 5(a) and (b) show different behav-

iors of surface charge depletion induced by Ag
atom and by an external electric field. It is found

that except for the region near the surface W atom

and the region around Ag atoms, the pseudo-

charge difference is almost zero, meaning reason-

ably no change in charge density, which is

expectable since for the W(0 0 1) c(2 · 2) vacancy

the effect of the electric field has been well screened

out, while for the Ag/W(0 0 1) substitutional sur-
face alloy at most there are only weak interactions

between Ag and W. Therefore, the surface charge

transfer for both cases exists only near the topmost

layer and has no effect on the charge in the inner

layers. These plots show how the charge density on

the surface W atom changes when Ag is deposited

in the vacancy site and when an external electric

field is imposed. For the case of W(0 0 1) vacancy
array, the charge depletion under an external

electric field of 3 V/�AA is localized only on the top of

the surface W atom (hill) to screen the field which

cannot penetrate into the bulk more than one

layer, as shown in the Fig. 5(b). However, for the

case of Ag/W(0 0 1) substitutional surface alloy,

the charge transfer between Ag and W appears

with a different distribution, corresponding to that
the W atoms seem to be embedded in the Ag en-

vironment. Therefore, it may account for a differ-

ent mechanism for surface alloying. compared

with the stability of the W(0 0 1) c(2 · 2) vacancy
under an external electric field.

3.4. Surface state shift

In order to further reveal the origin of surface

alloying the detailed electronic structures are in-
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Fig. 7. The surface density of states of the surface W atom for

the Ag/W(0 0 1) substitutional surface alloy (––) and the

W(0 0 1) c(2· 2) vacancy array (� � �). Symbols a, b and a0, b0

label surface states. Fermi level is set at E ¼ 0.
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vestigated. The surface band structure of Ag/

W(0 0 1) substitutional surface alloy is calculated

and shown in Fig. 6. In this figure the band

structure of bulk bcc W projected onto the SBZ is
given by the shaded areas and the Fermi level has

been set to be at zero. There are two pockets in the

projected bulk band, one of them is near the Fermi

level, and the other is about 4 eV below the Fermi

level. The surface states are represented by solid

lines for Ag/W(0 0 1) substitutional surface alloy

and dotted lines for W(0 0 1) c(2 · 2) vacancy

array.
From Fig. 6 it can be seen that surface states in

the lower pocket are mainly contributed by Ag as

shown by solid lines, except for states near the

edge of this pocket. It is found the surface states in

the pocket near the Fermi level have upwards

dispersion along XM and only small dispersion

along XC. In order to explore the origin of these

surface states, the density of states projected on the
surface W atom both for the Ag/W(0 0 1) substi-

tutional surface alloy and the W(0 0 1) c(2 · 2) va-
cancy array at point X of SBZ are calculated and

shown in Fig. 7. Again, the solid lines are for Ag/
W(0 0 1) substitutional surface alloy and dotted
lines for W(0 0 1) c(2 · 2) vacancy array. It is con-

firmed from the figure that the surface states just

below the Fermi level at X point are localized at

the surface W atom. Compared with the surface

states of the surface W atom in the W(0 0 1) c(2 · 2)
vacancy array, the surface states of the surface W

atom in the Ag/W(0 0 1) substitutional surface,

labeled by a and b respectively, have similar be-
haviors and are little affected by the existence of

Ag except for shifting the surface states down-

ward. It can be understood from this picture: due

to the existence of Ag at the vacancy site of

W(0 0 1) and induced charge transfer, the surface

potential has been changed and the surface W

atom experiences a different electronic environ-

ment. This results in a downward shifting of the
occupied surface states, which can be clearly seen

from Figs. 6 and 7. The occupation of Ag on the

W(0 0 1) vacancy site leads to significant conse-

quences in the electronic structure near the Fermi

level. This mechanism is similar to the origin of the

reconstruction of W(0 0 1) c(2 · 2)-M5, that is,

compared with the instability of the W(0 0 1)(1 · 1)
surface, small displacements of surface W parallel
to the surface result in the surface state splitting

and shifting to lower energy, leading to a more

stable structure [42].
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In Fig. 8 the charge density of these states a and
b is plotted and compared with a0 and b0 of

W(0 0 1) c(2 · 2) vacancy array. It confirms that

they are very localized at the surface W atom with

large lumps of their charge density extending into

the vacuum region. These surface states are found

to be of the characters of atomic orbital d3z2�r2 .

This kind of polarized states should be sensitive to

an external electric field normal to the surface and
sensitive to the surface charging. It is found that

these states include almost no any component

from Ag, supporting again the fact that there is no

chemical bonding between Ag and W. Therefore

this leads to the conclusion that the deposition of

Ag on the W(0 0 1) vacancy site will split out the

surface states of the W(0 0 1) c(2 · 2) vacancy array

further, lower the energy of states and stabilize the
Ag/W(0 0 1) substitutional structure. This factor

might account for the formation of Ag/W(0 0 1)

substitutional surface alloy.
3.5. Au, Cu on W(001) and Ag, Au, Cu on

Mo(001)

Au and Cu are isoelectronic with Ag, while Mo

is isoelectronic with W, it could be expected when

they are deposited on the W(0 0 1) or Mo(0 0 1)

surface, they will be shown similar behavior. In

this work the surface formation energy for the Au
and Cu on the W(0 0 1) as well as Ag, Au and Cu

on the Mo(0 0 1) surface is calculated. All compa-

rable features are found to be similar. The surface

states near the Fermi level are localized at the

surface W or Mo atoms and have similar response

to the adsorption of atoms of fcc noble metals on

the W(0 0 1) and Mo(0 0 1) c(2 · 2) vacancy sites.

The surface energy of Au (Cu) substituting W or
Mo on W(0 0 1) or Mo(0 0 1) surface is calculated

and the similar features are obtained. Surface

formation energies of these noble metals on the

fourfold-hollow sites and surface substitutional



Table 3

Surface energies (in eV/surface atom) for Mo(0 0 1) surface of

p(1 · 1) (Es) and c(2 · 2) vacancy (Evac
s ), and surface formation

energies (in eV/surface atom) for noble metals adsorbed on the

fourfold-hollow site (Efour fold
s ) and surface substitutional site of

the W(0 0 1) and Mo(0 0 1) surface (Esub
s )

System Es Evac
s Efour fold

s Esub
s

Au/W(0 0 1) 2.44 1.98

Cu/W(0 0 1) 2.60 2.11

Mo(0 0 1) 2.25 2.20

Ag/Mo(0 0 1) 2.21 1.78

Au/Mo(0 0 1) 1.99 1.55

Cu/Mo(0 0 1) 2.15 1.78
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sites of Mo(0 0 1) or W(0 0 1) surface are listed in
Table 3. It is observed that the surface formation

energies of the noble metals on the surface sub-

stitutional sites are smaller than those on the

fourfold-hollow sites, which demonstrates that

these substitutional surface alloys could be

formed. The Mo(0 0 1) p(1 · 1) is also found to be

near-instable against the Mo(0 0 1) c(2 · 2) surface
vacancy. The calculated results show that the mech-
anism for the formation of these substitutional

surface alloys may be similar to that of Ag/W(0 0 1)

substitutional surface alloy, since there is weak

chemical bonding between these adsorbates and

their substrates either.
4. Conclusions

We have presented a study based on first prin-

ciples calculations for surface alloying of immis-

cible metals which do not like to alloy in the bulk.

The calculations for surface formation energy

show that noble metals such as Ag, Au and Cu

would like to occupy the vacancy sites of the

W(0 0 1) or Mo(0 0 1) surface to form the substi-
tutional surface alloys. For the Ag/W(0 0 1) sub-

stitutional surface alloy, the calculated electronic

local function (ELF) values between Ag and W

atoms range from 0.17 to 0.29, by comparison,

that values range from 0.42 to 0.54 in the region

among the nearest-neighbor W atoms. This means

that there are only relatively weak bonds between

Ag and W atoms. Due to different electronegativ-
ity between Ag (Au and Cu) and W (Mo) which
will induce charge transfer between them, we an-

alyze the effect of surface charge transfer on the

Ag/W(0 0 1) substitutional surface alloy. It is well

known that an external electric field will induce a

screening charge distributed mainly on the top

surface layer. In order to exclude the chemical
factor in the case, we simulate the surface charge

transfer by imposing an external electric field on

the W(0 0 1) c(2 · 2) vacancy array. It is found from

the calculated pseudocharge difference in distribu-

tion that the behaviors of surface charge depletion

induced by Ag and by the electric field are different.

The alternative replacement of surface W with Ag

changes the electronic environment of surface W,
leading to the downward shift of the surface states

localized on the W atoms, and lowering the corre-

sponding energy. Thus, it could be concluded that

the surface state shift might be primarily involved

in the surface alloying of immiscible metals.
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