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Submonolayer coverages of gold on tungsten (110) surfaces cause only a minor work-
function increase. Heating such a surface produces a large reversible work-function decrease
which depends on coverage and temperature and which can be attributed to a two-

dimensional phase transition.

PACS numbers: 73.30.+y, 68.40.+¢, 82.65.Dp

The temperature dependence of the work func-
tion ¢ of a clean metal surface has long been the
subject of experimental and theoretical study with
the result that ¢ increases approximately linearly
with temperature, with a temperature coefficient
d¢/dT of the order 1x10~° eV K.! This is also
true for adsorbate-covered surfaces provided that
the coverage and the location of the adatoms normal
to the surface do not change with temperature.
There has been the theoretical prediction that ¢
should change significantly with T also when the /a-
teral distribution of adatoms changes in an order-
disorder transition,> a prediction which is in
disagreement with experiment.>* This is not
surprising because the work function is determined
by short-range order, which does not change signifi-
cantly during the transition because of the repulsive
interaction between the atoms.

In this paper we report work function changes
with temperatures as large as 0.6 eV at constant
coverage without changes in the normal distribu-
tion, and give an explanation of this phenomenon.
The surface on which these large changes are seen
is a W(110) surface with submonolayer coverages
of Au. The experiments were performed at a pres-
sure of 5x 10~ !! Torr; the crystal surface had less
than a 0.05° deviation from the (110) plane and less
than 0.1% of a monolayer C contamination as deter-
mined by Auger electron spectroscopy (AES). AES
was also used to determine the Au coverage 6,
which was calibrated via the break at one monolayer
in the AES signal versus deposition time curve.’ In
addition, the adsorbate was characterized by low-
energy electron diffraction and thermal-desorption
spectroscopy (TDS). The coverages derived from
TDS agree, within the limits of error of the TDS
monolayer determination ( +3%), with those ob-
tained by AES. The work function change was

measured with the retarding-field electron-beam
method in the constant-current mode. In this mode
the voltage necessary to maintain a constant current
to the crystal—typically 1—10 of the saturation cur-
rent—is monitored continuously. Its change AV
gives directly the work function change
A¢p= —eAV. By proper shielding an accuracy of

+ 1.5 meV was obtained for A¢. The temperature
was measured with a W 5%Re/W 26%Re thermo-
couple to +5K. The uncertainty in the absolute
value of the Au coverage as determined by AES is
+0.015 monolayers; for a series of small identical
Au doses this amounts to only several thousands of
a monolayer.

.All Au depositions were made at 300 K but the
A¢(T) data reported here refer only to the reversi-
ble ¢ changes seen after the first temperature cy-
cling. Before heating, the work function decreased
initially very slightly with coverage due to the for-
mation of many small two-dimensional Au islands
as indicated by the low-energy electron diffraction
(LEED) spot broadening. Cooling to 350 K after
heating led to large Au islands as seen by sharp
LEED spots and a slight irreversible ¢ increase due
to the smaller number of atoms at the periphery of
the islands. This number is, however, still large
enough to reduce A¢ at submonolayer coverages
far below the value expected from A¢ = +200 meV
at one monolayer. For example, A¢ = +7 meV at
9=+ and A¢p= +30meVatg==3.

The temperature dependence of ¢ was measured
during cooling and is illustrated for several small
coverages in Fig. 1. Zero for each curve is the
respective Agpy=¢(0) —¢(0) at T=425K shown
together with @ as curve parameter. 7T =425 K was
chosen in order to avoid excessive cooling times.
All curves consist of a curved part common to all §
and a #-dependent linear part. At 6 > 0.3 only the
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FIG. 1. Work function change A¢ s of a Au-covered
W(110) surface with temperature for several coverages
shown as curve parameter together with the work func-
tion change A, relative to the clean surface at 425 K.

curved part is observed in the temperature range ac-
cessible without excessive desorption.

This general behavior of ¢(7,0) can be ex-
plained easily by assuming (i) that the adsorbate
consists of two-dimensional Au islands surrounded
by a two-dimensional gas of Au atoms (and
molecules) and (ii) that the dipole moment of a Au
atom in the condensed phase is negligible compared
to that of a Au atom in the gas phase. At suffi-
ciently low temperature practically all Au atoms
have condensed out and the work function change
A, relative to the clean surface is nearly zero (see
A¢y values in Fig. 1). With increasing T, the Au is-
lands evaporate into the two-dimensional gas,
thereby producing a - and 7-dependent number of
dipoles until all islands have disappeared. This ter-
minates the rapid #-decrease. The further decrease
at low coverage is caused by the 7-dependence of
the dipole moments of the adsorbed atoms and by
the contribution of the substrate; at high coverage it
is caused by the dissociation of-dimers, and possibly
polymers, with increasing 7.

A more quantitative description can be given in
several ways. If the intersection of the extrapolated
9-dependent straight line segments with the 0-
independent curved segment (see Fig. 1 for
0=0.073) is plotted as a function of 6, the coex-
istence line between single phase (gas) and two
phase (gas + condensate) regions is obtained (Fig.
2). The scatter of the points is not so much due to
the A¢, 0, and T errors but mainly caused by the
difficulty in determining the intersection. Fits to
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FIG. 2. Coexistence curve between single-phase and
two-phase region of Au on W(110) as obtained from the
data of Fig. 1. The data points are from four series of ex-
periments, including those obtained from Fig. 1. The
curve is the van der Waals coexistence curve for
Tc=1130K and 8. =0.26.

the coexistence curves of various equations of state
(Van der Waals, Dieterici, Guggenheim,® Bragg-
Williams, and quasichemical approximation’) were
made with the surprising result that thé van der
Waals equation gave the best fit. Only the quasi-
chemical approximation allowed comparable fit.
The curves shown in Fig. 2 are van der Waals coex-
istence curves with critical parameters T.=1130
and 1140 K and 6. =0.26. .
The order parameter of a real gas is the density
difference p- — p; between condensate and gas® or,
in two dimensions, . — 0. The critical exponent
B of the order parameter of the van der Waals gas is
+, that of the Guggenheim equation +, which is
close to the three-dimensional Ising value 0.31.
Guggenheim’s equation describes the critical prop-
erties of three-dimensional real gases well; the van
der Waals equation not only those of Au but also of
Ag, Cu, Pd and Ni adsorbates on W(110).° This is
in marked contrast to the condensation behavior of
physisorbed layers as observed by adsorption iso-
therm measurements.!%!! For the second layer of
Ar on CdCl,, 8=0.16 was obtained, i.e., a value
close to the two-dimensional Ising value 8=+, and
coexistence curves -similar to that from which
B=0.16 was derived were reported for the first
layer of Ar on MgBr, and FeCl,.!' Thus, chem-
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isorbed and physisorbed layers seem to differ in
their two-dimensional condensation behavior.

The critical quantities 7 and 6. allow the deter-
mination of the lateral interaction parameters if a
two-parameter interaction potential such as the
Lenhard-Jones potential U (r) =4e,[(a/r)2— (o/
r)®] is used. The parameters o (hard core-
diameter) and e, (depth of potential well) are relat-
ed to the van der Waals constants a,b, via

1 (7 2, _ 1 2
b=yj;dr=70'7r
and
I 3
a=—7f U(rd*r = —3e0im.
o

With kTc=(8/27)(a/b) and nc=N0c=1/3b
[N,= monolayer density = 14x10'* atoms/cm?
for Au on W(110)] one obtains

€,=—(45/16)kTc= —0.274 eV
and
o=[(37/2)N,6c1"V2=2.414 A.

These values are significantly smaller than those for
Au-Au interactions in bulk Au as obtained by
describing bulk properties with pairwise interaction
potentials: ;= —0.451 eV,!? or €;= —0.441 eV,13
and o =2.637 A.1213 This is not surprising because
the Au 6s electron contributes significantly to the
bonding to the substrate, thus reducing lateral
dimensions and bonding of the atoms.

The use of the Lennard-Jones potential for the
lateral interactions of chemisorbed atoms is, of
course, a very rough approximation. Certainly, just
as in the bulk,'* three-body forces also play an im-
portant role in the lateral interactions as demon-
strated for many chemisorption systems with repul-
sive first-neighbor interactions. In view of the lim-
ited understanding of the lateral interactions on an
atomic level, a phenomenological analysis appears
more appropriate. Such an analysis is usually made
on the basis of the Clausius-Clapeyron equation
with the simplifying assumption of an ideal gas for
the gaseous phase. This leads to the equation
E, /k =T?d Inn/dT + T for the heat of vaporization
per atom, n being the density of gas atoms. If, as in
the case of Au on W(110), the dipole moment pg of
the Au atom in the condensed phase is negligibly
small, then the work function change is given by
A¢p(0,T)= —4mwepn(0,T). Here p is the dipole
moment of the gas atoms and it is assumed that Au
molecules may be neglected. Thus, an evaluation

of A¢ in this manner not only gives the coverage
dependence of E, but also its temperature depen-
dence which contains important information on the
specific heat of the condensate. In general, p, may
not be neglected and the gas also contains a 8- and
T-dependent number of molecules which makes the
analysis more involved. Such an analysis is in pro-
gress at present.

In conclusion, we have shown: (i) On a Au-
covered W(110) surface large reversible work func-
tion changes with temperature can occur, in spite of
constant coverage and the absence of 7T-dependent
displacements of atoms with different electronega-
tivity normal to the surface. (ii) The work function
changes are caused by a two-dimensional phase-
transition condensate vapor in the Au layer. (iii)
The gas-condensate coexistence curve of the two-
dimensional system can be obtained easily. (iv)
This curve can be fitted well by the van der Waals
equation of state which suggests that the critical ex-
ponent of the order parameter is +. When com-
pared to the recently reported He atomic-beam
scattering technique for the study of similar phase
transitions!® the present method has the advantage
of being much simpler. Furthermore, a detailed
analysis of (6,7)° gives direct information on mi-
croscopic quantities such as dipole moments and
molecular composition of the two-dimensional gas
as well as phenomenological quantities such as
two-dimensional vapor pressure and heat of vapori-
zation.
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