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Size-dependent melting temperature of individual nanometer-sized metallic clusters
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Gold and silver clusters with diameters in the nanometer-size range were grown in an inert-gas

beam and deposited on the end of a tungsten field emitter. The field-emission current from an indi-

vidual cluster is used to study a size-dependent change in shape of the cluster as a function of tem-

perature. Three experimental signatures indicate an abrupt change in cluster shape at a tempera-
ture below the bulk melting point. This temperature is found to depend on cluster size and is in

agreement with a thermodynamic model for cluster melting, provided the cluster diameter is greater
than -2 nm.

I. INTRODUCTION

The details of how melting transition in a solid occurs
has been a topic of long-term interest. Early theories of
melting have focused on the role of vibrational instabili-
ties, ' lattice-shear instabilities, catastrophic generation
of dislocations, or the presence of thermal vacancies or
other point defects. The dominant role played by an
external surface in the melting transition has also recent-
ly been emphasized. Clearly, interesting effects are ex-
pected in materials with large surface to volume ratios.
Indeed, small Au clusters in the nanometer-size range ex-
hibit a melting point depression. From molecular-
dynamic studies, there is considerable evidence that melt-
ing is initiated at external surfaces or along internal de-
fects such as grain boundaries or dislocations. Computer
calculations of melting have nicely simulated the
influence of these features on the melting transition. '

The further study of melting in small nanometer-size
clusters is relevant to a better understanding of the melt-
ing transition for a number of reasons. First, the melting
of supported clusters possesses an inherent grain bound-
ary at the cluster-substrate interface. Secondly, as cluster
size decreases, the number of surface atoms increases and
any role played by the surface in the melting transition
will be accentuated. It is also well known that small clus-
ters exhibit unique electronic and structural properties
that often differ from their bulk solid-state counter-
parts. ' ' These size effects have been investigated in
both a theoretical and experimental way. ' ' Also, the
size-dependent melting of small clusters has received
theoretical attention in the last few years. '

In spite of widespread interest in the melting transition
of small clusters, there are still little data available on this
interesting subject. All too often, the distribution in size
of the clusters obscures the physics behind melting.
Furthermore, most experimental techniques are incap-
able of resolving the melting temperature of an individual
nanometer-size cluster. Those techniques, like transmis-
sion electron microscopy, capable of such resolution

often produce surprising results, which are attributed to
the inherently disruptive nature of the experimental tech-
nique. It therefore seems desirable to develop new ap-
proaches to further study the melting, of small supported
clusters.

In this paper we demonstrate the feasibility of using
the field-emission current from an individual cluster to
measure the melting temperature of that cluster. This
new technique has the flexibility of studying a single iso-
lated cluster whose diameter spans a wide range of sizes
(-1—20 nm in diameter). Moreover, the experimental
technique appears to be as sensitive to the large clusters
as the small ones.

This paper begins with a description of a thermo-
dynamic model of the melting of small particles. Al-
though this simple model does not include the effects of
the substrate on melting, we find it does predict the ex-
perimental results with reasonable accuracy for Au and
Ag clusters with diameters greater than -2 nm. The sig-
natures for melting using the field-emission current tech-
nique are also discussed, followed by results for both gold
and silver clusters. Data taken from the literature are
compared with our results when possible. A summary is
then given emphasizing the important aspects of the
work.

II. THEORETICAL CONSIDERATIONS

In principle, any theoretical description of a melting
transition should strive to answer questions concerning
the structural rearrangement of atoms that occurs during
the melting process. In practice, an alternative approach
is often taken using classical thermodynamics to describe
cluster melting. The thermodynamic approach does not
require information about the position of the atoms
comprising the cluster. All that is necessary is a thermo-
dynamic condition describing phase coexistence between
the solid and liquid cluster along with some general ther-
modynamic relationships. Phenomenological models of
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p(T, P)=pc(TO, PO)+ (T —To)+ (P Po), —(2)

where To and Po are the values of the melting tempera-
ture and the equilibrium vapor pressure at the bulk triple
point. Since Au and Ag have low vapor pressures at the
triple point, To may safely be taken as the bulk melting
temperature of the material.

The use of the Gibbs-Duhem relationship ' permits
an evaluation of the partial derivatives through

SdT —VdP +M, dp=0,

where, S is the entropy of the cluster, V is the cluster
volume and M, is the cluster mass. From this equation
the following two thermodynamic identities result:

Bp —S
aT

Bp 1

aP

=S

this type have been reviewed in the literature. We
will briefly describe the model presented by Buffat and
Borel. In this model the cluster is assumed to have a
spherical shape both before and after melting takes place.
In addition, substrate-cluster interactions are not ac-
counted for.

Within the framework of this model the basis for a
depression in the melting point of small clusters is a
direct consequence of the large internal stress acting on a
cluster due to the presence of its surface. The differential
pressure drop across the surface of a spherical cluster
(solid or liquid) of radius r„and having a surface tension

y may be shown to be

P P,„,=—2ylr, .

Since our experiments are carried out in a ultra-high vac-
uum (UHV) environment, there is negligible external
pressure, P,„„appliedto the cluster. Equation (1) sug-
gests that a 3-nm diameter gold cluster (y —1.3 J/m ) is
under the influence of an internal pressure of -8500 torr
(-11atmospheres).

The condition for phase coexistence may be expressed
by setting the chemical potentials of the liquid and solid
phase equal. ' The chemical potential for a cluster is
modified (compared to the bulk value) due to the pres-
ence of the pressure term given in Eq. (1). By expanding
the chemical potential, p(T, P) at a specific temperature
and pressure about the corresponding bulk value

po( To Pp },one obtains to first order

(1—T /To}=, [y, yI(p—, /p()'"l2

S C

(4)

In this equation, r, =r„for the sake of brevity,
L —= (sI —s, )TO, is the latent heat of fusion of the bulk
phase, y, (yI ) are the surface tensions of the solid (liquid)
bulk material near the melting point. Equation (4) was
first derived by Pawlow and then reevaluated by
Hanszen. This equation predicts that a plot of the in-
verse cluster radius versus T /To will yield a straight
line.

If the depression of the melting temperature predicted
by Eq. (4) is large, then the change in the appropriate
thermodynamic variables with temperature must be tak-
en into account. This can be done by expanding y l(pr)
as follows:

+ (T —T )+a
pT, pf p BT pl'

Defining a, the linear expansion coefficient, as
a= —(1lr)Br/BT and g—= —(1/y)By/BT, Eq. (5) evalu-
ated at the melting temperature of the clusters becomes

y y y(n 2a)—
p7 T pT r pr

(T —To}+
TQ

(6)

where all the parameters in the above equation apply to
the cluster in either the liquid and solid phases. Equation
(6) may be combined with Eqs. (1) and (3) to obtain the
following correction to the Pawlow theory:

In these two equations p is the mass density of the cluster
and s is the entropy per unit mass. Inserting these two
equations into Eq. (2), and using the condition that the
chemical potentials are equal in both the solid and liquid
phases at the melting point, one finds the following ex-
pression at equilibrium:

(s, —sI )( T —To ) PI —Ipr +P, /p, —Po( 1 Ip, —1/pI ) =0,
(3)

where the subscripts s and I represent the solid and liquid
phases of the cluster at the melting point T

In this model it is assumed that the clusters are spheri-
cal during the melting process. Conservation of the num-
ber of atoms, before and after melting gives r„p,=r,~pI,
where r„and r, t are the radii of the solid and liquid clus-
ter, respectively. It is also easy to show that the term
containing Po is small compared to the other quantities
and is therefore neglected. Using this result along with
Eq. (1},Eq. (3) may be expressed as

(1 —T /To} — [y, —yI(p, /p() ~ ]— [y, (g, —2a, ) yI(rII —
2aI )(p, Ip—r ) ](1—T /To) =0 .

p, r, Ps "c

The third term in Eq. (7) partially corrects the assump-
tion that the surface tension of a cluster can be well ap-
proximated by the surface tension of a bulk solid. Since
surface tension changes with temperature, ' decreasing as

the temperature is increased, larger values of y should be
used. This is the origin of q in the above expression. 2a
is a measure of the increase in surface area that occurs
upon heating. Since the surface tension is the surface free
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TABLE I. The values of the thermodynamic quantities of bulk gold needed in order to apply Eq. (7)
to the experimental results. The references that were used to obtain these values are also given. The
table is an updated adaptation of the one presented in Ref. 7.

Name Symbol Value
Solid

Reference Value
Liquid

Reference

Mass density p(kg/m3)

Surface
Tension

y(J/m')

1.84X10'

1.29-1.42

Ref. 46, pp. 4—124
Ref. 23
Ref. 23
Ref. 31, p. 124

By/BT(J/m K) —4.33X10 Ref. 31, p. 124

1.728 X 10

1.135

—1.0X10-'

Ref. 47, p. B-221
Ref. 23
Ref. 23
Ref. 31, p. 102
Ref. 32, p. 403
Ref. 32, p. 403

Linear
Expansion
Coefficient
Latent
Heat
Melting
Temperature

L(J/kg)

T,(K) 1336 Ref. 33, p. 50

2.31X10 ' Ref. 46, p. 4-124

6.276X10 Ref. 47, p. D-187

2.10X10 ' Ref. 47, p. B-221

J= AF exp
bP, v (y)—

F
where b is a known constant, P, is the cluster work func-
tion, F is the average field over the cluster surface and

energy per unit surface area, ' this term corrects for the
decrease in surface tension that occurs for a given tem-
perature rise. If g=2a, the correction term is zero and
the Pawlow theory prevails. The numerical values used
to evaluate the coefficients in this equation for T /To are
discussed in the Appendix.

In applying this model to the experimental results, y,
is the only free parameter that we have chosen to vary.
This choice is partly due to the sensitivity of Eq. (7) to
variations in the surface tension. There appears to be
good agreement between different authors for yl. How-
ever, results for the solid surface tension vary as shown in
Tables I and II.

Field emission from a cluster. In a previous article it
was shown that the field-emission current density, J, from
a supported gold cluster obeys the well-known Fowler-
Nordheim law for field emission

v (y) is a slowly varying function of y =e F/P'i . F is re-
lated to the voltage, V, applied to the tungsten tip by

In this expression p is a geometrical factor relating the
applied voltage to the electric Geld far from the cluster,
and K is the field enhancement factor which depends
solely on the geometry of the cluster relative to the sub-
strate. Combining the above two equations J may be
written as

J =AF exp
by3/2v (y)

KPV
(10)

A plot of the ln( J/V ) over 1/V will yield a straight line
with slope, S given by

bP,'i'~(y )S=— (11)
K

The physical basis for measuring the melting tempera-
ture of a single supported cluster relies on the sensitivity
of Eq. (10) and Eq. (11) to changes in K. In principle, for
a given cluster shape, E may be calculated as was de-

TABLE II. Numerical values for the thermodynamic quantities of bulk silver need to evaluate Eq.
(7). The references which were used to obtain these values are also given.

Name Symbol Value
Solid

Reference Value
Liquid

Reference

Mass density
Surface
Tension

9.82X10'
1.1 —1.2

p(kg/m')
y(J/m )

Ref. 46, pp. 4—130
Ref. 44
Ref. 45

By/BT(J/m'K) —4.70X10 4 Ref. 31, p. 125

9.33 X 10-'

0.895

—1.3X10 '

Ref. 47, p. B-221
Ref. 31, p. 102
Ref. 32, p. 403
Ref. 32, p. 403

Linear
Expansion
Coefficient
Latent
Heat
Melting
Temperature

a(K ')

L(J/kg)

To(K) 1234 Ref. 33, p. 20

3.03X10 ' Ref. 46, pp. 4—130

1.11X10' Ref. 47, p. D-187

3.29X10 ' Ref. 47, p. B-221
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scribed in a previous paper. An important consequence
of Eq. (10) is that for a given applied voltage V, the field-

emission current from a cluster is greatly enhanced rela-
tive to the substrate. The high sensitivity of current to
overall cluster geometry allows one to measure the tem-
perature at which the cluster shape changes. The shape
change is interpreted as a solid-liquid transition which
enables the cluster to spread out and wet the surface.

In our field-emission experiment, there are three signa-
tures that indicate when a cluster has undergone such a
transition. The first is a change in the overall field-
emission pattern from the cluster. The field-emission
spot size on the fluorescent screen, created by electron
emission from an isolated cluster, depends on the
geometry of the cluster on the support. A change in
shape of the supported cluster will result in a change in

spot size on the fluorescent screen. Whether the spot size
increases or decreases depends on the detailed morpholo-

gy of the cluster surface after wetting occurs. In a field-
emission experiment it is difficult to determine this mor-
phology from an image. The important fact is that
changes in shape can be detected.

The second signature is the change in voltage required
to draw a constant current from the cluster. The current
is exponentially dependent on the field enhancement fac-
tor. When the cluster melts and wets the surface the field
enhancement factor K decreases. This causes the voltage
required to draw the same current from the cluster to in-
crease. This increase is typically -200 V, a voltage in-
crement which is easily measured.

The third signature for cluster melting is a change in
the Fowler-Nordheim slope [Eq. (11)] upon heating. For
a fixed work function, large changes in slope may be in-
terpreted as corresponding changes in cluster shape. It is
found experimentally that the slope increases after heat-

ing. This implies a decrease in K which'is consistent with
the interpretation that the cluster spreads over the sur-
face.

A more complete discussion of these three signatures
can be found elsewhere. In presenting the experimental
results in the next section, the three criterion for melting
have been used to extract the melting temperature of a
single supported cluster.

III. RESULTS

A. Experimental details

The experimental setup and procedures used to deposit
a single performed cluster on a field emitter have been de-
scribed in detail elsewhere. ' Briefly, the system is
composed of a multiple-expansion cluster source ' and
a stainless steel, ultra-high-vacuum chamber suitable for
field-emission experiments. Clusters of controlled mean
size are grown in an inert-gas beam. A field emitter is
briefly exposed to the beam and then transferred to a
field-emission chamber in a vacuum transfer cell at pres-
sures of —5X10 torr. Experiments are performed in
the field-emission chamber operating at a pressure of
—2 X 10 ' torr. The field-emission apparatus is

equipped with a digital image acquisition system which

allows a detailed analysis of cluster images to be per-
formed.

In measuring size dependent properties an adequate
method for size determination must be used. Due to the
difficulties in measuring the size accurately from the
field-emission image, independent methods were em-
ployed in this work. ' In general, cluster diameters
were determined by transmission electron microscopy
(TEM) analysis described elsewhere. In the data
presented below, cluster diameters and their experimental
uncertainties are taken to be the mean and one standard
deviation determined from the TEM analysis.

The experiments are performed in the following way.
After a single cluster is placed on the end of a field emi-
tter, the sample is inserted into the field-emission
chamber and a Fowler-Nordheim plot is taken. This re-
quires 6 to 9 measurements of the field-emission current
as a function of the applied voltage. This data is then
plotted in order to determine the slope as given by Eq.
(10). Typically, a digital image of the field-emission pat-
tern of the cluster is recorded with the image acquisition
system at the mean voltage used when measuring the
Fowler-Nordheim slope. The tip is then heated in zero
electric geld to a given temperature for —10—30 sec.
Temperature measurements are made with a thermocou-
ple spot welded to a tungsten loop supporting the tip.
After the tip cools to room temperature, another
Fowler-Nordheim plot is taken along with a digital image
of the field-emission pattern. Typical heating steps range
from 10 to 40 K. The entire procedure is repeated until a
temperature is reached which causes the cluster shape to
suddenly change.

In Fig. 1(a), a three-dimensional representation of the
field-emission current from a -20-nm diameter gold
cluster taken after heating the tip (i.e., substrate) to 1327
K. The x-y coordinates in this plot are proportional to
the position of the image on a nearby fluorescent screen.
The z coordinate represents the light intensity distribu-
tion on the fluorescent screen which is directly propor-
tional to the field-emission current density. Figure 1(b)
shows an image of the same cluster after heating to 1330
K. Notice the increase in size of the image as compared
to that in Fig. 1(a). This increase also correlates with an
increase in the applied voltage required to draw the same
field-emission current. In addition to these two signa-
tures, a sharp change in the Fowler-Nordheim slope is
also observed at 1330 K. This is shown in the lower por-
tion of Fig. 2. This temperature is close to the bulk melt-
ing temperature of gold (1336 K). The above three obser-
vations are in agreement with the scenario for cluster
melting; as the cluster melts and wets the surface, the
field enhancement factor I( decreases. Due to this de-
crease, (i) the current at a specified voltage drops [Eq.
(10)], (ii) the Fowler-Nordheim slope will increase [Eq.
(11)] and (iii) the size of the image on the fluorescent
screen changes.

Figure 2 also shows a plot of the Fowler-Nordheim
slope as a function of temperature for a —1.5-nm diame-
ter gold cluster. In this case the Fowler-Nordheim slope
changes at a lower temperature than that for the 20 nm
cluster. In addition, the variation in slope occurs over a
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broader temperature range than observed for the 20 nm
cluster. It is interesting to speculate on this observation.
Challa' has demonstrated through computer simulation
that temperature driven transitions become smeared out
for 6nite systems compared to their bulk solid-state coun-
terparts. This is in agreement with other theoretical
models on cluster melting reported in the literature. ' ' '

However, it is too early to tell if this is experimentally the
case.

B. Size-dependent melting of Au clusters
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Similar experiments were performed on different clus-
ters, using the three signatures for cluster melting, in or-
der to determine their melting temperature as a function
of size. A melting temperature range may then be as as-
signed to each cluster diameter studied. The results for
gold clusters melting on tungsten are presented in Fig. 3.
Our experimental points are given by solid dots. The
data marked by x's are take from Fig. 5 of Ref. 7, and
Fig. 5(b) of Ref. 23. In Ref. 23, data was collected for
gold particles & 10 nm. Since our interest in this study is
really clusters with diameters less than this, these points
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FIG. 2. A plot of the Fowler-Nordheim slope as a function of
temperature for a 1.5 nm diameter and a 20-nm diameter Au
cluster. The shading on each curve indicates where substrate
emission is contributing to the current measurement. Substrate
emission will become significant only after the cluster has melt-
ed. Before melting, the high radius of curvature of the cluster
with respect to the substrate ensures that only electron emission
from the cluster is observed. The vertical lines marking the 1.5
nm curve provide an estimate for the uncertainty in the melting
temperature. The vertical line marking the melting temperature
for the 20 nm cluster agrees well with the bulk melting tempera-
ture of Au.
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FIG. 1. A digitized, three-dimensional field-emission pattern
of a 20-nm diameter gold cluster (a) taken after heating to 1327
K and (b) after heating to 1330 K. The voltage necessary in or-
der to draw approximately the same field-emission current is
also listed.

FIG. 3. A plot of the relative lowering of the melting point
for gold clusters vs the inverse cluster radius. The solid circles
represent the values determined from this work. The x's are
data points taken from Refs. 7 and 23. The thermodynamic
model [Eq. (7)] is given by the solid lines for two different values
of solid surface tension as indicated. The dash line is that pre-
dicted by the Pawlow theory for a mean solid surface tension of
1.36 J/m
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will not be discussed further. In general, the uncertainty
in temperature for our data are due to the uncertainties
in identifying the transition from the Fowler-Nordheim
slopes. It should be noted that the 1.5-nm and 3.0-nm-
diameter samples were reproduced, yielding melting tem-
peratures within the error shown.

The thermodynamic prediction, according to Eq. (7) is
given by the solid lines (see Table I). The calculations re-
veal that the thermodynamic model is sensitive to the
value of the solid surface tension. Notice that both
curves bracket our data as well as the data taken from
Ref. 7 up to a cluster diameter of -2.0 nm. Below this
size there is a definite deviation from the model. Also
shown in this figure is the prediction of the Pawlow
theory [Eq. (4)]. This is given by the dashed line which
was calculated using a surface tension of 1.36 J/m . This
figure shows that the correction terms included in Eq. (7)
are necessary in order to explain the experimental results.

The data from this study systematically lie below the
data taken from Ref. 7 which measured the integrated
diffraction intensities from an ensemble of different size
gold clusters supported on an amorphous carbon sub-
strate as a function of temperature. The melting temper-
ature extracted from a diffraction experiment depends on
the Debye-Wailer factor for the clusters. If this value is
treated as an adjustable parameter, a lower melting tem-
peratures for the smaller clusters will result. This
analysis will force the x's to move closer to our experi-
mental data for diameters less than -5 nm.

Taking into account the difference in the experimental
techniques, it is surprising that the agreement is this
good. Our measurements involve studying single isolated
gold clusters supported on W substrates. Reference 7 in-
vestigates an ensemble of clusters taking into account
their size distribution. This explains the spread in the x
data points, especially at small sizes. The interaction be-
tween gold and tungsten is relatively strong being -3
eV/atom. That between carbon and gold is considerably
weaker. During our experiments the clusters wet the
substrate. The particles in Ref. 7 do not. The difference
between our data and those reported in Ref. 7 may well
be due to the difference in interaction energy for Au on
W and Au on C.

Another interesting feature about Fig. 3 is the satura-
tion region that occurs for diameters less than 2 nm. Alex

though the thermodynamic model probably breaks down
below this diameter, substrate effects cannot be ruled out.
Since the substrate interaction is strong, one might ex-
pect a saturation in the melting temperature for the
smaller diameter clusters.
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This torus-shaped geometry is apparently related to
faceting of the Ag cluster. It is well-known from field-
emission studies that for a fixed applied voltage, flat
facets produce a smaller field-emission current than the
surrounding facet edges due to electric-field enhance-
ments on the edges with respect to the facet. Whether
the faceting is an inherent structural property of the clus-
ters used in this study ' or is due to the background gas
present during sample transfer ( (1X10 Torr) cannot
be decided at this time.

All data points for the Ag clusters were plotted with
TEM size confirmation. As in the case for Au, a plot of
the Fowler-Nordheim slope versus temperature shows an
abrupt change in slope. Typically, the slope changes by a
factor of —3. This increase in slope roughly coincides
with a change in the field emission pattern. However, in
the case of Ag, a decrease in the size of the field-emission
pattern from an individual cluster was found. This
characteristic was continually observed throughout this
study for Ag clusters and should not necessarily be inter-
preted as an indication of a smaller cluster on the W sup-
port after melting. A change in cluster morphology may

C. Size-dependent melting of Ag clusters

The procedure used to measure the melting tempera-
ture of supported silver clusters is identical to the tech-
nique discussed above for gold. A unique feature of the
Ag cluster study is the reproducible torus-shaped field-
emission pattern for all Ag clusters investigated [see Fig.
4(a)]. This pattern was always observed after insertion
into our field-emission chamber and disappeared after
heating the Ag cluster to -400 K as shown in Fig. 4(b).

O

FIGX 4. A digital field-emission pattern of —80 A diameter
Ag cluster taken after placing the sample into the field-emission
chamber. In {a), the pronounced torus-shape geometry is clear-
ly evident. The same sample after heating the substrate to
-400 K is shown in (b). The torus-shape configuration has van-
ished.
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FIG. 5. A plot of the relative lowering of the melting point
for silver clusters as a function of inverse cluster radius. Three
different curves, predicted by Eq. (5) for three different solid
surface tensions of 1.2, 1.3, and 1.4 J/m respectively, are given

by the solid lines.

FIG. 6. A plot of the melting point depression for silver and

gold clusters studied in this work as a function of inverse cluster
radius. Reasonable fits to the data according to the thermo-
dynamic model [Eq. (5)] are shown by the two solid curves for
solid surface tensions of, 1.38 J/m for gold, and 1.30 J/m' for
silver.

decrease the magnification of the field-emission image in
such a way to produce this effect even though the clus-
ter has wet the surface. For all the silver clusters studied,
an increase in voltage was always required in order to
draw constant current from a cluster after cluster melting
had occurred.

A compilation of the silver cluster data taken are
presented in Fig. 5. Also shown in this figure are three
curves computed using the thermodynamic model Eq. (7)
with three different solid surface tensions, of 1.2, 1.3, and
1.4 J/m, respectively. The curves again reveal the sensi-
tivity of the model to slight surface tension variations. In
general, the model predicts the overall trend in the data.
From the data it is clear that a solid surface tension of
y, —1.3 J/m provides the best fit. This is -0. 1 J/m
larger then the values obtained for silver by others
(1.1 —1.2 J/m ) as listed in Table II.

IV. SUMMARY

Figure 6 summarizes the important aspects of this
work by comparing the gold and silver data taken with
the field-emission technique. When the data are
displayed in this way a clear distinction between gold and
silver clusters is apparent. For a fixed diameter, silver
clusters melt at a lower temperature than gold. This is in
agreement with the thermodynamic model for cluster
melting [Eq. (7)]. This is indicated in the figure by the
two solid lines which represent reasonable fits to the data.
These curves are drawn with solid surface tensions of,
y, =1.38 J/m for gold, and y, =1.30 J/m for silver.
The best value of y, for gold is in excellent agreement
with those obtained by others. ' However, the value of
y, deduced for silver is low by -0. 1 —0.2 J/m compared
to values listed in the literature. This may be due to the
unavoidable contamination of the silver clusters that
occurs during sample transfer. It is well known that

silver oxidizes fairly rapidly while gold does not. It is
also true that surface tension depends on crystal purity. '

These facts, taken together, may explain the deviation ob-
served here.

An important result from the gold study is the satura-
tion of the melting temperature observed for clusters with
diameters less than -2 nm. We do not expect the ther-
modynamic model to accurately describe the melting of
very small clusters and other substrate-cluster systems
need to be investigated in order confirm such a con-
clusion. This was the motivation for studying silver clus-
ters on tungsten. The interaction between silver and
tungsten is weaker than that between gold and tungsten
as indicated by thermal desorption spectroscopy data.
These results show a range in binding energies of
2.8 —3.55 eV/atom for Ag on W(110) and 3.3—4. 1

eV/atom for Au. Thus, the thermodynamic inodel may
fit the silver data better at lower sizes than gold. Unfor-
tunately, smaller Ag clusters could not be obtained. Fu-
ture studies on both strong and weakly interacting sub-
strates using the field-emission technique should be per-
forrned.

Finally, a number of alternative explanations for the
data should be discussed. Basically, the change in field-
ernission current measured in this study can be produced
by either electronic or structural changes to the cluster.
In particular, either the work function P or the field
enhancement factor K appearing in Eq. (9) can change.

As discussed in a previous paper, changes in work
function alone can be ruled out. Sudden work function
changes between 2.5 and 5 eV are required to explain the
change in the Fowler-Nordheim slope found in this
study. The size of this change is too large to be taken as
a likely explanation of the data.

Changes in the cluster field enhancement facator E due
to structural rnechanisrns other than melting can also be
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considered and discounted in turn. For instance, the
cluster could rearrange on the tip at a particular temper-
ature, resulting in a change of the field-emission current
due to its change in position. Examination of the image
of the clusters showed no relative motion of the cluster
over the substrate. The high magnification of the field-
emission geometry would easily reveal such motion and
any explanation of our data based on only a change in po-
sition of the cluster is not viable.

Accelerated evaporation of the clusters as the tempera-
ture is increased might be invoked to explain the ob-
served change in K. The evaporation of small Au and Ag
particles has been studied by Sambles et al. ' ' and an
experimental verification of the Kelvin equation resulted.
Relying on their experiments, it is possible to estimate
the time rate of change of the cluster diameter as a func-
tion of temperature. Calculations show that the time re-
quired to evaporate clusters in our size range are two to
four orders of magnitude longer than the maximum heat-
ing time employed in our experiments. For this reason,
evaporation can be dismissed as a possible mechanism for
a change in the geometrical factor K.

Another possibility is to attribute a change in cluster
shape to Young's equation which is often used to predict
the equilibrium geometry of two different materials in
contact with each other. Since the surface tensions of the
cluster and substrate are known to be weakly dependent
on temperature, it might be possible for the contact angle
between cluster and substrate to vary with temperature.
It might be argued that this mechanism produces a
change in shape of the cluster that accounts for our ex-
perimental observations. Apart from predicting a rever-
sible transition, a result in conflict with the data, the
magnitude of the change in contact angle can be estimat-
ed and found to be too small to account for our observa-
tions.

It might also be argued that a thermally activated
diffusion of the atoms comprising a cluster might explain
our data. The rate of diffusion is strongly influenced by
the activation energy which in turn depends on the de-
tails of the microscopic substrate geometry as well as ad-
sorbates. A priori, it is difficult to rule out all possible
scenarios of changes in cluster shape based on thermally
activated diffusion alone. However, a number of experi-
ments were performed in which the cluster was heated to
the same temperature (below the cluster melting point)
for different periods of time and the resulting field-
emission images were examined for detectable changes.
For example, a 2 nm Au cluster showed no significant
change in shape (i.e., in the Fowler-Nordheim slope) after
repeated heating to 425 and 490 K for heating times
ranging between 15 and 20 secs. A similar experiment on
a 5.5-nm diameter Ag cluster heated to 440 K also
showed no significant change in cluster shape. These ob-

servations seem to rule out an explanation based on sur-
face diffusion to explain our data. Furthermore, for
diffusion to explain our data, an abrupt change in the
diffusion rate of the atoms comprising the cluster across
the tungsten surface must occur at a temperature which
depends inversely on the cluster radius. Such a size-
dependent diffusion mechanism seems unlikely and is also
tentatively ruled out as a possible explanation of our re-
sults.

We conclude that the data presented do in fact mea-
sure the size dependent melting of Au and Ag clusters.
Quantities of traditional interest like the order of the
melting transition or the variation of the order parameter
near the transition are not easily measured by our field-
emission technique. Other quantities like the influence of
the substrate on the melting transition and the nature of
the melting transition for bimetallic clusters comprised of
two different metals are topics that can be readily ad-
dressed using the versatile cluster source and the field-
emission technique described above.
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APPENDIX

Accurate values for the thermodynamics variables ap-
pearing in Eq. (7) are required. The values used in Eq. (7)
are given in Table I for gold and in Table II for silver.

All the parameters should be evaluated for the solid or
liquid phases of the bulk substances at the melting point.
Some of these values could not be found in the literature
for the temperatures of interest. This is true for the
linear expansion coefficient and the bulk solid-state mass
density, p, . To remedy this situation, a, was determined
by fitting the available temperature dependent data to a
third-order polynomial and then extrapolating to To.
Once the coefficients in the fitting polynomial were deter-
mined, p, was computed by using the definition of a and
the well-known mass density at room temperature of the
elements. This approach yields a value of p, (To) for
gold that is in excellent agreement with the value used by
others. The mass density of the elements in the liquid
state at the melting point and above are fairly well
known. A polynomial fit to this data allows a value for
aI to be obtained through the relationship
a =—( ,

' p)d p Id T where p i—s the density.
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