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Ultraviolet-visible absorption of small silver clusters in neon: Ag, (n = 1-9)
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We present optical absorption and fluorescence spectra in the UV-visible range of size selected neu-
tral Ag, clusters (n = 1-9) in solid neon. Rich and detailed optical spectra are found with linewidths
as small as 50 meV. These spectra are compared to time dependent density functional theory im-
plemented in the TURBOMOLE package. Excellent agreement between theory and experiment is
achieved in particular for the dominant spectroscopic features at photon energies below 4.5 eV. This
allows a clear attribution of the observed electronic transitions to specific isomers. Optical transi-
tions associated to the s-electrons are concentrated in the energy range between 3 and 4 eV and
well separated from transitions of the d-electrons. This is in contrast to the other coinage metals (Au
and Cu) which show a strong coupling of the d-electrons. © 2011 American Institute of Physics.

[doi:10.1063/1.3589357]

. INTRODUCTION

The determination of the electronic structure of clus-
ters, in particular metal clusters, is still in the focus of ac-
tive research. The combination of experimental data and high
level ab initio methods gives invaluable insight in the evo-
lution of the electronic structure as a function of size. Sev-
eral theoretical and experimental studies have been carried
out on the structural and electronic properties of small sil-
ver clusters. In particular the optical response of neutral silver
clusters embedded in rare gas matrices has been the object
of numerous studies."»> The development of cluster sources
coupled to molecular beam techniques allowed to produce
beams of cations with a well defined size. After deceleration
the size selected cluster cations were deposited on a sample
holder at low temperature together with a rare gas and neu-
tralized to form a seeded rare gas matrix of neutral species.
Using this technique Fedrigo et al.>~> measured the optical
absorption of silver neutral clusters at low temperature em-
bedded in rare gas matrices (Ar, Kr, Xe). It was however
not possible to measure the absorption spectra of Agy, Ags,
Agio, Agi2, Agis clusters due to their low abundance in the
molecular beam. More recently a new absorption setup was
developed® by elongating the optical path and thus increas-
ing the sensitivity. This allowed to measure, in an argon ma-
trix grown at 28 K, the absorption spectra of all clusters up
to Ag 14.7

On the theoretical side several studies within differ-
ent approximations have calculated the equilibrium geome-
tries and electronic properties of silver clusters taking ex-
plicitly into account the effect of the d electrons. The
absorption spectra of Ag, (n = 2-8) in the UV-Visible range
have been determined in the framework of the linear response
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equation-of-motion coupled cluster method®'” and more re-

cently within the time dependent density functional theory
(TD-DFT) approximation’-''~1¢ for clusters containing up to
120 atoms. The reasonably good agreement between the main
features of the experimental and theoretical data allowed to
assign the measured spectra to given isomers,” !> however
several differences are still present. In order to test the va-
lidity of different theoretical approximations, it is crucial to
compare the calculated spectra with the measured one’s down
to the smallest available details. The ideal case, gas phase ab-
sorption spectra at cryogenic temperatures are experimentally
not accessible. Neon provides a weakly interacting medium,
revealing numerous details as shown for selected sizes in
Ag,/Ne,'7 Cu,/Ne,'® and Au, /Ne.'” We present here a new
series of absorption measurements on silver clusters (Ag,
(n = 1-9)) deposited at 6 K in solid neon. The main fea-
tures of these new data are similar to those obtained in other
rare gas matrices,*>7 however spectra show much better res-
olution and structures not present in previous measurements
are clearly seen. We suggest that these measurements shall
be taken as a benchmark for actual and future calculations on
neutral silver clusters.

Il. EXPERIMENTAL AND COMPUTATION

The experimental setup and measurement procedure are
described in Ref. 6. Briefly, the clusters are formed from a
metal target sputtered by a 10 mA Xe™ ion beam at 25 keV.
The cations are then focused into a “Bessel Box™ type (BB)
energy filter which also acts as a beam stop for the intense
flux of neutrals. The cations of interest are mass-selected
and directed towards the sample holder, which consists in a
superpolished aluminium mirror (Valley Design Corp.). The
sample holder is fixed to a cold head cryostat (SRP-052A
Cryocooler, Sumitomo Heavy Industries Ltd.) that allows
refrigeration to about 6 K. During sample preparation, the
size-selected clusters are accumulated together with a 50 um
neon matrix.

© 2011 American Institute of Physics
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Optical absorption measurements are performed by
injecting light through the 2 mm length of the matrix and
collecting the residual light on the other side with a so-
larization resistant optical fiber of 400 um core diameter.
The collected light is analyzed by an optical spectrometer
coupled to a liquid-nitrogen-cooled charge coupled device.
Comparing the intensity of the light passing through a matrix
doped with clusters to a reference signal of light passing
through a pure neon matrix yields the absorption spectrum.
For silver clusters, deposition times had to be adjusted
between 30 to 90 min depending on the cluster size. For each
spectrum presented here, the absorption rate is comprised
between 70% and 95%. Special care has been taken in
order to avoid saturation effects of the strongest absorption
peaks.

For the TD-DFT calculation of the optical spectra, a com-
putational scheme was used which is also suitable for the
other coinage metals. The b3-lyp (Refs.20 and 21) functional
together with the def2-TZVP basis ((7s7p6d1f)/[6s4p3d1f])
as implemented in the TURBOMOLE package was chosen.??
The inner 28 electrons were described using the respective ef-
fective 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
Ref. 24 were evaluated. The geometry optimizations are car-
ried out with symmetry restriction where applicable. In all
cases the force matrix was calculated to ensure local minima
in contrast to saddle points. Complete consistency has been
found by comparing the lowest energy structures with pre-
vious results,”%~1%2% except for Ags. In this case the b3-lyp
functional fails to describe the geometry. Based on high level
calculations and on the experimental results we have chosen
an opening angle of 67°, well in the expected range of density
functional theory.

The TD-DFT calculations were performed with the
ESCF module? of the TURBMOLE V-5.9 program package.?
Up to the pentamer, dipole allowed and non-allowed transi-
tions were calculated up to an excitation energy of 7 eV. For
Ag,, n=(6-9) all dipole allowed transitions up to 7 eV were
evaluated.

lll. RESULTS AND DISCUSSION

The lower trace of Fig. 1 (red curve) presents size by size
the measured absorption spectra of Ag,, n=1-9 for clusters
embedded in a neon matrix at 7 K. The upper trace (black
curve) corresponds to the present TD-DFT calculation for the
best fitting isomer, and in the case of Agg, Agg, and Agy to
the two lowest energy isomers.

Table I gives the peak position and oscillator strength of
the different transitions observed experimentally. They have
been obtained by deconvoluting the measured spectra in a
sum of Gaussians. Their position was chosen in order to cor-
respond to the measured peak position, while their linewidth
and amplitude were determined by a least square fit. The in-
tegrated cross section for a given transition was determined
by integrating the corresponding line shape, its absolute value
depends then on the cluster density.

J. Chem. Phys. 134, 184504 (2011)

TABLE 1. Peak position in eV and in parenthesis integral of the
cross-section over the energy of the corresponding transition. The os-
cillator strength is obtained by multiplying the integrated cross section
(in 10718 cm? eV) by 1.12 x 1072,

Species Peak position (oscillator strength)
[eV] ([em?]x 10718)

Ag 3.80(3.83), 3.87(10.7), 4.00(25.0), 4.12(10.4),
4.20(12.2)

Agy 2.96(32.1), 4.68(18.1), 4.78(14.5), 4.85(12.2),
5.07(11.8)

Ags 2.46(0.82), 2.53(7.06), 2.75(2.75), 3.07(12.4),
3.24(2.62), 3.51(16.7), 3.71(29.5), 3.87(5.02),
3.99(12.7), 4.12(6.3), 4.48(4.71), 4.66(0.32),
4.78(3.14), 5.01(6.38), 5.17(6.73), 5.44(4.87),

Agy 3.07(29.9), 4.23(18.7), 4.48(2.83), 4.66(5.60),
5.08(4.79), 5.34(1.37), 5.43(5.75)

Ags 2.00(5.48),2.57(3.37), 3.11(2.81), 3.27(45.0),

3.56(7.02), 3.69(28.1), 3.81(12.5), 4.11(4.64),
4.44(3.37), 4.60(4.07), 4.85(3.37), 4.95(2.95),
5.36(15.9), 5.62(6.46)

Age 2.86(11.9), 3.10(10.7), 3.45(74.8), 3.53(17.6),
3.65(34.0), 3.89(3.20), 4.00(14.3), 4.87(14.2),
5.01(13.6), 5.25(26.4), 5.59(26.2)

Agy 2.78(6.28), 3.43(6.82), 3.64(103), 3.79(28.2),
3.95(1.73), 4.07(13.3), 4.48(13.4), 4.63(26.9),
4.86(17.4), 5.38(12.9)

Ags 2.55(1.55), 3.12(12.1), 3.20(11.4), 3.65(38.0),
4.00(139), 5.40(20.7)
Ago 2.26(3.64), 2.51(2.58), 2.79(1.83), 3.05(8.22),

3.26(0.43), 3.47(21.8), 3.65(27.7), 3.73(26.3),
3.84(87.7), 3.98(13.9), 4.14(107), 4.24(2.22),
4.49(9.26)

A. Comparison to previous experimental results

As can be seen at a first glance in comparing Fig. 1 and
the experimental spectra reported in Harb’s paper,’ the present
spectra are much better resolved. Although the overall absorp-
tion spectrum looks similar, small structures not visible prece-
dently clearly appear.

Ag; The experimental spectrum of Ag; in neon is com-
posed of four distinct peaks and a shoulder at 3.80 eV. The
negative peak at 3.75 eV is due to the D5 2 —28; /2 emission
that is captured by the optical fiber. It is in good agreement
with previous measurements.?”-?® The multiplicity of lines
has been explained by the spin-orbit coupling which lifts the
degeneracy of the S — P transition, the effect of the crystal
field splitting, and the presence of two sites of 3 and 4 neon
vacancies.”’ This multiplicity of site isomers is not observed
in argon, nor in other matrices.>*

Ag, The experimental spectrum of Ag, in neon consists
of four narrow peaks at 2.96, 4.68, 4.78, and 5.07 eV and an
additional transition at 4.85 eV that appears as a shoulder. The
small structures between 3.75 and 4.2 eV result from frag-
mentation and correspond to the Ag atomic absorption lines.
The negative peak at 3.56 eV is due to the fluorescence of
the dimer. The silver dimer has been extensively studied in
matrices,”® as well as in the gas phase.’!*3? In particular ab-
sorption in neon was already obtained by Schrittenlacher et al.
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FIG. 1. Comparison between experimental and calculated absorption spectra of silver clusters. Experimental absorption for Ag, (n = 1-9) — bottom curve.
TD-DFT calculations for the best fitting isomer — continuous line — and energetically closest isomer — interrupted line. The energy in eV represents the difference
to the calculated ground state configuration. 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 0.1 units for Ag; and Ags, 0.05 units for Agz to Agg. The black dots identify
transitions whose initial state is predominantly of s-type.
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between 2 and 10 eV.>* The measured absorption peaks at
3.00, 4.68, 4.79, and 5.08 eV are in excellent agreement with
our results. They were assigned to the so-called A, B, C, and
E transitions measured in the gas phase.’*3> The shoulder at
4.85 eV, not observed previously, can be related to the D tran-
sition observed in the gas phase at 4.84 eV.

Ags Contrary to the case of Ags in an argon matrix grown
at 10 K337 which shows essentially three resolved absorp-
tion lines at 2.52, 3.21, and 3.86 eV, the Ags/Ne spectrum is
formed of a large number of narrow transitions, including two
major peaks at 3.51 and 3.71 eV, that we all attribute to the
trimer absorption, since there is no sign of fragmentation dur-
ing deposition. Existing measurements of the trimer in helium
droplets by Federmann et al.’® reveal distinct peaks in good
agreement with the two major peaks if we consider a blueshift
of 0.07 eV in neon compared to helium. The large difference
between the neon and argon matrix absorption spectra is sur-
prising. We believe that the equilibrium geometry of Ags,
which has a flat potential curve, depends on its interaction
with the matrix.

Aga A very good signal to noise ratio is difficult to obtain
in the case of Agy, since the abundance of the tetramer cation
in the mass spectrum is low. We find that the absorption spec-
trum of Ag, is composed of two main transitions at 3.07 and
4.23 eV, as well as smaller intensity transitions (see Table I).
The other lines present in the spectrum should be considered
as artefacts for the reason given above.

The two lowest energy transitions correspond well to the
main peaks observed in argon at 3.07 eV and 4.15 eV.”-3° We
find in argon an intense peak at 4.50 eV, which is not present
or barely visible in neon. It was suggested’ that it corresponds
to symmetry forbidden transitions lifted by the interaction
with the matrix. Its absence in the weakly perturbing neon
matrix supports this idea.

Ags Two major transitions at 3.27 and 3.69 eV are ob-
served, as well as many lower intensity transitions. The spec-
trum obtained in neon looks similar to that in argon, but
with narrower and better resolved peaks as well as more
details in the fine structure. It is interesting to notice that
the 3.27 eV peak is barely shifted to the blue, while the
3.69 eV is shifted to the red, compared to argon, by 0.1 eV.
This is an indication that the simple picture taking only into
account the dielectric constant of the matrix, which would
predict an average shift to the blue, must be refined for small
aggregates.

Ags The measured spectrum of Age shows mainly one
intense and narrow transition at 3.45 eV with a shoulder at
3.65 eV. The measurements in argon’ showed two distinct
double peaks at an average value of 3.63 and 4.15 eV, the
latter structure being not visible in neon.

Similarly to the case of Agy it was suggested’ that the
double structure at 4.15 eV in argon is related to symmetry
forbidden transitions lifted by matrix interaction. Its absence
in the neon spectrum supports this hypothesis.

Ag7 The spectrum of Ag7 in neon is mainly formed of a
main peak at 3.64 eV with a weak shoulder on the high energy
side, and well defined smaller amplitude peaks The peaks at
3.64 and 4.63 eV are also present in argon, krypton, and xenon
matrices, as well as the shoulder on the high energy side of the
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main peak, if we take into account an increasing shift to the
blue from Xe to Ne.*

Ags Agg in neon has a well defined spectrum, with in-
tense and narrow peaks at 3.12-3.20, 3.65, and 4.00 eV, and
smaller structures at 2.55 and 5.40 eV. It is in excellent agree-
ment with the measured spectrum in an argon matrix, whose
corresponding peaks are situated at 3.15, 3.57, and 3.82—
3.90 eV. R2PI measurements of Agg in He droplets®®*° have
also been performed, they reveal a narrow structure centered
at 3.96 eV and a shoulder at 3.99 eV corresponding clearly
to the main absorption peak observed in neon and argon
(FWHM equal to 56 meV, 0.1 eV, 0.2 eV in He, Ne, Ar).”#!

Ago In the case of Agy in an argon matrix*? the shape of
the spectrum could only be explained by assuming that several
isomers coexisted in the matrix. The absorption spectrum in
neon is clearly different.

The analysis suggests that, contrary to the case of argon,
one predominant cluster geometry is present in a neon matrix.

B. Matrix effects in silver clusters

4,5,7 38,40

Compared to the other matrices, except helium,
the measurements in neon show narrower structures and an
improved resolution because of the weaker cluster support
interaction. Comparison between the argon and neon results
shows that the purely dielectric effect* has to be refined.
Gervais et al.*»* showed that the effect of the matrix is
the result of two competing effects, the Pauli repulsion on
one side and the long range polarization of the matrix on
the other side. These competing effects may lead to a shift
depending, for a given isomer, on the observed transition.
This was clearly the case (see above) for Ags and Agg, while
the dielectric effect alone explains well the shifts measured,
e.g., for Ags.°> The effect of the matrix induces small changes
in the geometrical structure of embedding clusters, which
may have a large influence on the oscillator strength of
the different transitions.'®*>** Also symmetry forbidden
transitions may be lifted by interaction with the matrix, we
suggest that this is the case for Ags and Age clusters in
an argon matrix. The delocalized nature of the conduction
electrons leads to isomers of close ground state energies. In
silver this is the case for Ags, Ages, Ags, and Agg. We
thus expect that different isomers are present in the matrix.
Furthermore, the cluster stabilization energy differs from one
matrix to the other*>* suggesting that the relative weight
of different isomers depends on the embedding matrix. A
detailed analysis indicates that these effects are present in the
case of Age, Ags, and Agg clusters. We expect that, when the
number of atoms per cluster increases, the occurrence of sev-
eral isomers in the matrix will be the standard situation. This
sets a limit to the determination of the geometrical structure
of metallic clusters in a matrix, except for very symmetric
geometries.

C. Comparison to TD-DFT calculations

Several calculations of the absorption spectra of silver
clusters are available in the literature, we refer the reader to
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FIG. 2. Experimental and theoretical values of the oscillator strength per
atom for Ag,(n=1-9) clusters integrated up to a photon energy of 5.5 eV.
The theoretical value has been reported for the ground state configuration.
The systematic error of 50% on the measured absolute value is related to the
uncertainty in determining the density of clusters per unit area.

the paper of Harb et al.” for a comparison between different
approximations and to the recent paper by Tiago et al.'® The
TD-DFT absorption spectra reported in Fig. 1 are in agree-
ment with the main features of previous calculations done
in the same formalism,”-!'2!3 and differ in details or in the
relative amplitude of the different absorption peaks. They are
given here (see Fig. 1) for convenience and later on in order to
compare within the same approximation the absorption spec-
tra of Ag, Au,' and Cu (Ref. 18) clusters. Harb er al. made
already a detailed comparison of the experimental absorption
spectra of Ag cluster in an argon matrix with their TD-DFT
calculations. The good agreement between the main features
of the experimental and theoretical data allowed to assign the
measured spectra to given isomers or to a sum of isomers. An
analysis based on the present TD-DFT calculation and the
new neon results reaches the same conclusions, we shall not
repeat it. Notice however that the agreement between exper-
iment and theory is based on the principal absorption peaks
of energy lower than 4.5 eV. For higher energies and smaller
amplitude structures, the correlation between experiment and
theory becomes poor. A Mulliken population analysis of the
states implied in the different transitions indicates that the
transitions below 4.5 eV are issued from predominantly s
type states (marked by a black dot in Fig. 1), while above
4.5 eV they are issued from d type states. This suggests that
the TD-DFT scheme does not reproduce well the transitions
issued from d type states, and/or that the matrix effects and
spin-orbit coupling have to be taken into account in order to
reproduce the fine details of the absorption spectra. Notice
also that the present TD-DFT calculation for the rhombus
Ag,4 isomer shows significant differences with the experimen-
tal results in the 3.5-4.5 eV energy range. On the contrary
the elaborate CI calculations by Koutecky er al®® lead
to excellent correspondence for the two main experimental
peaks calculated at 3.21 eV (expt. 3.07 eV) and 4.29 eV (expt.
4.23 eV).

J. Chem. Phys. 134, 184504 (2011)

D. Oscillator strength

Figure 2 presents the experimental and theoretical values
of the sum of the oscillator strength (OS) per atom for the
Agn(n = 1-9) clusters up to a cutoff energy of 5.5 eV. For the
atom the measured value of the OS, equal to 0.70, is in good
agreement with the gas phase value® equal to 0.71. This is
not the case for Au; and Cu; for which the gas phase value
is significantly larger (factors equal to 3.7 and 2.5 for Au and
Cu, respectively) than the OS in the neon matrix. It has been
suggested*® that in the case of Cu and Au the screening of
the s electrons is modified by the presence of the matrix, this
is clearly not the case for the Ag atom. Both experiment and
theory find the integrated OS per atom (or s electron) to be
lower than one. As already mentioned by Idrobo et al.'> !
the reason for this is the screening of the electromagnetic
field acting on the s electrons by the polarizability of the d
electrons. A more refined analysis should also take into ac-
count the contribution of the d-s and d-p transitions to the OS.
We find in agreement with Idrobo’s calculation that the de-
gree of d character of the optical excitations is smaller than
20% up to an excitation energy of 5.5 eV. In the case of Au
(Ref. 19) and Cu (Ref. 18) clusters, the absolute value of the
measured OS is definitely smaller than for Ag clusters. This
can be related to the increased screening of the s electrons in
going from Ag, to Cu and Au, and possibly to the effect of the
matrix.

IV. CONCLUSION

We present optical absorption spectra of mass selected
Ag, (n = 1-9) clusters in the UV-visible range embedded in
a solid neon matrix. The main features of these new data are
similar to those obtained in an argon or xenon matrix. How-
ever the improved resolution and the small interaction of the
clusters with the neon matrix reveal new structures. In agree-
ment with previous analyses we find that the main spectro-
scopic features are well reproduced by TD-DFT calculations
for energies lower than 4.5 eV. This allows to confirm the geo-
metrical structures of the isomers present in the matrix. How-
ever several detailed features of the measured spectra are not
explained by TD-DFT calculations, in particular above 4.5 eV
where the d electrons contribution to the transitions is impor-
tant. We suggest that it is on one hand due to the influence of
the matrix, which is not taken into account in the present the-
oretical approaches, and on the other hand on the approxima-
tions of the theories themselves. In order to discriminate be-
tween different approximations detailed experimental results
are requested, the present measurements can serve as bench-
mark to test the validity of different theoretical approaches.
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