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Dynamic properties and Debye temperatures of bulk Au and Au clusters studied
using extended x-ray-absorption fine-structure spectroscopy
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The L3 edge of bulk Au has been studied using x-ray-absorption spectroscopy in the temperature
range 16—300 K. An effective Debye temperature of 165 K is derived from the thermal behavior of
the extended x-ray absorption fine-structure Debye-%aller factors. Their behavior is also calculated
for finite systems by using a free-bounded-sphere density of states and a Debye approximation for
the phonon spectra. An excellent agreement is found with experimental data previously reported on

Au clusters with mean diameters ranging from 15 to 43 A. This confirms that the dynamic proper-
ties of Au clusters are well described by a liquid-drop model in agreement with heat-capacity mea-

surements.

I. INTRODUCTION

In previously written papers, ' a complete structural
characterization of vacuum-evaporated gold clusters sup-
ported on Mylar has been reported using extended x-ray-
absorption fine-structure spectroscopy (EXAFS). ' The
behavior of nearest-neighbor (NN) and next-nearest-
neighbor (NNN) distance contractions as a function of the
cluster diameter was fully explained by a simple macro-
scopic liquid-drop model: clusters are imagined as homo-
geneous spheres on which surface stress acts, shortening
the lattice parameter with respect to the bulk one. The in-
creased atomic mean-square displacement found from
EXAFS data was qualitatively interpreted in the sphere
model as being due to the increased number of surface
atoms with respect to the volume.

Such a macroscopic free-sphere model has been success-
fully used to explain many other properties of small metal
clusters such as the low-temperature specific-heat
behavior, ' the lowering of the melting tern]&erature, '

and the mean-square atomic displacement. "2 Indeed
these properties, because of softening of lattice vibrations,
can be quantitatively calculated by assuming for the clus-
ter phonons the free-bounded-sphere density of states.

The change of cluster phonon spectrum can also be
described in terms of a change in the Debye temperature
(8D "')' ' but only when it is possible to unambiguous-
ly determine OD "'. In order to do this, it is clear that
the first step must be to correctly determine bulk 8D. For
this reason, in this paper we report the I.3 x-ray-
absorption spectra of gold in the temperature range
16—300 K. From these data we show that it is possible to
get an accurate measure of the Debye temperature, 8D,
from EXAFS. Nevertheless, it will be shown that the
peculiar dynamical properties of gold clusters, as mea-
sured from EXAFS Debye-Wailer factors, cannot be
described simply assuming a decrease in ez as the cluster
size decreases. On the other hand, a complete calculation
using the free-bounded-sphere density of state (DOS) gives
the EXAFS Debye-%'aller factors, for the clusters in good
agreement with the experimental values.

The layout of this paper is as follows: Sec. II describes
the experimental measurements performed on gold bulk
metal at several temperatures and the EXAFS data han-
dling used to extract the o values; Sec. III describes the
results obtained on 8D for the bulk and for the clusters
and the calculations of the clusters o~ together with a dis-
cussion on the results; Sec. IV is a suinmary of the main
results.

II. X-RAY-ABSORPTION MEASUREMENTS

X-ray-absorption spectra (Fig. l) were recorded in the
temperature range 16—300 K at the Frascati Synchrotron
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FIG. 1. Gold L3 absorption spectra at different tempera-
tures.
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Radiation facility using the bending-magnet beam line

with typically I=40 mA and E=1.5 GeV in the storage
ring. The x-ray beam was monochromatized by a Si(111)
asymmetric channel-cut crystal and the detection of the
x-ray beam was achieved by two Ar-filled ionization
chambers. The average photon flux was =10 photons/s
and the resolution was =2 eV. The sample was cooled
and its temperature stabilized by an Air Liquid variable-
temperature cryostat.

A. EXAFS results and analysis

The x-ray-absorption spectra mere analyzed using a
standard procedure' already described. To obtain the
normalized EXAFS spectra, we fitted the curve of
ln(IO/I) above the edge with a polynonual, thus obtaining
the oscillations around the smooth background (p —po)d.
The EXAFS spectrum or X(k) was defined as

X(k)=(p —po)d/pod,

assuming for pod, pod =J[1—(g/3)k & ],
a=iri/(2mEO)' . Eo is the energy of the edge, k is the
photoelectron wave vector given by k=[2m(E Eo)/—
irr' ]'/ and J is the jump in ln(Io/I) at the edge. ' Figures
2 and 3 shows the EXAFS spectra and their Fourier
transform (F l'), respectively.

The analysis of the NN peak was performed in the k
space by backtransforming the first Fl' peak (Fig. 3).
First-neighbor coordination numbers and the Debye-
Waller factors o, were obtained from the usual plot of
in[As(k)/Asr(k)] versus k, ' As(k) and Asr(k) being
the amplitude of the inverse i' l of the sample and of the
reference compound, respectively. The T=16 K mea-

'IN p/pA

pV

I

1 2 o 3
R (A)

FIG. 3. Gold Fourier transform (FT) at different tempera-
o

tures. The FT were performed in the range 3—13 A, with a
Gaussian window function and a k' weight. The arrow shows
the R range used to get the inverse FT.

surement was used as the reference. Table I reports the
coordination numbers and the Debye-Wailer factors ob-
tained.

III. EXAFS AND DEBYE TEMPERATURES

It has been pointed out many times' ' that the Debye
temperature is not a well-defined physical parameter of a
system. Its definition is a mathematical condition for the

AD
normalization of the phonon DOS: D(co)dco= 3N, in

the hypothesis of a linear dispersion relation. Each
phonon-dependent physical parameter like the heat capa-
city, the Grune1sen constant, the thermal expansion, and
the root-mean-square atomic displacement can be
described in terms of such a continuum Debye model and
used to evaluate 8D. But from each physical parameter,
one gets an effective Debye temperature: indeed each pa-
rameter depends on the true l3OS properly weighted on

TABLE I. Coordination numbers and Debye-%'aHer factors
for the first shell of gold bulk as a function of temperature.
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FIG. 2. Gold bulk EXAFS spectra at different temperatures.
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the Brillouin zone, the weighting factor being specific to
it. So any deviation of the true DOS from the Debye
DOS can result in a different effect on 8D.

The 8D evaluated from x-ray diffraction are typically
=5% (Ref. 19) lower than those evaluated from heat
capacity, while it is not clear at all which value is obtain-
able by EXAFS, since few cases have been studied in de-
tail. ' For this reason, we used gold EXAFS data to
evaluate its EXAFS OD.

Beni and Platzmann ' showed that, whereas the tem-

perature behavior of the x-ray diffraction pattern depends
on the total-mean-square displacement of a given type of
atom, the relevant quantity in the EXAFS amplitude is
the mean-square relative displacement (MSRD) of the
central atom relative to its neighbors (oap). They calcu-
lated that the thermal contribution to the disorder is given
by

2 = 2 2
~Bp( T) +x-ray +corr &

cr„„„(T)=(3'/Mks8D)[( —,')+(T/8D) ]I x/[exp(x) —1]dx,
XD

o„„(T)=(3A/Mks8D) [1 cos(q—DRJ )]/cos(qnRJ )+(T/8D) J [sin(Qx)/Q]/[exp(x) 1]d—x

(2)

(3)

In this expression, o„„~and o„„are the total and corre-
lated atomic root-mean-square displacements, respective-
ly, ea, qD are the Debye temperature and wave vector, M
is the atomic mass, k~ is the Boltzmann constant, T is the
absolute temperature, and A is Planck's constant. x is de-
fmed as ficolks T and 0 as qDR~/xD

The meaning of Eq. (1) is that, if the central atom and
its neighbors move the same amount in the same direction
(correlated phonon), the relative distance between them
does not change and so such a phonon does not contribute
to MSRD.

Figure 4 shows the behavior of Oap calculated from Eq.
(1) for several 8D. A good agreement with experimental
data is found for 8D ——165 K. Such a value is in excellent
agreement with 162 and 165 K, obtained from the nor-
malization condition and from heat-capacity measure-
ments but is considerably lower than 190 K, obtained
from thermal expansion measurements.

This result shows that in bulk gold metal, an accurate
measurement of 8D can be performed by examining the

I

thermal behavior of the amplitude of the EXAFS spectra
at low temperatures.

N(k)dk=(2/3m)R k +( —,
' )R k+(2/3m)R, (4)

where the three terms are due to the volume, surface, and
line modes. Using Eq. (4), Chouchman and Karasz' cal-
culated the ratio 8D "'/8D"'" as a function of the cluster
dimensions. Their values are plotted in Fig. 5 together
with the experimental data of Table II. The evident nu-
merical disagreement is enhanced by an effect neglected in
Ref. 15. Indeed, in a finite volume of linear dimension D
phonon modes whose wave vector is shorter than

A. Gold-cluster Debye temperatures

In Refs. 1 and 2, we reported the dynamical Debye-
Waller factors and the Debye temperatures for gold clus-
ters in the diameter range 15—43 A (Table II) and con-
cluded that the increase of the former is essentially due to
decreasing 8D "'. From a qualitative point of view, the
decrease of the Debye temperature with decreasing cluster
diameter is easily understood as being due to the great
number of surface atoms: surface atoms indeed have, a
higher mobility than the bulk ones; ' so an EXAFS mea-
surement which averages the behavior of each atom in the
sample must detect a higher mean atomic. mobility.

More puzzling is the numerical understanding of data
in Table II. Baltes and Hilf showed that for a free-
bounded sphere, the phonon DOS is well approximated by

TABLE II. Values of dynamical o. for clusters at different
temperatures obtained from Ref. 1. The absolute values have
been obtained assuming o.

b„&k I;200 K) as reference compound,
equal to 7.12 & 10 A .

200 300

FIG. 4. A comparison between the theoretical gold Debye-
%aller factor evaluated for several temperatures and the experi-
mental data of Table I.
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q;„=m/D, cannot be excited. As a consequence, the
normalization condition has to be integrated from value

co;„=U,ir/D up to coD""". Such an effect for a definite
sphere diameter will increase the upper limit of integra-
tion thereby increasing the OD ""/SD"'" ratio.

%e believe that the disagreement observed between our
experimental data and the calculated data comes from the
method used in Ref. 1 to evaluate SD"""from the experi-
mental data. Indeed, the asymptotic expansion of Eq. (1)
for T/8»& I was used:

cr,)„„„=(6fii/MksSD )0.65[—,
' + ( TISD )'D i ], (5)

~here
Q~ /T

Di ——f x/[exp(x) —1]dx =SD/T .

In this asymptotic expression, the factor 0.65 comes from
the behavior of the correlation factor o„„/o„„„which,
for T/8D && 1, reaches the asymptotic value of 0.35. '

The approximated Eq. (5) is not valid for clusters since
(1) the total surface-mode contribution to MSRD cannot
be neglected with respect to the bulk contribution and (2)
the correlation factor changes in clusters with respect to
the bulk, so it is not possible to assume ci priori the value

0.35 for it. In order to give a quantitative evaluation of
these effects we calculated the behavior of cr in clusters
using the total DOS of the sphere model. For this pur-
pose we have developed an extension of the Beni-
Platzmann formula which applies to finite systems, there-
fore also to metallic clusters.

B. Thermal behavior of EXAFS spectra

The MSRD of a pair of atoms j and j' is given bye'

crjj = (
~
(uj —llj )'RJ

~
)

=2((uj"RJ ) ) —2((uj"RJ )(uj R, ) ),
uj, uj' being the thermal displacements of the atoms j and

j', RJ the unit vector in the direction connecting the
atoms j and j' a distance RJ apart, and ( ) the
thermal average.

For a randomly oriented system and three identical po-
larizations, cTJJ (T) becomes

crjj'(T)=(2/NM) f [D(co)/co ][fico/2+Ace/[exp(fico/k&T) 1]jdco-
+min

X (2/NM—) f [D(co)/co ][sin(qRJ )/qRJ ][Rco/2+fico/[exp(fico/ks T) 1]I dco—, (6)
min

N being the total number of atoms in the system. The in-
tegrations are performed from the minimum up to the
maximum frequency allowed in the sample. For the bulk
co;„=0,co,„=con, D(co) =3¹o/coD, so Eq. (6) becomes
the usual Beni and Platzmann formula.

To calculate the cluster cr, we assumed to be valid, for

I
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FIG. 5. Plot of the ratio SD "'/OD"'" as a function of the
cluster mean diameter. The solid line represents the theoretical
behavior obtained from Ref. 15; asterisks are the experimental
values reported in Table II.
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FIG. 6. Comparison between the theoretical behavior of the
EXAFS cluster Debye-%'aller factors for different cluster diam-
eter (solid line) and the experimental values of Table II (+).
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the cluster phonon spectrum, Eq. (4), which is valid for an
homogenous sphere. The integrations were performed
from ro;„corresponding to q;„=m./D up to co,„corre-
sponding to q,„defined by the normalization condition:

3N=(2/9m)R (q,„—q;„)

+R /4(qmax qmin }+(2/3~)(qmax qmin } .

In such a way, o for a cluster becomes

trj~;(T) =2[(rr„,.y)' —(ty,, )']

+2[( ~x-ray ) ( ~carr }

where the symbols V and S refer to the volume and sur-
face contributions, respectively. The line mode has been
neglected according to Ref. 15. The single contributions
are given by

X

(0„"„,„) =(3A /Mks8D}(N„"'"/¹P"') (q ax
—qm, „)/4qD+(T/8D) f™xx/[exP(x) l]—dx

fA In

(tT„„„}2=(3%2/Mks8D)(N&" IN/ '") [cos(q;„RJ ) cos(q—,„R/)]l2(qDRJ )
x

+ (TISD ) f [sin(Qx )/Q]/[exp(x) —1]dx
min

X

(rr„y) =(M /Mks8D)(N„"'"/N J"'"')(SIV)(m!4qD) (q,„q;„)/—2qD+(T/8D) f 1/[exp(x} —1]dx
min

(rr„„) =(3A IMksSD)(N&"'"/Nz""'")(SIV}(rrl4qD) (1/2qDRJ )f sin(qRJ )l(qRJ )d(qRJ )
&min j

+(T/8D) f [sin(Qx)/Qx]/[exp(x) —1)]dx
+min

N„"'" and Ng"" being the number of atoms per unit
volume in the bulk and in the cluster, S/V the surface-
to-volume ratio, 8D and qD the Debye temperature and
wave vector for the bulk.

Figure 6 shows the behavior of the 0 as evaluated us-

ing this new formula for gold clusters. The increase of
the 0 values, with respect to the bulk value (due to the
surface modes}, is not negligible (Fig. 7) since it reaches a
value of about 25% for the 15-A clusters. This confirms
our previous statement that it is not possible to evaluate
the Debye temperature for clusters using the asymptotic
formula given by Eq. (5). Also the correlation factor
changes between the bulk and the clusters [5% for the
15-A clusters (Fig. 8)].

On the other hand, Fig. 6 shows an excellent agreement
between the theoretical behavior and the experimental
data of Table II. It follows that the dynamical properties
of gold clusters are well described by the free-bounded-
sphere density of states in a Debye approximation, also in
agreement with heat-capacity measurements. It gives also
a strong support to the macroscopic sphere model' which
is able to fully explain the structural and dynamical prop-
erties of our gold clusters.

As for the Debye temperature, the agreement found be-
two:n our formula for the clusters EXAFS rr and the ex-
perimental values, means also that the behavior of the
clusters 8D, is well described by the normalization condi-
tion, Eq. (7), in agreement with the theoretical predictions
of Chouchman and Karasz. 's
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FIG. 7. Ratio between the snrface contribution
[2(o„„„)'—2(o„„)] and the total cr as a function of T for a
15-A cluster.

FIG, 8. Thermal behavior of the correlation factor
[2(cr„„)'+2(rr„.„,)~]/(2a'„„„)for a 15-A cluster diameter.
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Finally, it is interesting to note that in the clusters, the

origin of the NN distance contractions and of the in-

creased Debye-Wailer factors is the same: the presence of
a high surface-to-volume ratio. So, in all the cases where
the surface is not so well defined, like in the hydrogen-
reduced catalysts or where a strong metal-support interac-
tion is present, the NN distance contractions and the o.

increase must be much lo~er. Until now, there have been
several studies on catalysts which show the first of these
two effects. In the future it will also be interesting to in-

vestigate the second one and the correlations between the
two.

IV. CONCLUSIONS

In conclusion, we have shown that it is possible to
determine the Debye temperature of gold metal from the
behavior of the EXAFS o factors as a function of the
temperature. %e showed that it is not possible to describe
the cluster phonon spectrum as that of the bulk in terms
of a lowering of the 8D. Finally using a new theoretical
formula for EXAFS a values which takes into account
explicitly the surface mode contribution to the uncorrelat-
ed atomic root-mean-square displacement, we obtained an
excellent agreement with experimental 0. values previous-

ly reported.
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