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The L3 Au edge of small evaporated gold clusters has been studied by x-ray-absorption spectros-

copy at the Frascati synchrotron radiation facility. Sample discontinuity and particle size were con-
trolled by optical transmission measurements and electron microscopy analysis. The extended x-

ray-absorption fine-structure spectra showed evidence of nearest-neighbor-distance contraction,
whose value reached 2.5%%uo for the smallest clusters. The behavior of the nearest-neighbor-distance
contraction versus cluster diameter agreed with a macroscopic liquid-drop model. Increases in the
nearest-neighbor-distance fluctuations around the equilibrium positions were found due to the
higher mobility of the surface atoms with respect to the bulk ones. The slight increase of statical
disorder together with the general features of the x-ray-absorption near-edge structure spectra al-

lowed us to exclude structural changes from the fcc bulk metal structure to the icosahedral struc-
ture, even for clusters of 50 atoms.

I. INTRODUCTION

During the last decade, the chemical and physical prop-
erties of small metal clusters have been an active area of
research. ' ' In fact the enhancement of chemical reac-
tivity, ' the lowering of the melting temperature, ' and the
magnetic behavior' * of the metal clusters are peculiar
properties widely exploited in many technological applica-
tions, among them heterogeneous catalysis. ' Many
theoretical and experimental studies have been and are be-
ing performed on the electronic and structural properties
of metal clusters under different conditions such as differ-
ing chemical environment, sample preparation, size, and
substrates. ' ' ' ' Many problems are still unsolved:
for instance, it is unknown if the cluster-size-dependent
chemical reactivity is due to a change in their electronic
or in their structural properties and how these properties
depend on the sample preparation method and on the in-
teraction with substrates. "

In this paper we report an investigation on the structur-
al properties of Au clusters, evaporated on a weakly in-
teracting substrate, whose average diameters range from
11 up to 60 A.

In the past, experiments using diffraction have been
made on Au clusters in order to measure the lattice pa-
rameters as a function of the cluster size. ' Lattice-
parameter contractions have been observed, but there is
great disagreement among the numerical values obtained
on clusters of same diameter: for instance, for a 35-A
cluster diameter values ranging from 0.4% to 2.7%%uo are
reported. This is due to the diffraction method which be-

comes less and less sensitive as the cluster size decreases.
In order to determine the effective amount of contractions
and to check also changes in the crystallographic cluster
structure, ' we performed a complete structural investi-
gation using EXAFS ' (extended x-ray-absorption fine
structure) and XANES (x-ray-absorption near-edge
structure).

The layout of this paper is as follows: In Sec. II we re-
port the sample preparation; we briefly describe the details
regarding their characterization using optical transmit-
tance and electron microscopy measurements and describe
the x-ray-absorption spectra. Section III contains the x-
ray-absorption and EXAFS data analysis. In Sec. IV we
discuss the results and their interpretation. Section V is a
summary of the main results.

II. SAMPLE PREPARATION
AND CHARACTERIZATION' ABSORPTION

MEASUREMENTS

Cluster samples were prepared under vacuum on a 6-
pm polymer film by consecutive evaporation of gold (pur-
ity=99.99%) and Mylar to achieve the optimum metal
thickness for x-ray measurements. The amount of Au
deposited on each layer of the different samples studied is
reported in Table I; the Mylar thickness was always
around 200 A. Gold and Mylar depositions were both
controlled with a quartz-crystal detector.

In order to check that the multilayer samples were
discontinuous, optical transmission measurements were
made at normal incidence in the spectral range 0.25—2.5
pm. It is known that the transmittance spectra of discon-
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TABLE I. Values of coverages (t), mean diameters (D}, and
diameter standard deviations (o ) of the samples studied.

D (A) o. (A)t (atoms/cm )

0.6X10
1.8 X 10'
3.0X10"
4.1X 10"
5.9 X 10"

12.0X10"
18.0X 10"

11.0
15.0
20.0
24.0
30.0
42.5
60.0

6.5
5.4
7.5
8.2
8.9

11.0
18.0

tinuous films, contrary to those of continuous films, gen-
erally show a wide minimum (optical conduction reso-
nance) below the interband transitions due to the free
electrons in the metal particles and a high transmission in
the near ir. The comparison between the optical
transmission spectra of our samples and of a continuous
film demonstrates the sample discontinuity (Fig. 1). The
distributions of cluster dimensions were determined by
electron microscopy analysis (Fig. 2 and Table I).

X-ray-absorption spectra (Fig. 3) at liquid-nitrogen
temperature (LNT) and at room temperature were record-
ed on the L3 Au absorption edge at the Frascati National
Laboratory using the wiggler photon-beam line, with typi-
cally I =40 mA and E = 1.5 GeV in the storage ring and
B = 18.5 kG in the wiggler magnet. ' The critical ener-
gy in this condition is 2.77 keV. The monochromator was
equipped with a Si(111)channel-cut crystal and the detec-
tion of the x-ray beam was achieved by two ionization
chambers filled with Kr gas.
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FIG. 2. Gold cluster size distribution for a coverage of
1.77X10' atoms/cm .

pl. ,(k) —po(k)
X(k) =

/lo k

where pL (k) is the Au L3-shell contribution to the ab-
3

sorption coefficient, po(k) is the atomic absorption coeffi-
cient about which p, L,(k) oscillates, and k is the pho-
toelectron wave vector given by

III. EXAFS DATA ANALYSIS

The x-ray absorption spectra were analyzed using a
standard procedure ' to extract the oscillating part of the
spectrum, or X(k), given by

100
~O0

~ 50—

bulk

0.5 1.0 &.5
WAVELENGTH { pm )

FIG. 1. Example of comparison between measured optical-
transmittance spectra of different gold films: a, single discon-
tinuous layer with a coverage of 18.0X10" atoms/cm; b, ten
discontinuous layers each having a coverage of 18.0 X 10"
atoms/cm; c, continuous film having the same total thickness
of sample b.

0 200
E-E

400 600
(eV )

FIG. 3. Absorption coefficients at the 1.3 Au edge of some of
the samples studied. Coverages indicated in the figure for each
sample are in units of 10' atoms/cm . The zero of the energy
has been assumed at the edge inflection point.
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2m (E —Eo)
g2

where E is the incoming photon energy and Eo is the
threshold energy.

In general, there are two contributions to an L3 edge,
coming from two possible transitions: 2p ~ns and
2p~nd. It has been theoretically demonstrated and ex-
perimentally proved that the former is only a few
percent of the latter. As a consequence, the EXAFS on
an L3 edge can be well approximated by the single final-
state expression of a K edge:

2k2g2
SpN~! f~(k, vr)! e ' I.,g(k) = g 2 sin(2kR~+@J ) .

kR~

In Eq. (I), RJ is the distance between the absorbing and
backscattering atom, XJ is the number of the backscatter-
ing atoms in the jth shell, o.

&
is the mean-square fluctua-

tion in RJ, ! fz(k, n)! is the backscattering amplitude of
L3

the neighboring atoms, &PJ (k) is the k-dependent phase
shift for a d-symmetry final state, and So is the reduction
factor due to multielectron excitation. Information on the
structural parameters RJ, oz, and X~ can be obtained
from EXAFS spectra if the. scattering functions

!fj(k, n)! and @J '(k) are known. These functions can be
transferred, from a system to another, but for !fj(k,~)!
this is possible only provided that the two systems are

chemically similar. ' The gold phase shift and back-
scattering amplitude have been obtained analyzing the
EXAFS spectrum of a 4-pm Au foil at LNT [Fig. 4(a)].
The Fourier transform (FT) of this EXAFS spectrum
[Fig. 4(b)] shows several peaks, corresponding to the dif-
ferent coordination shells shifted from the crystallograph-
ic values by a quantity due to the presence of the phase
term in X(k). We note that the first peak in real space is
split due to the highly nonlinear Au phase [Fig. 5(a)] and
to the oscillatory behavior of the backscattering amplitude
[Fig. 5(b)]. The positions and relative intensities of these
two split components depend on the FT conditions as can
be seen comparing the bulk FT of Figs. 4(b) and 6. For
this reason we transformed all the cluster EXAFS spectra
under the same conditions (Fig. 6).

It is evident that as the film thickness decreases there is
a shift of the FT main peak towards smaller R. Table II
reports the nearest-neighbor (NN) distance values ob-
tained.

Information about the mean coordination numbers and
the Debye-Wailer factors were obtained from data
analysis in k space. The inverse Fourier transform of the
first FT double peak allows one to select the contribution
to the X(k) due only to the first coordination shell. In this
way it is possible to analyze separately the amplitude
function

K(A )
'l0 14

~ 0,00—

- 0.05—

15-
C$

(b)

0 2 4, 6
R{A)

0.0— I

12 16
K(A "}

FIG. 4. (a) EXAFS spectrum of Au bulk at 77 K. (b) Fourier
transform of bulk EXAFS spectrum in the k range 3—16 A
with a Gaussian window function and a k weight.

FIC». 5. (a) Phase and (b) amplitude functions for Au bulk at
77 K, obtained backtransforrning the region 2. 1—3.5 A of Fig.
4(b).
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FIG. 6. Fourier transforms of the films and bulk EXAFS
0

spectra. The transformations are now in the range 3—11 A
with k' weight and a Gaussian window function.

2 2
2(tTcluster Obulk) r

and whose extrapolation to k =0 is

(X/R ),i„,t„
ln

(X/R )b

The values of N and o obtained using this approach are
reported in Table III. We note that as the cluster size de-
creases the mean coordination number decreases and the
cluster disorder factor increases.

It is also possible to obtain the NN distances in k
space using the following relation:

Il,i„„„(k)—C '(k)
cluster 2k

The values so obtained are just like the ones obtained in R
space (Table II).

Great attention was given to the possible presence of
asymmetry effects in the radial distribution function
(RDF), which can result in apparent NN contractions. 0

The origin of such effects can be dynamical or static. '

We can exclude the presence of dynamical asymmetry ef-
fects because the cluster total phase obtained by EXAFS
data analysis was found to be independent of temperature.
Besides, the asymmetry effects on Pt/SiOz clusters have
have been experienced to be negligible up to 500 K.

Presence of asymmetry static effects can be excluded a
posteriori since the analysis with a Gaussian function
gives a decrease in the NN distances, a decrease of the
coordination numbers, and an increase of the Debye-
Waller factors, all of which are completely explained by
the increased surface-to-volume ratio.

and the "total" phase function

ll(k) =2kR+4
Plotting the function

ln
cluster

~bulk

versus k, a straight line is obtained whose slope is given
by

IV. DISCUSSION

A. Interatomic-distance results

Figure 7 shows the NN distance contractions found as
a function of the inverse of mean cluster diameter. These
values clearly show a contraction in the NN distances up
to 2.5%. We believe that these results obtained by EX-
AFS do not have the same kind of limitations that the
diffraction results have. EXAFS, in fact, is able to mea-

D (A)

11.0
15.0
20.0
24.0
30.0
42.5
60.0

0

Fourier

(+0.02 A)

2.82
2.83
2.84
2.85
2.86
2.87
2.87

R(k) (A)
(+0.01 A)

2.81
2.82
2.83

2.85
2.85
2.86
2.87

TABLE II. Values of the nearest-neighbor distances of Au
clusters obtained from Fourier spectra and from k-space
analysis. The Fourier values have been obtained adding the
phase-shift contribution 5=0.51 A, calculated from the bulk

spectrum, to the positions of sample Fourier spectra maxima.

D (A)

bulk
42.5
30.0
24.0
20.0
15.0

(+10%)

12.0
11.0
10.6
10.0
9.6
9.4

~' (A')
300 K (+20/o)

4.9 x 10-'
6.7 x 10-'
7.0x10-'
8.6x 10-'

10.7 x 10-'
10.0x 10-'

cr (A )

77 K (+20 /o)

1.7X10-'
2.4x 10-'
2.6x10 '
4.2x 10
5.5 x10-'

TABLE III. Coordination numbers (X) and Debye-Wailer
factors (o. ) at 300 K and 77 K obtained from analysis in k
space. The bulk o~ at 77 K has been assumed equal to
1.7x10 A according to Ref. 59.
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FIG. 7. Plot of nearest-neighbor-distance contraction vs the
inverse of the cluster mean diameter. The straight line drawn is
the data mean-square linear fit.

FIG. 8. Behavior of the average coordination number versus
coverage for gold on carbon (solid line) (Ref. 1j. The asterisks
( + ) are experimental data obtained for our gold clusters on My-
lar.

sure also a dimer interatomic distance. ' From a macro-
scopic point of view the contraction of the NN distances
is explained in terms of surface stress due to the high
value of the surface to volume ratio in the clusters. For a
liquid drop model, the contraction AR due to surface
stress f is given by

b, R = — KRbf—1
3 D

where E is the bulk compressibility, Rb is the metal bulk
NN distance, and D is the mean cluster diameter. The
data in Fig. 7 clearly show a linear dependence versus
1/D. From this analysis we argue that the macroscopic
approximation is surely valid for cluster sizes greater than
11 A.

Our results are in contrast with recent EXAFS results
on metal clusters in catalytic systems where the NN dis-
tances are similar to the bulk ones within 0.02 A. '
On the other hand, they agree with those on Cu and Ni
clusters prepared under vacuum evaporation. ' ' " These
two different behaviors are due to the different metal-
substrate interactions. It has been experimentally demon-
strated that when there are no interactions between metals
and substrates, as in the case of metal clusters in rare-gas
matrices, contractions are present. ' ' In our case the in-
teractions between clusters and -substrates are certainly
weak, as will be shown in the following.

C. Debye-Wailer —factor results

6A

Pal kg O'D

1 —cos(qDR~ ) T
2

Di, (2)
2(qDRJ. ) SD

10

—8
CV

~~
'g 6

CV

The increase in cluster disorder is mainly dynamical in
the origin. The behavior of o. versus T is reported in
Fig. 9. In the Debye correlated approximation

2' 1 2
6h 1 T

cr (T)= os+ —+ DI

B. Coordination-number results

Figure 8 shows the experimental behavior of the mean
coordination number reported by Mason' for gold on car-
bon versus coverage together with our EXAFS results.
We want to stress that our data are the first direct deter-
minations of coordination numbers in evaporated metal
clusters. The agreement observed demonstrates that My-
lar, like carbon, is a weakly interacting substrate for metal
clusters and states again that there are no asymmetry ef-
fects. In fact, another main effect of an asymmetric RDF
is a dramatic lowering of the coordination numbers.

0 2
I i I

6
T (10 K )

I

8 10

FIG. 9. Plot of Debye-%'aller factors vs T for some of the
samples studied: a, 20-A clusters; b, 24-A clusters; c, 30-A
clusters; and d, 42.5-A clusters. The bulk o& at 77 K has been
assumed equal to 1.7& 10 A, according to Ref. 59.
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where o.
& is the statical contribution to the disorder, OD

and qD, respectively, are the Debye temperature and wave
vector, and kz is the Boltzmann constant. D& is the slow-
ly varying function:

Q~D
Dl T

x
dx .

e —1

which is in good agreement with data of Table IV.
To evaluate the statical disorder we subtracted from

T =0 cluster o. values obtained from Fig. 9, with the
dynamical contribution given by

0.98&'
k Ocluster

D

Table IV reports the o.z values obtained. The increase in
static disorder is only partially due to the cluster-size dis-

The use of the Debye approximation for gold is justified
since it has been experimentally demonstrated that in met-
als the Debye approximation is valid up to twice the De-
bye temperature (On"'" ——165 K). The two expressions in
square brackets of Eq. (2) are due to the total and to the
correlated motion, respectively. It has been demonstrat-
ed that for a fcc metal the correlated motion is about
0.35 times the total motion for T &0.550D, which is the
range of temperature of interest. Equation (4) can there-
fore be approximated by

2

cr ( T) =o's+ 0.65 —+ D i
6h 1 T

In Fig. 9, the o. values obtained by extrapolating the
straight line to T=0 are due to the static (o.s) and
dynamical (0.98h /mkOD) factors while the slopes are
only due to the dynamical disorder. In Table IV we re-
port the values of the cluster Debye temperatures as de-
duced from slopes.

The decrease in cluster Debye temperatures are again
due to the greater number of surface atoms. Low-energy
electron diffraction (LEED) measurements have indeed
shown higher surface-atom mobility with respect to the
bulk and have determined surface Debye temperatures for
different Miller planes. Such Debye temperatures are al-
ways lower than the bulk one. As a first approximation
we assume that the cluster Debye temperature approach
the surface one, averaged over all possible surfaces, as the
cluster sizes decrease. This average, using data from
literature, gives, for gold,

Ocluster 135 K 0 8Obulk

tribution inside each sample. In fact, for a film contain-
ing clusters of 20 A, and using the values of Tables I and
II for the cluster-size distributions and the NN distance
values, respectively, we calculated a static disorder factor
of 10 A, which is smaller than the value reported in
Table IV.

Moreover, the slight static disorder found cannot be as-
cribed to structural changes to icosahedra. This disagrees
with thermodynamical considerations which predict a
structural transition from fcc to icosahedra for clusters
containing less than 150 atoms. ' ' In the icosahedra
the first fcc shell is split into two shells centered at dis-
tances R q and R Iq and related by

Rg ——1.05Rgg .

Such a system would have a o.
& ——0.012 A, which is

much greater than the values observed.
In order to exclude completely the presence of icosahe-

dra in our samples, we performed fits to the inverse
Fourier transform spectra using a fcc model and an
icosahedral model. Only using a single-shell fcc model
were good fits obtained for all samples.

The question of whether the structure is still fcc up to
the second and third shells can be fully clarified from the
XANES spectra, ' shown in Fig. 10, which have a typi-
cal fcc shape in going from the bulk to the 11-A cluster.
The two peaks labeled b and c have indeed been shown to

JD

UJ

LL.
LL.
UJ
C)

C3

CL

C3
c/)
CQ

D (A) O (K) ~,' (A'')

TABLE IV. Clusters, Debye temperature (OD), and statical
disorder factors (o.q). 20 40

E -Eo {eV)
60

42.5
30.0
24.0
20.0

150
148
148
140

0.80' 10-'
0.95 X 10-'
2.55 X 10
3.80~ 10-'

FIG. 10. XANES spectra for some of the samples studied.
Coverages indicated are in units of 10' atoms/cm; the zero of
the energy has been assumed at the edge inflection point.
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emerge from only fcc structures ordered up to the third
shell. " It can be seen that as the cluster size decreases
there is a shift to higher energies and a broadening of the
XANES peaks. The former is due to the shortening of
the lattice parameters, while the latter is a consequence
of both the cluster-size distribution inside each sample
and of the different weight of the second- and third-shell
contributions to the spectra for different samples. A
quantitative analysis of the XANES data will be pub-
lished elsewhere.

their positions and found that they are mainly dynamical
in character. We deduced the Debye temperatures of the
clusters studied, which were in excellent agreement with
LEED data. It is nonetheless our opinion that many
questions remain to be solved, in particular, the nature of
the cluster-substrate interaction, before we will have a
generally consistent picture of small-cluster behavior and
understand the discrepancies existing in the literature.
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