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Evidence for truncated octahedral structures in supported gold clusters
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Gold clusters deposited by evaporation on a Mylar substrate in many superimposed layers have been
studied by EXAFS (extended x-ray-absorption fine-structure) spectroscopy at 7 =28 K. For such clus-
ters, the first shell signal of the EXAFS spectrum has been compared with the corresponding crystal data
used for the phase and amplitude calibration. The simulation of the EXAFS spectra for different possi-
ble geometrical structures (cubo-octahedral, icosahedral, truncated octahedral) applying a curved wave
method with a set of theoretically calculated parameters (nearest-neighbor distance, coordination, and
Debye-Waller factor) provided reference curves for the experimental data. A complete analysis includ-
ing the cumulants of the radial distribution, the dispersion of the cluster sizes given by electron micros-
copy, and a decomposition in partial contributions obtained by a minimization method, allowed us to
determine that the dominant geometrical structure of the clusters is truncated octahedral. In contrast
with recent theoretical calculations, we show that the interatomic distance of gold nanoparticles results
indeed contracted, independently of the use of the cumulants in the data analysis.

I. INTRODUCTION

The extended x-ray-absorption fine-structure spectros-
copy’? (EXAFS) has been successfully employed for the
study of the structural and vibrational behavior of clus-
ters deposited on a noninteracting substrate.3 > Howev-
er, the contraction of the nearest-neighbor (NN) distance
and the reduction both of the coordination and of the De-
bye temperature, obtained for clusters,*> provide average
information because of the wide spread of the cluster size
distribution on the substrate; in fact, it is not possible to
distinguish the different behavior of the surface atoms
with respect to the internal ones in clusters with a size-
dependent surface-to-volume ratio; or to determine if the
clusters agglomerate in geometrical configurations
different from that of the bulk crystal.

On the other side, theoretical calculations® have de-
duced for clusters different structures as a function of the
size: a 13-atom cluster, e.g., should assume its maximum
cohesive energy with a closed-shell icosahedral structure,
whereas a 38-atom cluster collapses in a truncated octa-
hedral lattice; even for larger sizes up to 1415
atoms/cluster the truncated octahedral forms seem to be
the most favored configurations, whereas far away from
the closed truncated octahedral structures, icosahedra
are preferred. Unfortunately, to our knowledge no exper-
imental evidence has been reported on the particular
structure of a cluster, even though differences, up to 0.14
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10\, calculated® between the NN distance of the different
structures, should be easily resolved. Furthermore, a
cluster is a highly asymmetric and polyatomic system,
without three-dimensional long-range periodicity. In
these cases a strong increase of the static and dynamic
disorder is expected mainly because of the higher mobili-
ty of the surface atoms, but also for the coexistence of
several structural configurations.

In addition, some authors claim that no contraction of
the interatomic distance is detected for small metal parti-
cles: the experimental work of Montano et al.” and the
theoretical calculations of Hansen et al.® concur with
this conclusion; in contrast Apai et al.,” D’Agostino, Pin-
to, and Mobilio,® and the present work show a clear con-
traction of the cluster nearest-neighbor average distance.
In the present paper, we studied gold clusters with the
aim of distinguishing the structural composition of the
clusters contributing to an EXAFS spectrum. To this
purpose, the measurements have been performed at
T =28 K so as to greatly reduce the thermal broadening.
Using as a reference a gold layer at the same tempera-
ture, we find for clusters significant disorder effects due to
the limited spatial dimensions of the cluster and to the
asymmetric distribution of the forces in the cluster; addi-
tional contributions can be produced by inequivalent sites
and by the already mentioned coexistence of different
geometrical configurations. Therefore, both standard and
cumulant analyses'®!! have been performed on the exper-
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imental spectra. Comparison with theoretical simula-
tions using the method of Rehr and co-workers!*!3 and a
specially developed minimization procedure allowed the
determination of the geometrical structure in which a
cluster condenses.

II. EXPERIMENT

On a thin Mylar substrate we evaporated gold at a very
low rate, with a coverage of 5X 10 atoms/cm?, checked
by a quartz microbalance. After the gold evaporation, a
few monolayers of Mylar were deposited on the evaporat-
ed gold particles and this process was repeated many
times so as to get a number of Mylar supported clusters
piled up: the effective total amount of gold corresponded
to a thickness of about 1 um.

These samples were characterized by means of
transmission electron microscopy (TEM). The micro-
graphs confirmed a wide distribution of agglomerates
with an apparent spherical shape without any presence of
irregular islands; this was expected due to the gold high
cohesive energy, and to the negligible interaction with the
substrate. The size distribution of the clusters as a func-
tion of their diameter is shown in Fig. 1. These samples
were analyzed by x-ray-absorption spectroscopy in the
range 11.5-13.0 keV around the L, absorption edge.
Spectra were recorded at T =28 K at the Frascati Syn-
chrotron Radiation Laboratory. The x-ray beam was
monochromatized by a Si(111) asymmetrical channel-cut
crystal and the photons detected by Ar ionization
chambers. The resolution of the spectra was about 2 eV.
The harmonics content of the monochromatized beam is
negligible due to the low critical energy of the bending
magnet source used (1.5 keV). In addition, spectra for a
gold foil held at the same temperature were collected.
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FIG. 1. Number of Au clusters per unit surface of a Mylar
substrate, as a function of the diameter. The spectrum was de-
duced by transmission electron microscopy. The dashed line is
a guide to the eye.
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III. RESULTS

The x-ray-absorption spectra were analyzed according
to a standard procedure:!> the normalized EXAFS oscil-
lations were isolated by subtracting the smooth back-
ground fitted by a multiple cubic spline. The EXAFS
spectrum Y(k) is defined as a function of the wave vector
k:

X(k)=[p—pol/pod ,

where pod=J(1—8k%a?/3) with a=#/[2mE,]'"?, E,
the threshold energy, and J the jump of the spectrum at
the edge.

In fact, the theoretical description of an EXAFS spec-
trum, including the third and fourth cumulants'®!! of the

radial distribution o‘®, 0¥, is given by
S3N;F;(k,R;)
X(k)= 2 J7J J
J kRi2
Xexp[ —203k?+20Pk*/3—2R; /M(K)]
Xsin[2kR;+8;(k)—40k?/3] , M

where S3 is the many-body overlap term, A(k) the elec-
tron mean free path; the sum is over the j coordination
shell put at a distance R; from the absorbing atom;
F;(k,R;) is the atomic backscattering amplitude, § ; the
phase shift of the jth coordination shell, and of the cor-
responding Debye-Waller (DW) factor.

In Fig. 2 the x-ray EXAFS spectra are shown both for
the cluster sample and for the reference Au foil. These
curves, weighted by k> have been Fourier transformed
(Fig. 3). In the Fourier transform (FT) of the gold foil,
four coordination shells are clearly visible whereas for
clusters only a broad peak due to the first nearest-
neighbor coordination sphere is present. This result, as
expected, is caused by the short-range order in the clus-
ters and their large thermal disorder. Furthermore, in
Fig. 3 it is evident the NN distance contraction and a
large broadening typical of atoms vibrating with
enhanced amplitude distribution around their equilibri-
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FIG. 2. Measured EXAFS spectra as a function of the wave
vector for a gold foil and for the cluster sample.
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FIG. 3. Fourier transform of the EXAFS spectrum, weighted
by k3, in the real space. The range of the FT of the bulk spec-
trum was from 2.94 up to 16.1 A_l; for the cluster spectrum
from 2.94 up to 12.2 A_l, both with a Gaussian window. For
the bulk Au foil, the first shell peak and three successive coor-
dination shells are clearly visible; for the cluster sample only the
first one is present: the peak corresponds to a lower NN dis-
tance from the central atom, with a larger broadening due to the
higher mean-square relative displacement.

um value. In order to get a better understanding of the
cluster behavior we used the first shell of the gold foil as a
reference: the NN peak was backtransformed in the k
space and compared with the theoretical simulation per-
formed for bulk by the method of Rehr and co-
workers;!>13 this last theoretical procedure takes into ac-
count curved wave effects, multiple scattering paths, and
inelastic losses.!? 14

In Fig. 4 the bulk gold experimental y(k) for the first
coordination shell, extracted as mentioned above, is com-
pared with the corresponding theoretical simulation; the
excellent agreement between experiment and theory al-
lows us to use the previous data and the related parame-
ters as a reference for the many-body factor S, the back-
scattering amplitude, and the phase shift. In Table I, the
first shell parameters of the bulk gold are reported: the
values of R and o? are in agreement with those previous-
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FIG. 4. Bulk Au EXAFS spectrum (k) for the first coordi-
nation shell obtained by backtransforming the first shell peak of
Fig. 3. The continuous line represents the calculated spectrum
using the corresponding parameters of Table I.

ly published,>* and with those reported in Ref. 15.

In order to improve the statistical accuracy, many
spectra have been collected for each experimental
configuration, and an accurate statistical analysis was
performed with respect to the reference EXAFS spec-
trum, according to the standard method!* using the x>
expression

2 Npt N [chpt(ki )~ Xeefl K )]2

T N(N,—p) 2 P ’

1 1

X

where N, are the number of independent data points,'* p
the number of fit parameters, N all data points, and s? the
standard deviation of each data point.

The uncertainties on the parameters of Table I have
been calculated by doubling the residual at the minimum:
our estimates compare with those of Ref. 15 both for the
NN distance and for the DW factor. Furthermore, we
point out that the value we used for S =1.14+0.04 is
larger than 1 for matching the experimental amplitude;
as shown in Ref. 12 (Table I), this is often the case when
the influence of the electron inelastic contribution A can
be somewhat underestimated: as a matter of fact we opti-

TABLE I. Values of the parameters entering into the EXAFS analysis for bulk and cluster Au. In
the standard analysis the cumulants have been constrained to be zero as for the bulk. The many-body
parameter S} has been determined from the spectrum of bulk Au and fixed in the others: its value is
larger than 1, to fit correctly the experimental amplitude (see Ref. 12).

Bulk Cluster (standard) Cluster (cumulant)
N 12 (fixed) 8.0+0.4 9.7+0.5
R (A) 2.865+0.01 2.81+0.01 2.8140.01
o? (1072 &%) 2.6+0.2 5.6+0.3 9.7+0.6
C, (1075 A% 0 (fixed) 0 (fixed) —3+4
c, (107 &Y 0 (fixed) 0 (fixed) 1.00.1
AE, (eV) 8.0+£0.6 7.1+0.4 7.140.4
S3 1.10+0.04 1.10 (fixed) 1.10 (fixed)
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mized the value of S(Z) for the bulk crystal where N =12,
fixing its value elsewhere.

As clearly indicated in Table I, the values of the third
and fourth cumulants were constrained to be zero, since
for bulk crystals they are usually negligible.” After deter-
mining the S % many-body factor, and the first shell phase
and amplitude, by means of the bulk reference spectrum,
we analyzed the cluster data with respect to the crystal
by the usual comparison’> between the amplitudes A,
and A4, and the total phases ¢, and ¢, of the bulk and
the clusters, respectively; with reference to the first shell
only, we write

In[A4,/A. ]=In[N,R2/N.R}]

—20%Wk*/3—2k* 0} —0?], (2)

¢y —¢.=2k[R,—R, ]+40Pk3/3 . (3)

The results obtained by fitting the previous expressions as
a function of k, with or without constraining the cumu-
lants to be zero, are reported in Table I. We observe that
the analysis including the fourth cumulant strongly
modifies the coordination number and the Debye-Waller
factor, increasing them by about 209% and 70%, respec-
tively. On the contrary, negligible effect is caused by the
third cumulant; in fact, no change, within the experimen-
tal uncertainty, is found in the ab§olute value of R, the
results of which contracted 0.05 A with respect to the
bulk value. However, as shown in Fig. 5, the comparison
of the experimental y(k) with the calculated one gives a
better agreement if the cumulants are taken into account.
This result, although immediately evident in Fig. 5, is
confirmed by the x? values (y2,,=0.17, Y2=0.67). This
conclusion was expected because two more free parame-
ters, i.e., the third and fourth cumulants, enter now into
the fitting procedure.

However, it is not possible, at the moment, to choose
between the standard or the cumulant parameters ap-
pearing in Table I, or to decide if the values obtained for
the first shell distance, coordination number, and Debye-
Waller factor are peculiar to a particular cluster structure
or if, on the contrary, they result only as an average be-
tween several possible cluster shapes.

Hence an adequate decision requires a comparison
with realistic model compounds for size selected clusters;
actually, theoretical calculations® using a tight-binding
potential method have estimated ground-state energy,
geometrical configuration, and vibrational properties for
gold clusters of different structures and sizes. In Table II
cluster data are reported for various closed-shell struc-
tures (icosahedral, cubo-octahedral, truncated octahe-
dral) with the number of atoms going from 13 up to 586.
It appears evident that the contraction of the nearest-
neighbor distance R =r is higher for small agglomerates
with low coordination; the average DW factor of the first
shell dispersion o2 takes into account the different vibra-
tional behavior of surface atoms with respect to internal
ones; but, it is strongly influenced by the more compact
structure such as the icosahedral, for which the cohesive
energy E is higher. Comparing the cluster data of Table
II with the experimental values of Table I, no correspon-
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FIG. 5. Comparison of the experimental first shell y(k) with
the theoretical one calculated using the parameters of Table I:
(a) standard analysis, for which the values of the cumulants
have been constrained to be zero; (b) cumulant analysis, for
which the third cumulant C; =40 /3, and the fourth cumulant
C,=20'"/3, have been deduced by the best fit of Eqs. (2) and
(3), vs k. Note that in case (b) two more free parameters deter-
mine an apparent better agreement with the experiment.

TABLE II. List of cluster structures with the corresponding
calculated parameters for the size d, the NN distance 7, the
coordination number &, the DW factor o2, and the cohesive en-
ergy per atom E (see Ref. 6).

o ? E
Structures d (A) r(A) N (1073 A% (eV/atom)
13 cubo-oc. 8.28 2.701 5.54 1.98 —3.240
13 icos. 8.18 2.745 6.46 6.09 —3.273
38 trunc. 11.6 2.779 7.58 6.05 —3.432
55 cubo-oc. 13.8 2.784 7.86 4.62 —3.463
55 icos. 13.6 2.811 8.51 8.04 —3.468
147 cubo-oc. 19.5 2.814 8.98 4.62 —3.543
147 icos. 19.1 2.834 9.47 7.87 —3.555
201 trunc. 20.5 2.827 9.43 4.52 —3.586
309 cubo-oc. 25.2 2.830 9.63 4.16 —3.599
309 icos. 254 2.846 10.0 7.65 —3.603
561 cubo-oc. 30.8 2.839 10.0 3.83 —3.632
561 icos. 30.1 2.851 10.4 7.01 —3.634
586 trunc. 29.5 2.842 10.2 3.69 —3.645
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dence can be found between calculated and experimental
parameters. This observation, along with the mass spec-
tral distribution of Fig. 1, can lead to the hypothesis that
a mixture of the different situations depicted in Table II
constitutes the effective cluster population. This sugges-
tion seems confirmed by comparing (see Fig. 6) the exper-
imental y(k) with the EXAFS first shell spectrum simu-
lated for a 38- and 201-atom truncated-octahedron, using
the parameters of Table II. Even larger disagreement is
found for other structures.

This result is not surprising in view of the mixture of
different cluster sizes in the prepared sample. In fact, we
remark that the experimental data assume intermediate
values between those corresponding to the hypothetical
structures: it is then obvious to try a systematic compar-
ison of the experimental curve with a linear combination
of the EXAFS contributions coming from all the
structural configurations; in other terms we can use a
minimization procedure which combines the first shell
spectra x;(k) of the ith structure with normalized
weights a;, i.e.,

x(k)=3 a;x;(k)

for a best fit of the experimental curve. Here, the
coefficients a; should be found by a least-squares method:
this corresponds to a decomposition of the experimental
curve in components of a given size belonging to a well-
defined structure. It is worth pointing out that the struc-
tures listed in Table II have statistical weights for each
size depending on their thermodynamic free energy, ac-
cording to Table III. This implies that a cluster can
sometimes collapse in two inequivalent structures.
Performing now the minimization procedure as men-
tioned above, we found that only the structures with 38,
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FIG. 6. Comparison of the experimental first shell y(k) with
the correspondent simulation for two clusters structures with 38
and 201 atoms, respectively. Both structures are truncated oc-
tahedral. The parameters are those of Table II.

TABLE III. Thermodynamic statistical factors of the struc-
tures listed in Table II, determined as exp(—E /kT) using the
free energy E of the cluster calculated according to Ref. 6.

Size (atoms/cluster) Cubo-oc. Icos. Trunc.
13 0.0 100.0
38 100.0
55 11.2 88.8
147 0.7 99.3
201 100.0
309 16.0 84.0
561 304 69.6
586 100.0

201, and 309 atoms enter into this decomposition with
percentages of 85%, 10%, and 5% (see Table I1V). The
striking conclusion of this result is that the preferred
clusterization lattice is truncated octahedral with only
4.2% of icosahedral and 0.8% of cubo-octahedral struc-
ture. Using these percentages we get the final combina-
tion of cluster structures optimizing the agreement with
the experimental y(k) as shown in Fig. 7 (x2,,=0.35).

We observe that our optimization procedure ® gives a
result in fair agreement with the values obtainable for the
cluster parameters R, N, and 0%, by means of a weighted
average of the corresponding theoretical data of Table II;
of course, the previous percentages of cluster structures
should be modified to take into account the number of
atoms per cluster. This gives the following weights:
0.476, 0.296, 0.191, 0.037, respectively, for the number of
atoms with structure 38-atom and 201l-atom truncated
octahedral, 309-atom icosahedral, and 309-atom cubo-
octahedral. The average values obtained using these
weights and the data of Table II are

R=2.808 A, N=8.66, 02=5.83%1073 A?,

in qualitative agreement with those given by the minimi-
zation procedure.

Furthermore, we note that the presence of a single
cluster structure, like the 55-atom icosahedral, to which,
e.g., the experimental NN distance is closer, can be ex-
cluded since the TEM micrograph (see Fig. 1) confirms a
variety of cluster sizes. This is corroborated by the x?

TABLE 1IV. Percentages given by the best-fit decomposition
of the experimental y(k) in terms of size selected structures, as
given by Tables II and III.

Size (atoms/cluster) Percentage (%)

13 0.00+0.01

38 85+10

55 0.00+0.01
147 0.00£0.01
201 102
309 5.0£0.4
561 0.00+0.01
586 0.00x0.01
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FIG. 7. Comparison of the experimental first shell y(k) with
the simulation resulting by mixing the percentages shown in
Table IV.

values larger by at least a factor of 2 for any single struc-
ture.

IV. DISCUSSION

We are now able to discriminate between the approach
using the standard analysis against the cumulant fitting of
the experimental data, as presented in Table I. Both
methods give the same NN distance contraction since the
phase fitted in Eq. (3) by an odd function of k is not
influenced by the negligible value of the third cumulant
o®. We note also that our value 2.81+0.01 A deter-
mined for the cluster average NN length is in close agree-
ment with the Au-Au distance found for Auss ag-
glomerates in Ref. 15.

On the contrary, the high correlation between the
fourth cumulant, the coordination, and the DW factor
causes large discrepancies between the values deduced in
the two approaches: however, the minimization fitting
procedure indicates that the preferred structures are only
those contributing at smaller DW and coordination; then,
we conclude that the standard analysis gives the most re-
liable values for the searched parameters. As a conse-
quence, the fourth cumulant is zero or quite negligible, as
it should be when the harmonic approximation gives an
adequate description of the vibrational properties of the
cluster. In Ref. 6 in fact, the anharmonic terms have
been ignored so that the mutual consistency of the

theoretical calculations with the present data seems fully
demonstrated. We point out that our value of o2 is at
variance with that of Ref. 15 where a hardening of the
clusters is found with respect to the bulk. Instead, our
data show an amplified mean square relative displace-
ment: let us consider in addition that a larger phonon
dispersion is found for gold cluster core levels,'” and that,
in general, for metal surface atoms an enhanced vibra-
tional broadening has been detected!® with respect to the
bulk.

One might suppose a possible asymmetrical distribu-
tion of the vibrational equilibrium positions of the cluster
atoms, in particular for the shallow part of the cluster;
but also this hypothesis can be ruled out as a consequence
of the negligible value of the cumulants: these, in fact,
being the moments of the radial distribution, measure
how much asymmetry there is around equilibrium.

Finally, we want to compare our results with those of
Refs. 19 and 20 on Auss clusters stabilized by organic
ligands. Here too, as in the present measurements, con-
traction of the NN distance in the cluster is found with
respect to the bulk gold; however, our value (2.81 A) is
larger than that of the Auss cluster: this confirms, as pre-
viously demonstrated, that in our case a mixture of
different sizes is present. On the contrary, our DW
values are significantly lower than those of Refs. 19 and
20: this can be ascribed to the lower temperature of the
present experiment and to the presence of ligands in the
Aug; clusters.

In conclusion, from the EXAFS spectrum of a cluster
sample we find several interesting properties: the contrac-
tion of the NN distance, the reduction of the average
coordination, and the amplification of the mean square
relative displacement have been directly deduced by a
standard analysis where the third and fourth cumulants
are negligible; therefore the clusters behave as systems of
atoms bound by harmonic forces without relevant distor-
tions, but agglomerating in particular structures; the
truncated octahedral ones seem to participate almost en-
tirely in the composition of the experimental EXAFS
spectrum.
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