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UV-visible absorption of small gold clusters in neon: Au, (n = 1-5 and 7-9)
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We present optical absorption spectra in the UV-visible range (1.5 eV < E < 6 eV) for mass se-
lected neutral gold clusters Au, (n = 1-5 and 7-9) embedded in solid Ne at 7 K. The experimental
spectra are compared with time-dependent density functional calculations. Electronic transitions are
distributed over the whole energy range without any concentration of the oscillator strength in a
small energy window, characteristic for the more s-like metals such as the alkalis or silver. Con-
trary to the case of silver and partly copper clusters, transitions issued from mainly d-type states
are significantly involved in low energy transitions. The measured integrated cross section is smaller
(<20%) than expected from a free-electron system, manifesting the strong screening of the s elec-
trons due to the proximity of the s and d levels in gold. © 2011 American Institute of Physics.

[doi:10.1063/1.3537739]

. INTRODUCTION

The size-dependent evolution of the structural, physical,
and chemical properties of finite size aggregates has been
the subject of continuing basic and applied research interests.
Since the beginning, optical spectroscopy has been a power-
ful technique to study the electronic and, via the comparison
to calculations, the structural properties of metal clusters.

From a fundamental point of view, clusters of noble metal
elements are of particular interest because they form the natu-
ral bridge between “simple” and transition-metal clusters, and
thus constitute an interesting ground for the testing of theo-
retical approaches. Furthermore, the study of a heavy metal
such as gold requires the inclusion of relativistic effects. So
far the experimental study of the optical absorption of neutral
noble metal clusters beyond the trimer was limited to Ag clus-
ters, which have a cross section more than five times higher
than that of gold and copper clusters. Improvements in the ex-
perimental sensitivity! and the use of very weakly interacting
neon matrices” make the other noble metal clusters accessible
to the experiment.

Recently, a surge of activity was devoted to the study
of Au, clusters, both neutral and ionized. This is related
to the finding that gold nanoparticles and in particular very
small gold clusters containing as few as 7-8 atoms show
pronounced catalytic activity’® and remarkable luminescent
properties.””!! A number of theoretical calculations'>~'® pre-
dict, contrary to alkali metal clusters, the persistence of pla-
nar structures as the energetically favorable conformation up
to a large number of atoms, depending on the charge state
of the Au, clusters. This behavior, which is not found in the
case of the other noble metal clusters,'?!” has been corre-
lated with relativistically enhanced s-d hybridization and d-d
interaction. %1
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In the case of charged clusters these theoretical pre-
dictions were compared to ion mobility measurements, 22!
photoelectron spectroscopy studies,'® photodissociation spec-
troscopy of Au’ Xe, (Ref. 22) and Au' Ar clusters® as well
as by trapped ion electron diffraction.?* There are fewer tech-
niques which give access to the structure of neutral clusters.
Recently, Gruene et al.” studied Auy, Auyy, and Auy aggre-
gates in the gas phase by vibrational spectroscopy, their mea-
surements for Au; are compatible with a planar edge-capped
triangle with C; symmetry. High quality absorption spectra of
neutral clusters when compared to reliable theoretical calcu-
lations also give access to the structure of the lowest energy
isomer as was shown in the case of Na (Refs. 26 and 27) and
Ag (Refs. 28-30) clusters. This is, however, a more difficult
task for Cu (Ref. 32) and Au clusters.

We present in this paper the absorption spectra that were
obtained for Au, (n =1-5 and 7-9) clusters condensed in a
Ne matrix at 7 K. These spectra present the first systematic
study of the absorption spectra containing more than three
atoms in a weakly interacting environment. Recent (TD-DFT)
time dependent density functional theory calculations of the
absorption spectra of Au,, (n =2-14) (Ref. 31), as well as own
calculations with the b3-lyp functional, which is also suitable
for the description of Ag clusters*” are compared to the ex-
perimental data.

We find that the gold absorption spectra present a large
amount of transitions spread over a wide energy range. Agree-
ment with TD-DFT calculations is poor and does not allow to
attribute the optical spectra to a specific isomer as it is the case
in the more s-like Ag clusters.

Il. EXPERIMENTAL AND COMPUTATION

Clusters are formed from a metal target sputtered by a
10 mA Xe™ ion beam at 25 keV. The gold cations are ex-
tracted by an electrostatic lens system and focused into a
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FIG. 1. Absorption spectra for two different depositions of Auy.

“Bessel box” type (BB) energy filter which also acts as a
beam stop for the intense flux of neutral clusters. The cations
of interest are mass-selected and directed toward the sample
holder, which consists of a superpolished aluminium mirror
(Valley design corp.). The sample holder is fixed to a cold
head cryostat (SRP-052A Cryocooler, Sumitomo Heavy In-
dustries Ltd.) that allows refrigeration to about 7 K. Size-
selected clusters are codeposited with Ne at a dilution of 1:3
x 10°. The matrix has a thickness of 50 pm.

Optical absorption measurements are performed by in-
jecting light through the 2 mm length of the matrix and col-
lecting the transmitted light on the other side with an optical
fiber of 400 um core diameter. The collected light is analyzed
by an optical spectrometer coupled with a liquid-nitrogen-
cooled charge coupled device (CCD). Comparing the inten-
sity of the light passing through a matrix doped with clus-
ters with a reference signal of light passing through a pure
neon matrix yields the absorption spectrum. Typical numbers
of deposited charges inside the matrix are comprised between
8 nAh for the dimer and 450 pAh for the octamer, corre-
sponding respectively to cluster densities of 3.6 x 10'>/mm?
(dilution of 1:3 x 10°) and 2 x 10"/mm? (dilution of
1:5 x 10°).

Since the absorption spectra show intense and well-
defined peaks together with a large number of fine structures,
it is important to determine whether the observed fine struc-
tures are part of the absorption spectra or correspond to ar-
tifacts. We present in Fig. 1 two absorption spectra of gold
heptamers obtained from two different samples. The posi-
tion of all structures, including the finer details, are repro-
duced on both spectra, while the relative intensity between
the peaks may vary depending on the background signal. This
is in particular true above 5 eV where the structures become
broader and less resolved due to the lower intensity of the light
transmitted through the matrix. The same conclusions can be
drawn for all gold clusters spectra reported in Fig. 2.

In the present study TD-DFT was used to describe the
electronic structure and the UV-vis absorption spectra of
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FIG. 2. Experimental absorption spectra of Au,, n = 1-5, 7 and 9 obtained
in a neon matrix at 7 K at an energy of typically 20 eV.

the Au clusters. A calculation scheme was used, which is
equally suitable for other coinage metals. The b3-lyp (Refs.
33 and 34) functional together with the def2-TZVP ba-
sis ((8s7p6dl1f)/[6s4p3d1f]) as implemented in the TUR-
BOMOLE package was chosen.>> To compare the calcu-
lations with the literature and to check consistency, a few
sizes were repeated with the Perdew—Becke—Ernzerhof (PBE)
functional. The inner 28 electrons were described using the
respective ECP (effective core potential). Quadrature grids
were of m3 quality.*® The geometry optimization was started
using structures found in the literature and at least the two
lowest lying isomers from calculations by Fernandez'? were
evaluated. The geometry optimizations are carried out with
symmetry restriction where applicable. The TD-DFT cal-
culations were performed with the ESCF module®” of the
TURBOMOLE V-5.9 program package.®

lll. RESULTS

Figure 2 presents the experimental spectra of small neu-
tral gold clusters (Au,, n = 1-5 and 7-9) deposited in a neon
matrix at 7 K. The atom and the dimer spectra have already
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been published together with their fluorescence spectra.’® The
hexamer has not been measured in this study because of its
low abundance in the molecular beam.

Figure 3 summarizes the experimental results and the
TD-DFT spectra of the lowest energy Au isomers obtained
in the calculation scheme described above. The lower trace
of Fig. 3 presents the “cleaned”, i.e., free of fragments, ex-
perimental spectra of Au, (n=1-5, and 8). The raw spectra
of Au, contain spectroscopic traces of Au; and Au,_;, due
to fragmentation upon deposition. These contributions have
been eliminated by deconvoluting the measured spectra in a
sum of Gaussians. The absorption lines attributed to frag-
mentation have then been subtracted in order to obtain the
“cleaned” absorption spectra for a given cluster size. This de-
convolution was not possible however in the cases of Au; and
Aug due to the very large number of observed narrow transi-
tions with linewidths smaller than 20 meV. They are shown
without signal treatment in these two cases.

Table I gives the peak position and the integrated cross
section (in parenthesis) of the different transitions associated
with the respective cluster size. The integrated cross section
for a given transition was determined by integrating the cor-
responding absorption profile normalized by the cluster den-
sity. We estimate the absolute error to be of the order of 50%,
while the relative error from one transition to the other for one
cluster size is smaller.

TABLE . Peak position (in eV) and integral of the cross section over the en-
ergy (in parenthesis) of the corresponding transition. The oscillator strength
is obtained by multiplying the integrated cross section (10~!8 cm? eV) by
1.12 x 1072,

Species Peak position (oscillator strenght)
[eV] (lem?x]10718)

Auy 4.80(3.90), 4.90(1.00), 5.30(2.16), 5.44(4.82),

Auy 2.58(2.24), 3.13(0.56), 3.30(2.35), 3.96(0.75),

Aug 2.36(0.82), 2.76(2.12), 2.88(0.60), 2.95(0.64),
3.50(2.17), 3.64(1.40), 4.04(6.02), 4.36(1.23),
4.70(1.28)

Auy 2.80(1.49), 3.05(0.56), 3.17(1.73), 3.25(0.84),
3.33(8.17), 3.73(5.20), 4.20(5.98), 4.49(0.37),
4.66(3.37)

Aus 2.02(0.23), 2.11(2.05), 2.37(0.09), 2.53(0.08),

2.59(0.02), 2.65(0.21), 2.87(0.50), 2.96(3.62),
3.08(1.68), 3.17(3.45), 3.27(0.28), 3.39(0.60),
3.49(1.09), 3.62(2.20), 3.74(3.40), 3.81(1.74),
3.89(4.79), 3.96(3.17), 4.05(3.54), 4.22(4.14),
4.53(0.46), 4.93(0.57), 5.11(1.92), 5.20(1.00),

Auy 1.87, 2.12, 2.40, 2.43, 2.63, 2.68, 2.72, 2.81,
2.88,2.99, 3.29, 3.43, 3.58, 3.66, 3.73, 3.90,
4.06,4.21,4.41,4.69, 5.10

Aug 2.15(0.18), 2.23(1.02), 2.66(2.94), 2.91(0.86),
2.97(2.12), 3.11(1.42), 3.23(3.49), 3.34(2.09),
3.42(0.10), 3.54(1.53), 3.69(4.26), 3.83(0.74),
4.01(1.00), 4.07(0.75), 4.17(8.17), 4.64(3.36),
5.12(1.73)

Aug 1.95, 1.99, 2.13, 2.29, 2.40, 2.58, 2.69, 2.81,
2.88,2.94, 3.03, 3.06, 3.12, 3.16, 3.20, 3.36,
3.42,3.57,3.72,3.91, 4.05, 4.12, 4.23, 4.49,
5.08
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The TD-DFT spectra of the lowest lying Au isomers ob-
tained in the calculation scheme described above are given in
Fig. 3 (upper black traces). We have made a Mullikan popu-
lation analysis of the states involved in the transitions in order
to determine the principal s, p, or d contributions of the Kohn—
Sham molecular orbitals involved in a given transition. Noted
by a black dot are the absorption lines whose initial state is
predominantly of s type, and we shall speak of s-s or s-p tran-
sitions depending on the principal s or p character of the final
state. The remaining absorption lines, issued predominantly
of the d-band, correspond to d-s or d-p transitions.

A. Absorption spectra and fragmentation

The deconvolution of the absorption spectra as described
above yields the contents of fragments in the matrix by their
optical fingerprint. We find, as expected,*’ decreasing frag-
mentation rates going from the dimer to the nonamer.

For the dimer (see Fig. 2) a strong signature of the atom
is visible between 4.7 and 5.7 eV, it corresponds to a fragmen-
tation rate of Au, into Au; estimated to about 50%. The cor-
responding Au; absorption lines (see Table I) are thus taken
out of the Au, deconvoluted spectrum to obtain the “cleaned”
Au, experimental spectrum. The experimental Aus spectrum
in Fig. 2 also clearly shows the atom, as well as the dimer
signature at 2.58, 3.13, and 3.30 eV. Note that even in re-
ducing the deposition energy, it was not possible to obtain
a lower fragmentation rate. This is related to the large energy
spread of the clusters prepared by sputtering. The shapes of
the Au, absorption spectrum between 4.7 and 5.7 eV are dif-
ferent from the absorption profile of the atom alone. This sug-
gests that an additional Au, absorption signal around 4.9 eV
is hidden by the presence of the atom. We shall show by com-
parison with known results that this is indeed the case. We
have thus marked in Fig. 3 the energy range above 4.7 eV by
an interrupted line. The same situation occurs for Aus in the
same energy range, suggesting that here too a Auj transition
is hidden by the presence of the atom.

For the tetramer, the low abundance of clusters in the
beam is responsible for the inferior quality of the signal.
Since the spectrum does not show any dimer signature, we
can safely affirm that the dominant fragmentation channel is
Auy — Auj + Auy. This observation is confirmed by a sec-
ond measurement of the same system deposited at higher ki-
netic energy. Fragmentation of the pentamer is not clearly vis-
ible on the absorption spectrum, even if one cannot exclude
that the small peaks at 3.34, 4.81, and 5.3 eV are due to the
tetramer and the atom, respectively. The experimental spec-
trum of Aus shows an especially high number of absorption
peaks with peak widths that do not exceed 60 meV. Careful
analysis shows that they can all be attributed to the pentamer.

All absorption spectra up to n = 9 show peaks at 4.80
and 5.33 eV, which reveal the presence of gold atoms in the
neon matrix. Curiously, however, the signature of Au,,_; frag-
ments is only discernible for n = 3-5 and inexistent for n
= 7-9. We suggest that not only fragmentation is responsible
for the signature of the Au atom on the optical spectra but also
dissociation of the sputtered clusters. Indeed, we know that
the hot clusters produced via a sputtering process cool down
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FIG. 3. Comparison between experimental and calculated absorption spectra of gold clusters. Experimental “cleaned” absorption (see text) for Au, (n = 1-5
and 8) and without signal treatment (n = 7 and 9) lower curve. TD-DFT calculations for the ground state configuration-continous black line- and next higher
isomer-interrupted black line. The transitions have been enlarged by Lorentzians of 0.1 eV FWHM. The vertical scale for the calculated spectra is a measure
of the oscillator strength per atom, one interval corresponding to 0.05 units for Au; and Auy, 0.025 units for Auz to Aus and 0.0125 units for Au; to Aug. The
black dot identifies transitions whose initial state is predominantly of s-type.
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by evaporation of atoms. If such evaporation takes place after
the Bessel box, neutral atoms can contaminate the neon ma-
trix since the ratio between the initial clusters velocity and
the drift velocity after dissociation is small. By comparing
our values to the experiments by Begemann*! on evaporative
cooling of clusters produced by sputtering, we find that this
phenomenon is very likely to happen in our case, leading to
part of the observed atom signal.

B. Comparison with known experimental results

In what follows, we shall examine size by size the ex-
perimental absorption spectra, and compare them with known
results when available, i.e., essentially up to the trimer. The
absorption spectra for the other measured sizes are new.

Au;. The experimental absorption spectra of the atom
and dimer in neon have already been discussed in a previous
publication.?* We present here these spectra for completeness
together with the corresponding TD-DFT calculations.

The experimental spectrum of gold atoms in neon shown
in Fig. 3 contains two large structures of average position
equal to 4.82 and 5.40 eV. Comparison with previous mea-
surements in neon*’ and in other matrices* confirms this
spectrum except for the small secondary peak at 4.9 eV, which
may be due to a less favorable second site isomer in the
neon matrix.>> The two large structures correspond to the
spin—orbit split 2P; 5 <= 282 and 2P3;, < 25, transitions
measured** respectively in gas phase at 4.63 and 5.11 eV.

Aus. The Au dimer has been studied in the gas phase,**’
in Ar (Refs 43 and 48) and in Kr (Ref. 49) matrices. The
gas phase measurements have found several absorption bands,
whose origins are situated at 2.07, 2.25, 2.44, 2.98, and 3.19
eV. With good certainty we attribute the peak measured at
2.58 eV to the so-called A<X absorption measured at 2.44
eV in gas phase and the peak measured at 3.30 eV to the
B <X transition measured at 3.19 eV in gas phase. The weak
absorption at 3.96 eV has also been observed in argon*>*8 and
krypton49 matrices around 4.0 eV. It is, however, not visible
in the gas phase, which suggests that it is due to a symmetry
forbidden transition, denoted by C, which becomes allowed
by interaction with the matrix. The secondary peak at 3.13 eV
has not been observed in other matrices. Fluorescence data®
indicate that it is not due to a second site isomer. Compari-
son to gas phase measurements*’ suggests that it is related to
the transition whose origin is situated at 2.98 eV. The mea-
surements in argon*® and krypton* matrices also find peaks
situated around 5.0 and 5.9 eV. The 5.0 eV signal corresponds
to the energy range in which we observe a strong signal due to
atomic gold resulting from fragmentation of the dimer. This
suggests, together with the different shapes of the atom and
dimer signals, that a dimer peak hidden by the presence of
atomic gold also exists in a neon matrix around 5.0 eV.

Aus. The different lines (see Table I) attributed to the
gold trimer give more details but they are in agreement with
the previous measurements in Ar (Refs. 48 and 51) and
Kr (Ref. 49) if we include a small matrix shift which may
vary from one transition to the other, as shown in the case
of Na clusters.’? In particular, there is a one to one corre-
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spondence between the peaks reported by excitation spec-
troscopy in argon,*® krypton,* and our measurements if we
consider the two peaks at 3.50 and 3.64 eV as an enlarged
single absorption line as well as the three peaks at 2.76, 2.88,
and 2.95 eV. Note also that a transition reported in argon
at 5.37 eV and in krypton at 5.32 eV is not clearly visible
in our measurements. We suggest, as in the case of Auy,
that such a transition also exists in neon, but that it is hid-
den by the strong atomic signal resulting from fragmentation
of Aus.

Auy. The gold tetramer absorption spectrum reported in
Fig. 3 after substraction of the Au; and a weak Aus signal is
formed of two narrow peaks at 2.80 and 3.33 eV, weaker peaks
at 3.05 and 3.17 eV, and broader peaks at 3.73, 4.20, and 4.66
eV. To our knowledge, no previous measurement of the neu-
tral tetramer has been reported. Only photodissociation spec-
tra of cationic Au van der Waals complexes [Auj(Arn (n=0-
4)] in the energy range of 2.14-3.35 eV are published.’

Aus. The absorption spectrum of the pentamer is com-
posed of a large number of narrow peaks (see Table I). Zheng
et al. have recently measured the absorption and emission
lines from fluorescent water soluble Aus nanoclusters. The
measured excitation energy equal to 3.76 eV is in reasonable
agreement with the large absorption centered at 3.9 eV.

Au. The experimental absorption signal of the gold hep-
tamer is composed of a large number of sharp transitions.
The spectral width of the transitions are remarkably small,
a number of transitions not larger than 30 meV can be ob-
served, in particular at low energies. Note also that the high
concentration of oscillator strength between 3 and 4 eV with
intense structures probably composed of several transitions.
The absorption spectrum of Au; has already been measured
by Collings et al.>* in a comparable energy range by photode-
pletion techniques of van der Waals complexes (Xe). The au-
thors report mainly one large structureless absorption feature
centered around 3.0 eV with a width of 0.8 eV. Most likely
this reflects just the envelope of the numerous transitions we
have observed in this energy range taking account the matrix
shift.>> Their data show a rising absorption above 4 eV at-
tributed to the involvement of the d-electrons, which is not
verified in our results.

The gas phase structure of Au; has very recently been un-
ambiguously determined by Gruene et al.>> using vibrational
spectroscopy. The observed vibrational spectrum is in agree-
ment with a planar C; ground state configuration.

Aug. The absorption of the gold octamer, when compared
with that of the odd numbered clusters Aus, Au;, and Auo, is
composed of a small number of large peaks, comprised be-
tween 2.2 and 5.2 eV. A maximum of the absorption centered
at 3.2 eV is in agreement with the excitation energy measured
by Zheng et al. at the same energy, note however that in the
present work the main absorption is rather situated at 4.1 eV.

Auyo. Finally, the experimental spectrum for the nonamer
shows a large amount of peaks constituting the fine structure
of broader absorption bands with local maxima at 2.94, 3.20,
3.72, 391, and 5.08 eV. The photodissociation spectra ob-
tained by Collings et al.** show two broad absorption bands
around 2.2 and 3.0 eV, which roughly correspond to maxima
in the oscillator strength of our spectrum.
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FIG. 4. Experimental and theoretical values of the oscillator strength per
atom for Au,, clusters. The theoretical value has been reported for the ground
state configuration, it is integrated up to 5.5 eV in our calculation and up
to 6.0 eV in Idrobo’s calculation.?! The systematic error of 50% on the mea-
sured absolute value is related to the uncertainty in determining the density of
clusters per unit area and the non-negligible fragmentation. The experimental
and calculated values of the oscillator strength for Ag, clusters is taken from
Ref. 32.

C. Comparison to TD-DFT calculations

Numerous calculations have been performed on small Au
clusters. The gold dimer has been calculated, including the
excited states, using Hartree-Fock and DFT methods. ¢’
Similar techniques were applied to determine the ground
state geometries of the trimer,°>% the tetramer,%%%%
and the pentamer.>% DFT calculations have been per-
formed more recently in order to predict the lowest energy
structures!>~1416:18.19.31 and to calculate the optical spectra
by TFD-DFT for clusters up to Au;4 and Auyg.3!

Our calculations for the structures are given in Fig. 3
for the two lowest energy isomers, together with their
energy difference. They are in close agreement with the
ones reported in the literature, except for Auy in which we
find that the “Y”-shaped structure has the lowest energy.
However, the thombus is only 0.1 eV higher in energy. Note
that in agreement with previous calculations all ground state
configurations are planar.

The TD-DFT absorption spectra of the two lowest lying
isomers are also given in Fig. 3 (upper black traces). They are
in qualitative agreement with the previous TD-DFT absorp-
tion spectra of Au, (n = 2-14), although they differ in de-
tails. For example, Idrobo et al.3! found for Aus, one intense
peak situated at 2.63 eV, rather than two peaks at 2.23 and
2.82 eV as in our calculation. More global quantities, such as
the oscillator strength (see Fig. 4) are in close agreement in
both calculations.

It appears at first sight that the agreement between TD-
DFT and experiment is poor and renders difficult to assign
with certainty the measured spectra to a given isomer. This
is already true for Au; for which TD-DFT calculations give
one single peak attributed to the S < P transition, as it
does not account for spin—orbit coupling and possible small
matrix effects. However, its position at 5.25 eV is in good
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agreement with the average value measured in gas phase at
4.95 eV and in a neon matrix at 5.16 eV. The TD-DFT ab-
sorption spectrum of Au, given in Fig. 3 is similar to Idrobo’s
result if we include a shift of approximately 0.3 eV. How-
ever, neither results are in good agreement with the gas phase
or matrix absorption spectra, in particular the two intense A
and B transitions are not reproduced. It is worth to notice that
more elaborate calculations®®>® which take explicitly into ac-
count the spin—orbit coupling are in much better agreement
with the dimer gas phase experimental absorption spectra.
This is a clear indication that the lack of spin—orbit splitting
in the TD-DFT calculations results in a serious limitation to
reproduce the experimental spectra.

One important feature of the measured absorption spec-
tra, when compared to silver,’*3? is that the absorption spectra
in gold are formed of a large number of peaks scattered over a
large energy range. This is especially true for the clusters with
an odd number of atoms (n = 5, 7, and 9). As an example 14
transitions have been measured between 2 and 6 eV in the case
of silver pentamers in neon,’? whereas 24 transitions have
been observed for the gold clusters in the same energy range.
This is even more visible in the case of Au; and Aug, whose
decomposition of spectral lines into Gaussians was not possi-
ble due to the exceedingly large number of narrow transitions.
This suggests that for Aus and Auy the ground state structures,
whose oscillator strength is shared among a large number of
transitions, correspond well to the large number of observed
peaks. In the case of Aug the number of transitions for the
more symmetrical Dy, geometrical structure is smaller than
that for the C,, geometry, which is in good agreement with
the relatively small number of observed peaks. Furthermore,
the experimental and theoretical Dy, absorption spectra show
analogies in the repartition of oscillator strength. In the case of
Aug it is probable that several isomers are present in the ma-
trix, since several structures close in energy were predicted.

IV. DISCUSSION

Gold is one of the three coinage metals with an atomic
ground state configuration of [Xe]4 f45d'%6s!. In this sense,
its electronic structure is similar to silver [Kr]4d!%5s! and
copper[Ar]3d'%4s!. A remarkable difference is, however, the
energetic position of the nd levels which are approximately
2 eV below the (n + 1)s levels in copper and gold but 4 eV
in silver. The same situation is found in the limit of very
large particles or bulk electronic structure. The s levels are
extended to a large flat band and the atomic d-states develop
in a much more localized d-band. The frontier orbital of the d-
band is approximately 2 eV below the Fermi energy for gold
and copper, but 4 eV for silver. The consequences are immi-
nent in the optical spectra of large particles. Silver develops
a strong well-defined plasmon absorption centered around 4
eV, followed by interband transitions to higher energies. This
concentration of oscillator strength in the energy range of the
surface plasmon in Ag is visible down to small cluster sizes (n
> 3). The Au plasmon, however, is heavily perturbed by s-d
hybridization effects, which reflects in the absorption spec-
tra of small Au clusters, whose oscillator strength is scattered
over a large energy range, as mentioned before.
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Idrobo et al.’! have made a detailed study of the roles
played by the d-electrons in the optical spectra by comparing
silver and gold clusters, i.e., (i) quenching of the oscillator
strength by screening of the s-electrons and (ii) getting par-
tially involved in low-energy excitations. They conclude on
the basis of their calculations that the screening effect is sig-
nificantly enhanced in Au,, clusters compared to Ag,, clusters.
They also show that the involvement of the d-electrons in low
energy excitations of Au, will also increase. Both effects are
related to the energetic position of the d-levels compared to
the s levels, as mentioned above. We reach the same conclu-
sions through our calculations, although they differ in details,
e.g., the lowest transition in Au, is also predominantly of d-
character, but is issued from the HOMO-2 orbital rather than
the HOMO-1 orbital as in Idrobos calculation. We have no-
ticed by a dot in Fig. 3 the transitions which are issued from an
orbital of predominant s character. Note however that, except
for Au,, all transitions marked by a dot also contain a sizeable
part of d-character, including the lowest energy transitions.

In the case of the Ag, clusters absorption spectra,**? we
find that the experimental spectra are characterized by a small
number of intense absorption lines situated below 4.5 eV and
a more complex structure above 5 eV. The intense absorptions
are in close agreement with the calculated s-type transitions,
while the higher energy d-type transitions are not well repro-
duced by the calculation. In the case of Cu clusters (n > 4),
the analysis suggests that the general behavior is similar to
that of silver; however, the emergence of d-type transitions
occurs around 3 eV and makes it more difficult to assign the
measured absorption spectra to given isomers.*” In the case of
Au the direct influence of s-d hybridization is important down
to the lowest energy transitions, although, like in Cu clusters,
the percentage of d character in the transitions increases above
3eV.

Figure 4 presents the experimental and theoretical values
of the sum of the oscillator strengths (OS) per atom for the
Au, clusters up to a cut-off energy of 5.5 eV. On the same
graph, we report the measured integrated OS up to the same
energy for Ag, clusters. The OS for Au clusters is consider-
ably smaller (factor 5 to 10) than for Ag,. The reason is, as
mentioned before, the screening of the s-electrons by the d-
electrons in Au, compared to Ag,. This screening has been
shown'”-% to quench the OS in noble metal clusters.

The influence of the matrix and more particularly its ef-
fect on the OS (Ref. 52), however, cannot be neglected. We
note that the OS of the s — p transition in neon, equal to 0.14
with an uncertainty of 50%, does not agree with the gas phase
value of 0.52 (Ref. 44). A similar situation occurs in the case
of Cu; in neon,’? while for atomic silver the measured OS
of the s-p transition in the gas phase (0.72) (Ref. 44) is very
close to the matrix value (0.71). Such a difference between
the gas phase and the matrix values has already been reported
by Gruen et al.%” They found that the OS of Au atoms in Ar,
Kr, and Xe matrices decreases by a factor of 1.2, 1.8, and
2.5, respectively. This implies that in the case of copper and
gold, where the effect of the s-d hybridization is larger than in
silver, the screening of the s electrons is modified by the pres-
ence of the matrix. This is also true for small Au, and Cu,
clusters, in particular the two-dimensional geometrical struc-
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ture of gold clusters certainly tends to enhance the effect of
the interaction with the matrix. We also notice that, despite
the uncertainty in the determination of the OS, the theoretical
value is larger than the measured one by a factor comprised
between 2 and 5. These differences are in part due to the ef-
fect of the matrix, they also indicate that the TD-DFT scheme
does not reproduce well, the transitions in which a strong d
component occurs.

V. CONCLUSION

We have presented optical absorption spectra of mass
selected neutral Au, (n = 1-9) clusters in the UV-visible
range embedded in a solid neon matrix. We observe finger-
print spectra for each cluster size with very narrow (20 meV)
optical transitions. The smaller energetic separation between
the 6s! and 5d'° states in the atom, which evolves in a d band
which is much closer to the Fermi energy than in silver, results
in a strong influence of the d-electrons on the electronic tran-
sitions (screening of the s electrons and direct involvement in
low energy transitions). This is well reproduced in the opti-
cal spectra. They show a much higher complexity and a larger
number of transitions, in particular in the visible part of the
spectrum, compared to similar sizes of silver clusters. A con-
centration of the oscillator strength in a small energy window,
observed in alkali metals and silver, and interpreted in the col-
lective excitation of valence electrons model, is absent in the
case of Au clusters.

Our measurements have been compared to TD-DFT cal-
culations available in the literature and to the present TD-
DFT calculations. They reproduce several features, such as
the large number of transitions and their distribution over
the whole UV—visible spectrum. Comparison between experi-
ment and theory does not, however, allow with certainty attri-
bution of the measurements to specific isomers. More refined
calculations taking explicitly into account spin—orbit and pos-
sibly matrix interaction effects are necessary. We suggest
that the present measurements are of sufficient quality to be
used as benchmark to test the validity of different theoretical
approaches.
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