PHYSICAL REVIEW B 81, 224201 (2010)

Work function calculation of solid solution alloys using the image force model
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The electronic work function of polycrystalline solid solution alloys is being analytically calculated using
three different approaches. All approaches are derived by assuming that the alloys are in equilibrium and

therefore surface segregation causes a difference between the surface composition and the bulk composition.
An approach based on the image force, an approach based on the dipole layer formed due to electronegativity
differences, and a simple surface concentration approach are compared to published experimental results. The
image force model has a good agreement with the experiments, while the dipole-layer approach has a poor
agreement, challenging the conventional concept of the double layer.
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I. INTRODUCTION

The work function (WF) of alloys, along with other prop-
erties, is different from that of pure metals. Throughout the
years, many techniques have been developed in order to cal-
culate the WF of pure metallic surfaces. However, only few
theoretical approaches for calculating the WF of alloys were
introduced. A general model to calculate the WF as a func-
tion of composition would have many applications in the
microelectronic industry as well as for catalysts.

The fundamental model for most calculations was based
on the electrostatic potential of the lattice, which is deter-
mined by the charge distribution in the crystal.! The electro-
static potential becomes higher just outside the crystal and
does not change further, this being defined as the free-
electron level. The difference between the Fermi level (Ep)
and the free-electron level is the first component of the work
function. The dipole layer at the surface, which is also deter-
mined by the electron distribution, is the second component.
The first self-consistent computation of the WF using the
above-mentioned approach was done by Lang and Kohn?
who used the jellium model. This model, which assumes a
uniform background charge distribution in the crystal, in-
cluded exchange and correlation effects, however, it was
only accurate for the simple s metals. A more general ap-
proach was attempted by Skriver and Rosengaard® who used
the Green’s function technique. This approach was based on
the linear muffin-tin orbitals (LMTO) with tight-binding and
atomic-sphere approximations. For thin films, Fall et al*
used the local-density approximation (LDA) within the
density-functional theory with the Ceperley-Alder exchange
and correlation functional to measure the work function of
Al

A more phenomenological model was proposed by
Brodie® and later modified by Halas and Durakiewicz.®’ In
this model, the WF is calculated based on the electrostatic
work that is needed in order to move an electron from a
distance d above a conductive surface to infinity. The dis-
tance d was proposed to be the length of spontaneous polar-
ization of the electron gas relative to the ionic lattice. The
distance therefore depends on the electron-gas density n and
the Fermi energy, relative to the ground state at the bottom of
the electron band. Unlike sophisticated computational tech-
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niques, the predictions of this model fit well with experimen-
tal results for most polycrystalline metals. Furthermore, its
simplicity makes it readily applicable for calculating the WF
of metallic systems more complicated than pure elements.

The only analytical model for the WF of alloys was pro-
posed by Gellat and Ehrenreich,® but it was only partial,
referring strictly to the Ey shift and neglecting surface ef-
fects. Abrikosov and Skriver’ used LMTO-coherent-potential
approximation calculations to find the work function for
three unsegregated alloys as a function of composition. The
values calculated were about 1 eV higher than the experi-
mental values. Leung et al.'® studied the effect of an ad-
sorbed monolayer of various elements on the WF of W using
local-density-functional calculations within the framework of
LDA. Their results confirm a linear correlation between the
adsorbate-induced change in the surface dipole and the one
in the WF. Their main conclusion was that the adsorbate-
induced surface dipole does not depend only on the charge
transfer and the electronegativity difference. Park et al.!!
used a similar method in order to calculate the WF of Al-Ni
and Al-Pt systems. They showed the large impact of the sur-
face atomic monolayer on the WF value, especially when the
lower WF metal is on top. However, both binary systems
exhibit very small mutual solubility and therefore the results
cannot be verified by experiment.'> Xu et al.'*>'* used a simi-
lar technique with the generalized gradient approximation
and projector augmented wave pseudopotential for Ni-Pt and
Mo-Ta binary systems. Since the solute atoms in all calcula-
tions were concentrated only in the surface atomic mono-
layer, a comparison with experiments might be difficult for
these systems.

In this paper, three simple analytical models are proposed
to calculate the WF variance of binary alloys as a function of
composition. All three approaches deal with solid solution
alloys at equilibrium, where the surface composition is dif-
ferent from the bulk composition. Theses models are ex-
tended to the cases of dual-phase compositions and amor-
phous alloys. The theoretical calculations are compared with
published experimental data of binary systems which have
large soluble regions.

II. ANALYTICAL APPROACHES

Due to a difference in the surface energy of different ele-
ments and the thermodynamic preference to lower the sur-

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.224201

JONATHAN AVNER ROTHSCHILD AND MOSHE EIZENBERG

face energy, the equilibrium surface composition is different
than the bulk composition. Since work function is a surface
property, the analytical approaches should take the segrega-
tion phenomenon into account when calculating WF values
of alloys in equilibrium. The calculation of WF for dual-
phase compositions and for amorphous alloys is done differ-
ently than the calculation of solid solutions. These calcula-
tions are also explained below.

A. Image force approach

The formula which Halas and Durakiewicz derived ac-
cording to the image force in order to calculate the WF of
polycrystalline materials is®

43 46«
(I):r?/zEllv/z’ (1)

where « is an empirical parameter which is either unity for
most metals or equals 0.86 for alkali metals, Ca, Sr, Ba, Ra,
T1, and rare-earth metals. For the latter, this is due to the lack
of surface relaxation which decreases the electron densities
at the surface. r, is the density parameter which is the effec-
tive radius of the electronic volume and is related to the
electronic density, n, by

r,= 13881713, 2)

where r, is in atomic radius units, i.e., normalized by Bohr’s
radius (a,0.529 A) and n is in mole per cubic centimeter
units. The electron density can be calculated by the atomic
density and the valence z

n:Q: Z]vcell i (3)

M VcellNA
where p is the density of the metal, M is the atomic mass,
N, s the number of atoms in a unit cell, V., is the unit-cell
volume, and N, is Avogadro’s constant.

Since in this approach the WF was calculated irrespective
of surface structure and orientation, the results were com-
pared with experimental WF values of polycrystalline met-
als. Values of single facets can be explained by stating that
although the bulk parameters determine the work function,
they could slightly vary near the surface. Therefore, higher
surface concentration facets have greater surface electronic
concentration and consequently have larger WF values.'> For
example,“’ in W, which has a base-centered-cubic unit cell,
the highest work function is measured for the (110) plane
while for Ir, which is fcc, the highest work function is for
(111). For polycrystalline metals the effective WF value is an
average between the WF of the different facets. However it is
not straightforward to calculate the WF of a surface consist-
ing of several different oriented grains.

In this work we postulate that a similar calculation can be
made for solid solution alloys by determining the Fermi en-
ergy and the electronic concentration at the surface layer. For
solution A-B, the electronic concentration can be calculated
using Eq. (3), where z is determined according to the rule of
mixture
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Za-p=X)2a + XpZp, 4)

where x} is the atomic fraction of element i at the surface.
Assuming that the lattice parameter behaves according to
Vegards law and that the lattice parameter does not change in
the lateral direction, the cell volume of the surface layer is

Va.p = (Xyay +xpapg)(xaa, + xBaB)z’ (5)

where a is the lattice parameter and x; is the atomic fraction
of element i in the bulk. Incorporating Egs. (4) and (5) into
Eq. (2) yields

Ny(xhay + xhag) (xaas + xgag)® |1
ro=1388 A(Xaau BSB)( ASA Bap) L6
Neen(Xyz4 + xpzp)

The surface concentrations can be calculated using ther-
modynamic assumptions. For dilute ideal solutions, the most
commonly known isotherm that relates bulk and surface con-
centrations of the solute is the Langmuir isotherm!”-!8

be
1+ be ’

™)

S
Xp=

where b is the segregation coefficient. For undiluted solu-
tions, the Mclean isotherm is more suitable!20

bXB

(8)

S
5= 1 —xp+bxg

For nonideal solutions there are more complicated expres-
sions, where b depends on the intermixing energy and on the
matrix structure. The general behavior though is similar even
in nonideal solutions and an effective b can be extracted
from experiments.

Calculations of the Ej using the simple free-electron gas
model are only accurate for simple metals, since only the
s-electron bands behave according to the model assumptions.
The d-electron bands are more localized energetically. There-
fore, a more complex numerical calculation is essential in
order to determine the band structure, and only afterwards
the occupancy can be derived. The high density of states
(DOS) in d metals causes the E to be lower than expected
by the free-electron gas model. Also, the effective DOS due
to overlapping bands is accumulative.?!?> The calculation of
Er with good agreement to experiments is possible using ab
initio techniques which take into account the exchange po-
tential of a many-body system.??

The E depends on both the crystallographic structure of
the material and the element. For example, two materials
with exactly the same structure which consist of two differ-
ent elements would have two different £ values. Therefore,
the dependence of Er on the composition of the solution is
even more complicated. However, Gellat and Ehrenreich de-
rived an analytical correlation between the Er of a binary
solution and its composition assuming that the Er values of
the pure constituents are known®
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Eppap=xaEpa+xpErp

iy (Era = Erp)[DOS(Ef) 4 — DOS(EF)s]
ATB XADOS(EF)A +XBDOS(EF)B ’

9)

where DOS(Ey) is the total density of states of the pure
constituent at the Fermi-energy level. This equation is based
on the charge transfer between the two elements. In general,
it means that E, is biased toward the element with the higher
DOS(Ey). The equation can also be written as?*

Epap=xsEpa+xgEpp
DOS(Er) 4 )
E,,—F — -1
(Ep 4 F,B)( DOS(E,),
DOS(Ep)4
—A
*DOS(Ep), "

+ XsXp . (10)

. DOS(Ep) . . G .
The fraction DOS(( Ef;i is equal to the fraction C_Z’ where C, is

the electronic specific heat.?’
Finally, the calculation of the WF is done by inserting
Eqgs. (6) and (10) into Eq. (1).

B. Dipole-layer approach

An alternative approach that we propose for calculating
the WF of solid solutions is related to the charge transfer that
occurs at the metal surface between the atoms in the surface
layer and the atoms at the first layer beneath it. We assume
that the atomic ratio at the layer beneath the surface is as-
sumed to be approximately equal to the bulk atomic ratio.

The dipole-layer potential is calculated as the work
needed to move an electron from one charged surface to an
oppositely charged surface. The surface-charge density is o,
and the distance between the surfaces is o.

The work of the electron crossing these two layers is

q

D= e 7,0, (11)
where g is the electron permittivity in vacuum and ¢ is the
electron charge. The surface-charge density is simply o,
=0,0, where o, is the surface-dipole density and Q is the
charge of the dipole, which is calculated using Pauling’s
electronegativity values (x) of the different elements. It is
given by the ionic character of the bonding times the electron
charge?®

0 =g[1 -0~ (12)

The net dipole density is determined by both the surface
atomic ratio x* and the bulk atomic ratio x of each element.
The net effect of the A-B dipoles is the density of A-B di-
poles subtracted by the density of B-A dipoles

XAp = XaXp — XpX)- (13)

The dipole density is o,;=x4_g0,, Where o, is the atomic
surface concentration. Both & and o, should be calculated
directly from the crystallographic structure and the orienta-
tion of the surface. A more general treatment, which might
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have a better fit with polycrystalline alloys, is done by ap-
proximating the linear atomic density to be 1/

3 1/3
lfonl2

where n,, is the atomic density. Similarly the relation between
volume density and surface atomic density is o-a:ni/ 3 Insert-
ing o, and & into Eq. (11) yields
2
b== Z_né’3(xAxig—xsz>[1 — B (15)
0
The sign of the dipole depends on the charge transfer
between A and B, where in case A has the larger electrone-
gativity the charge transfer is toward A, making the A-B
dipole negative and lowering the work function. The actual
dipole is, in fact, quite smaller in magnitude due to depolar-
ization effects. This effect is described by Topping’s
equation?”’

D

=775 16
dep 1+9ao'2/2 (16)

where « is the polarizability of the segregated atom and can
be estimated by the covalent radius of the segregated atom R
as aR>.

Assuming that this is the only contribution to the WF due
to surface effects, the rest of the WF is calculated by a rule of
mixture of the bulk composition, and the total WF is there-
fore

(I)A—B:-XA(I)A +'xB(I)B+Ddep' (17)

C. Simple surface mixture approach

The third approach that we propose is to assume that the
electrostatic potential which affects the work function is de-
termined only by the surface layer. In this sort of analysis,
the work function of the solid solution should behave accord-
ing to the mixture rule of the surface composition

q)A-B=xjﬂ®A +qu)%. (18)

D. Dual-phase compositions

In the nonsoluble compositions of the phase diagram, the
equilibrium state of the material is a mixture of two stable
phases. Each distinct phase has a different surface potential
as a result of a different work function. This configuration is
completely analogous to a polycrystalline pure metal with
different WF facets. The effective surface potential of the
material will be composed of the surface potential of its con-
stituents. The surface of such materials can be treated like
parallel capacitors of two capacitors with different potentials.
Assuming that the ratio of the area of the surface for phase «
and B equals the volume ratio of each phase we expect

(I)a,ﬁzxa(l)a+x'3¢’,3. (19)

When the vacuum WF is measured using photoemission,
this might not be such a straightforward calculation. The
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reason for this is that more electrons escape the facets with
the lower WF and therefore shifting the average WF closer to
the lower value.

E. Amorphous alloys

When using gas-phase or plasma-based deposition meth-
ods, some metals and alloys form without long-range order-
ing. Such materials exhibit behavior of a mixture of atoms
rather than a solid solution behavior. Assuming that the free-
electron gas model fits the amorphous phase, the only param-
eters which are needed to calculate are the effective valence,
the molecular mass, and the density. The valence and molar

mass is assumed to behave according to the rule of mixtures
MA—BzxAMA +.XBMB. (20)

The volumetric mass density p is calculated by dividing
the total mass over the total volume

_ ‘xAMA + xBMB
x4(Ma/ps) + xp(Mplpp)
Incorporating Eqgs. (4), (20), and (21) into Eq. (3) yields

Pa-B (21)

_ XAZa + XpZp
x4 (M alpy) + x5(Mglpp)

The main difference from solid solution alloys is that
amorphous alloys are not in equilibrium and the segregation
phenomenon does not appear and thus the surface composi-
tion equals the bulk composition.

ny.p (22)

F. Calculating the surface segregation factor

Theoretical calculations for the segregation factor b of
ideal solutions can be done using'®

b=exp(7A_ 7’3),

23
o kT @3)

where vy is the surface energy. The values for the surface
energy for various metals were summarized by Skriver and
Rosengaard.®> Even though segregation is more complicated
than implied by Eqgs. (7), (8), and (23), they outline the gen-
eral trend of the segregation. Segregation depends on the
orientation of the surface. Therefore, the segregation of poly-
crystalline materials is the average segregation of all facets.
The best option in order to calculate the WF is first calculate
the segregation behavior of the system. In this paper, the
segregation behavior was extracted from experimental works
of the studied binary systems.

III. RESULTS

The possible contributions to WF of a solution coming
from either one of the above-discussed mechanisms cannot
be excluded, but the contributions and agreement with ex-
perimental data can be discussed for each method. In this
section, we compare the calculated and experimental WF
values of binary alloys. The focus of this work is the behav-
ior of the WF as a function of composition and not the cal-
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FIG. 1. (Color online) Ag surface concentration vs Ag bulk con-
centration. The triangles are the experimental points (Ref. 29). The
open circles are the interpolation used in order to extract the effec-
tive segregation factor.

culation of the pure element WF value. Therefore, the WFs
of the pure elements are taken from the experiments. Differ-
ence in WFs of pure elements between different experiments
and between theories is attributed to differences in sample
preparation and measurement techniques. According to the
image-force approach, this deviation originates from the
electronic concentration at the surface, in the same manner
that different crystallographic orientations yield different
WFs, and so the electronic concentration was fixed to fit the
WF of the pure metals.

It is important to note that we compared between our
theory and experiments only in systems where the vacuum
WF was directly measured, since indirect measurements do
not necessarily yield the vacuum WF values of the metals.
For example, Schottky barrier heights can be determined by
the metal/semiconductor interface just as much as by the
metals WE?® Two different types of binary-alloy systems
were used for the comparison. The Ag-Au and the Ag-Pd
systems are without a miscibility gap while Cu-Ni and Au-Pt
are with.

A. Alloy systems with full solubility: Ag-Au, Ag-Pd

The gold-silver system is known as a full solubility binary
system which was studied both for its WF and its surface
segregation.”>® The segregation behavior in this work is
based on the experimental work done by Kelly ef al. The
experimental values are drawn in triangles in Fig. 1, showing
the Ag surface concentration as a function of the Ag bulk
concentration at a temperature of 500 °C.

The Mclean isotherm [Eq. (4)] was used in order to inter-
polate a surface-bulk concentration behavior which fits the
experiment shown in the solid line in Fig. 1. The segregation
factor was extracted to be approximately »=0.3.

The WF dependence on composition of the Ag-Au system
was studied by Fain and McDavid.?® The temperature during
the deposition was 400—450 °C, indicating that the segrega-
tion behavior should be very similar to the one in Kelley’s
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FIG. 2. (Color online) Work function variation with composition
of the Ag-Au system.

experiments. The paper states that the work function was
measured as a function of surface composition. However, the
measurement was done by Auger electron spectroscopy
(AES), which gives information which is deeper than the
surface atomic layer. For the Au peak at 72 eV the mean free
path is approximately 0.5 nm (Ref. 31) and the information
depth is therefore about 1.5 nm (Ref. 32) under the surface.
Therefore, the measured composition is the bulk composition
of the alloys. Otherwise, the results would indicate that there
is no surface segregation at all. The experimental results
were interpolated by a quadratic function, which is marked
by filled triangles in Fig. 2.

The image-force approach and the simple surface mixture
approach yielded very similar results, which are in good
agreement with the experimental results, showing a similar
monotonic behavior. The dipole approach has a minimum
near 50 at. % Au and deviates from the experimental results
up to about 1.2 eV. This indicates that the dipole-layer ap-
proach has negligible effect in this system.

The silver-palladium system also exhibits full mutual
solubility. The estimated segregation was made according to
data from segregation experiments made at 323 °C.3* The
samples in the WF experiments were equilibrated at 300 °C
and the surface concentration is therefore expected to be
similar.3* The results of the experimental measurements are
plotted in Fig. 3.

P
=

521 A Experimental
—0—Image force
——Dipole layer
—*— Simple

Work function (eV)

0 20 40 60 80 100
Atomic percent Pd (%)

FIG. 3. (Color online) Work function variation with composition
of the Ag-Pd system.
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FIG. 4. Phase diagram of the Cu-Ni system (Ref. 12).

Much like the Ag-Au system, the experimental values are
quite similar to the image force and simple surface mixture
calculations. The dipole-layer model curve also has a good
agreement to the experimental results. At some composi-
tions, the dipole-layer model WF values are even closer to
the experimental WF values than the other two models.

B. Alloy systems with a miscibility gap:
Cu-Ni, Au-Pt

The copper-nickel binary system exhibits a phase-
separation behavior beneath 400 °C, as shown in the phase
diagram in Fig. 4. Several experimental works were done to
measure the WF of copper-nickel alloys.’-3% Sachtler and
Dorgelo® measured the WF variation with the alloy compo-
sition after the Cu-Ni films were sintered and equilibrated at
200 °C. The compositions of the results, marked in filled
triangles in shown in Fig. 5, were roughly estimated by x-ray
diffraction measurements. The segregation behavior of this
system at a temperature close to 200 °C was extracted from
the results of several experimental and theoretical
works.”3%40 The calculations were initially done overlooking
the phase-separation phenomenon and the results are plotted

A Experimental — Sachtler et al. |
—0—Image force |
—— Dipole layer

=51 ~# Simple mixture i
E‘ O
s 5
3
S 49/
X
5 4.8
=

4.7}

4.6t

45 : ‘ ‘ ‘

0 20 40 60 80 100

Atomic percent Cu

FIG. 5. (Color online) Work function variation with composition
of the Cu-Ni system on sintered samples. In this system Cu atoms
segregated to the surface.
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FIG. 6. (Color online) Work function variation with composition
of the Cu-Ni system with presumably no segregation, due to sput-
tering of the surface layers.

in Fig. 5. The approach which has the closest results to the
experiments is the simple surface rule of mixture. However,
it cannot predict that the WF values of the alloy can be lower
than the WF values of either pure metal. The image-force
approach shows a large composition range with a WF value
lower than the clean Cu. The dipole layer shows a linear
behavior since the electronegativity of Cu is very close to
that of Ni.

The next step in the WF calculations for the Cu-Ni system
is taking into account the phase separation. This cannot be
done simply using Eq. (19) since the surface composition of
this system is constant independently from the bulk compo-
sition, as thermodynamically modeled and proved by hydro-
gen chemisorption experiments.*!#> At 200 °C the alloy
separates into a mixture of a Ni-rich phase with approxi-
mately 4 at. % Cu and a Cu-rich phase with approximately
70 at. % Cu. Using the segregation data at this temperature,
the surface compositions of the Ni-rich phase and the Cu-
rich phase should be 35 at. % Cu and 99 at. % Cu, respec-
tively. The constant surface composition was determined to
be 77 at. % Cu by the chemisorption experiments. Using the
rule of mixture, the ratio between Ni-rich phase and the Cu-
rich phase is approximately 3:7. Applying this ratio on Eq.
(19) and taking the WF of the Ni-rich phase and the Cu-rich
phase from Fig. 5, the calculated value of the WF is 4.65 eV,
only 0.04 eV higher than the measured WF value and iden-
tical to the WF value measured for pure Cu. This can be
attributed to the photoemission-based technique used, which
is more sensitive to the WF of the Cu-rich phase which has a
lower WE. Applying the same ratio between the Ni-rich
phase and the Cu-rich phase for the simple surface mixture
approach and the dipole-layer approach yields WF values of
4.7 eV and 4.92 eV, respectively.

In another experimental setup, the WF values of the
Cu-Ni system without segregation were measured.*® In order
to achieve this, about one hundred layers were sputtered off
from the surface of the samples in vacuum prior to the mea-
surements. It should be noted that the sputtering process
might have also caused the surface to become amorphous.
The experimental results of the measured WF as a function
of composition as measured by AES are plotted in Fig. 6 by
filled triangles. Similar results were achieved by using the
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FIG. 7. Phase diagram of the Au-Pt system (Ref. 12).

field-emission method after cleaning the surface.’® In this
setup, no segregation is expected and therefore both the
dipole-layer approach and the simple surface mixture give
the same linear results. However, the image-force model
shows a deviation from linearity, which is caused by the
nonlinearity of the E variation with composition. Neverthe-
less, all models have a good agreement with the experimen-
tal results. Other experiments also approved the difference in
WF between segregated samples and unsegregated samples
in the Cu-Ni system.?’

The miscibility gap in the gold-platinum binary system is
quite large as seen in Fig. 7. However, the strong surface
segregation is enough to cause a high Au content at the sur-
face even at a composition very near pure Pt. Therefore,
according to the dipole-layer approach, a negative dipole
layer should be formed near the surface, increasing the work
function. The two other approaches basically suggest that the
surface Au should cause the work function values to be close
to pure Au.

Bouwman and Sachtler*® measured the WF variance with
composition in the Au-Pt system after equilibrating the
samples at 300 °C. Their results are plotted in filled triangles
in Fig. 8. The WF value that they measured for Au was about
0.3 eV higher than known in literature for polycrystalline Au.
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FIG. 8. (Color online) Work function variation with composition
of the Au-Pt system.

224201-6



WORK FUNCTION CALCULATION OF SOLID SOLUTION...

57 A Experimental
—O—Image force+ Dipole layer
S 561
2
s
5 551
c
2
-~ L
5 54
=
5.3

20 40 60 80 100
Atomic percent Pt (%)

FIG. 9. (Color online) Work function variation with composition
of the Au-Pt system.

This may indicate some preferred orientation with a higher
work function. The WF value of nearly all compositions
measured was slightly lower than the pure Au WF value.
Similarly to the calculation for the Cu-Ni system, the results
of the analytical models are plotted in Fig. 8 taking into
account segregation but overlooking the phase separation.’

The minimum of the WF plot can only be explained by
the image-force model, although the values predicted by the
image-force model are lower by about 0.4 eV from the con-
stant value of the alloy. On the other hand, the dipole-layer
approach calculations show a behavior completely opposite
to the experimental outcome. In fact, if the dipole layer ex-
ists it could be accounted for offsetting the effect of the
image force. The accumulated effect of both models is plot-
ted in Fig. 9.

At the temperature of 300 °C, the alloy is expected to
separate into a Au-rich phase with a composition of approxi-
mately 12 at. % Pt and a Pt-rich phase with a composition of
approximately 99.5 at. % Pt. The constant value of the alloy
WF was believed to be attributed to a constant surface com-
position, due to a mechanism similar to the Cu-Ni system.
Since no additional quantitative data were gathered on the
surface composition of the alloy, it can be estimated by using
the rule of mixture. Based on the image-force model, as plot-
ted in Fig. 8, the ratio between the Au-rich phase and the
Pt-rich phase is approximately 1:4. Based on the accumu-
lated effect of, plotted in Fig. 9, the ratio between the Au-rich
phase and the Pt-rich phase is approximately 7:3, which
seems to be more reasonable.

IV. DISCUSSION

The fundamental result of this work is that segregation
plays a major role in determining the WF of alloys. The
reason for this is that the WF is a surface property and thus
determined by the surface composition and structure. All
three analytical models proposed were based on this assump-
tion, which is clear from the experimental data of the Ag-Au,
Cu-Ni, Au-Pt, and Ag-Pd systems. In all approaches, the ex-
perimental WF values of the pure metals should be known in
order to allow accurate calculations of the WF variance with
compositions. Also, the difference between the Cu-Ni system
with segregation and without segregation is remarkable.
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The simple surface mixture model seems to be close to
the experimental results but cannot explain the minimum
found in some systems. It is not very dissimilar even in those
systems and therefore can yield fairly good approximation
for the WF variance with composition even if only the WF
values of the pure constituents are known, assuming that the
surface atomic concentration is known.

The image-force approach, which is based mainly on the
electron density at the surface, is in good agreement with
experimental data to the extent of prediction of the minimum
found beneath the pure metal WF values. The pure-metal WF
values were used to fit the density of the electrons. A differ-
ence in surface electron density can be attributed to different
surface structures, such as preferred orientation, defect con-
centration, and roughness, due to different sample prepara-
tion techniques.** Another reason to determine the electronic
concentration according to the pure elements WF is that dif-
ferent techniques sometimes yield different results. For ex-
ample, there is a 0.3 eV difference in the WF values of pure
Ni measured for different experimental setups of the Cu-Ni
system.>>3¢ By fitting the electronic concentration, the theo-
retical calculations are not affected by variance due to prepa-
ration and measurement techniques. On the other hand, this
means that the WF values are case determined according to
the applied experimental setup.

The dipole layer due to the electronegativity difference
model does not fit well with experiments. In some cases it
even predicts a behavior which is contradictory to the experi-
ment, such as in the Au-Pt binary system. On the other hand,
it might be a complementary effect in this system. The
Ag-Au system is the only system described in this work
where the dipole-layer approach unquestionably fails. This is
an important and even surprising point, since in surface sci-
ence, the dipole of adsorbed adatoms on surfaces is consid-
ered to be the major cause for changes in the WF. Since there
is no physical difference between adsorbed atoms and segre-
gated atoms, similar dipole is expected. The poor agreement
of experiments with these results, combined with the good
agreement of experiments with the image-force approach re-
sults, call into question the entire double-layer concept. The
double layer is used many times in surface science and in
interface science to describe electronic phenomena. These
phenomena might be explained by an alternative mechanism,
perhaps by the image force and the change in electronic den-
sity at the material surface.

Both Cu-Ni and Au-Pt showed a behavior of constant sur-
face compositions independent of the bulk composition in
their respective miscibility gaps. In these systems, the sur-
face composition is attributed first of all to the ratio between
phases. The surface composition of each phase is a second-
ary effect, which is also invariant to the composition. There-
fore the WF is constant inside the phase-separation region.

V. SUMMARY

There has been a lack in theoretical studies covering the
WF of alloys, which is an important surface property. Com-
putational models, which have been used in order to calcu-
late the WF, can be used for this end, but their agreement
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with even pure metals is not always good. Three analytical
approaches to calculate the WF of solid solution alloys were
presented. All of these approaches were based on the fact
that the equilibrated surface composition of solid solution
alloys is different from their bulk composition. The simple
surface composition approach is the most trivial one and
takes into account only the WF values of the pure constitu-
ents. The image force approach is more complicated and can
predict WF values which are larger or smaller than the WF
values of both pure metals. The dipole-layer approach yields

PHYSICAL REVIEW B 81, 224201 (2010)

the worst agreement with results and might rattle the conven-
tional concept of the double layer.
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