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Abstract. A photoionization study of the Me(NHs) clusters formed in the reaction of photoablated third
group metal vapor with gaseous ammonia is reported. The photoionization spectra exhibit some features
due to vibrational excitation of ionic clusters and to transitions to neutral Rydberg states leading to
autoionization. DFT quantum chemical calculations are performed on the Me(NHs). The cluster geometries
are fully optimized imposing the Cs, symmetry. The calculated values of the IPs are in agreement with

those experimentally determined.

PACS. 33.80.Eh Autoionization, photoionization, and photodetachment — 42.62.Fi Laser spectroscopy —

36.40.-c Atomic and molecular clusters

1 Introduction

The study of metal atoms complexed with different sol-
vating agents has received much attention in recent years.
These systems provide, in fact, suitable models to un-
derstand metal ligand interaction and metal ion solvation
[1-7]. The introduction of supersonic expansion techniques
[8] coupled with laser spectroscopy allows to obtain de-
tailed information on energetics and dynamics of these
systems. Metal clusters composed of a third group ele-
ment, such as Al, Ga or In atoms and solvent molecules
like ammonia have been the subject of recent investiga-
tions because of their importance in the study of nitri-
dation process and electron solvation [9-12]. Recently we
have investigated the solvation phenomena in Al(NHj),
gaseous clusters and shown that the ionization potentials
(IPs) of clusters decrease with n [13]. This trend appears
to be consistent with a model in which the metal valence
electron, as n increases, is gradually transferred to a sol-
vent cluster and an ion pair state in which both the AlT
ion and the electron are surrounded by ammonia molecules
is formed [12,13]. In case of small cluster (n < 3), calcu-
lations indicate that the valence electron is still localized
near the metal ion, and that the one center model is valid
in describing the structure of the complexes [6,7,14]. A
strong red shift of the cluster IP with respect to the IP
of the bare atom has been found [11,13]. This effect can be
ascribed to the weaker interaction between the NHs lone
pair and the valence electron of the metal for the neutral
cluster with respect to the strong interaction between NHj
and the ionized metal.
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The present paper reports further experimental data
on laser ionization spectroscopy of Al and other small clus-
ters of the third group metals, in particular of Ga and In,
solvated by one ammonia molecule. The photoionization
spectra are measured in a wavenumber range of 900 cm™!
above the threshold. They are interpreted on the basis that
one photon absorption can lead either to specific ionic vi-
brationally excited states or to neutral autoionizing states.
DFT quantum chemical calculations, performed on these
systems, are in agreement with the experimental results.

2 Experimental

The clusters apparatus used for these experiments is ba-
sically identical to that previously described [9,10,15]. A
beam of ammonia seeded in Ar at a stagnation pressure of
4 x 10° Pa is introduced through a pulsed valve in a small
chamber. In the same chamber an excimer laser vaporizes
a rotating metal target. Vaporized atoms are mixed with
the seeded beam and are expanded into vacuum through
an exit channel forming a supersonic jet. The jet, after be-
ing skimmed, travels 30 cm and it is ionized by a Nd-YAG
pumped dye laser operating in the photon energy range
28 700—41 000 cm~!. Wavelength calibration is performed
with resonant transition of atomic Al at 37700 cm~! and
of atomic Fe at 34050 cm™!. The laser fluence is kept low
to avoid multiphoton ionization so that only photoions
formed by one photon process are selected by a time of
flight mass spectrometer (TOF) and detected by a chan-
neltron. The cluster ion yield is measured by scanning the
photon energy. The data are corrected for the effect of
the electric field, of strength E, = 200 V/cm, produced
by the extraction plates of the TOF mass spectrometer.
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As a result the apparent ionization potential of the species
is red shifted by AE = aF'/2, where F is the electric field
in V/cm and a is a fixed value. The a value depends on the
nature of the starting state in the ionization transition i.e.
the ground state in the direct ionization, Rydberg levels
in the autoionization process [16-18]. Under our experi-
mental conditions the ionization potential is red shifted
by 85 cm™! (0.01 eV), being a = 6.1. For the autoionizing
Rydberg levels a falls between 2 and 4 [17].

3 Result and discussion
3.1 Mass spectra

Figure 1 displays typical non resonant one photon ioniza-
tion TOF mass spectra of Me(NHjs),, clusters obtained at

: 1 L '
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150 200 250 . . . .
length used in the ionization pro-

cess are reported at the top of each
mass spectrum.

laser fluence of about 0.2 mJ/cm? and by setting differ-
ent wavelengths. It can be seen that at high wavelengths
(Fig. 1a) only clusters with n > 2 are ionized and detected
since this photon energy is not high enough to ionize small
clusters. By decreasing the laser wavelength (Fig. 1b) also
the ionic signal due to Me(NHgs) clusters is observed in
the mass spectrum. Furthermore the ionic yield of large
clusters is very small. This can be due to the fact that
when the photon energy absorbed by the cluster in the
ionization process is in large excess with respect its IP,
fragmentation can occur [12,15].

3.2 IP threshold spectroscopy

In Figure 2 the above threshold photoionization spectra
of Al(NHs), Ga(NHs), In(NHs), corrected for the field
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ionization effect, are reported. In all the three cases ex-
amined the ionic yield increases as a function of the pho-
ton energy, and the spectra exhibit some structures. It
is well-known that in molecular photoionization the ionic
yield may exhibit a rich structure near threshold an that
in some cases its step function vibronic excitation behav-
ior is obscured by a set of large bands [19]. Such bands
reveal the presence of autoionizing phenomena from ex-
cited Rydberg states whose absorption cross-section for
excitation from the ground state are larger than absorp-
tion cross-section for direct excitation [19,20]. We have
interpreted the features in the spectra in terms of this
picture. The first step in each spectrum is associated with
the Av = 0 transition from the neutral complex to the
vibronic ground state of the cation i.e. according to the
spectroscopic notation VL'/I/. It can be seen from the Fig-
ure 2 that the onset of one photon ionization process oc-
curs at 39740420 cm~! for Al(NH;3), at 40170420 cm !
for Ga(NH3) and 39700 4 20 cm~! for In(NH;3). Other
steps observed at higher energy are assigned to direct ion-
ization leading to excited vibrational level of the ion; in
particular the v3 intermolecular ionic stretching vibration
and the vg intermolecular ionic bending vibration. Other
bands are attributed to high excited Rydberg states au-
toionizing to ionic vibrational levels with a propensity rule
Av = -1 [21].

In Al(NHs) (Fig. 2a) the onset of the 03 transition is
red shifted by 8540 & 20 cm~! with respect to the bare
aluminum atom (IPy = 48279 cm~!). A second step
is observed at 39910 + 20 cm™! blue shifted by about
170 cm~! with respect to the 08+. This step can be identi-

fied with the 3? transition involving the AI-N intermolec-
ular stretching vibration, in agreement with calculations
that predict the 3! at about 145 cm~! [13]. The step at
40030 £20 cm ™1, shifted by about 290 cm~! with respect
to 08+ transition, can be attributed to the 6? intermolec-
ular degenerate bending transition estimated at around
300 cm~! [16]. The rise at 40100 4= 20 cm ™!, shifted by

about 360 cm ™! with respect to the 08+, may be attributed

to the 3(1)+ Al-N intermolecular stretching transition cal-
culated around 330 cm~?! [13]. The intense band very near

the 3(1)+ transition may be assigned to high Rydberg au-
toionizing vibrational levels [22], converging to the v3” = 1
intermolecular vibrational frequency. It should be noted
that the autoionizing band appears blue shifted with re-
spect to the 3(1)+ transition, because the field induced shift
for the Rydberg levels is lower than for the direct ioniza-
tion process [18].

In Ga(NHs) (Fig. 2b) the 09 is red shifted by
8240 + 20 cm~! with respect to Ga atom IP (IPg, =
48380 cm~!) and few vibronic bands can be identified.
A step at 40370 4 20 cm ™!, shifted by about 230 cm™!
with respect to the 08+, may correspond to the 6? inter-
molecular doubly degenerate bending transition estimated
at around 258 cm~?! [22]. The rise at 40490 + 20 cm ™1,

shifted by about 350 cm~! with respect to the 08+, can
be attributed to the 3(1)+ Ga~—N stretching transition esti-
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Fig. 2. Photoionization yield of Me(NHs) near the ionization
threshold recorded in an electrostatic field of 200 V/cm, using
a frequency doubled laser dye. The wavenumbers are corrected
by electrostatic field effect [22]. (a) Al(NHs), (b) Ga(NHs),
(c) In(NHs3). Intermolecular vibronic transition are marked by
arrows.

mated around 320 cm~!. A band near the GF is observed
and, as for AI(NHj3), can be assigned to autoionizing tran-
sitions.

In In(NHj3) (Fig. 2¢) the onset of the ion yield is ob-
served at an energy 39700 &+ 20 cm™!, 6970 eV lower
than In atom IP (IP, = 46670 cm™!). In the spec-
trum a small rise, blue shifted by about 150 cm™!
with respect to the 08Jr vibronic transition may be at-

tributed to the 3? stretching mode of In-N estimated at
around 120 cm~! above the cluster IP. An intense band
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Table 1. Calculated structures and energetics of neutral and ionized Me(NHs) clusters.

| AI(NH3) | AI(NH3)* | Ga(NH;) | Ga(NHs)* | In(NHs) | In(NHs)* |

Rue-n (A) 2.36 2.26 2.40 2.30 2.60 2.50
Rn-u (A) 1.01 1.01 1.01 1.02 1.02 1.02
Oyresnt 110.9 112.6 108.1 110.6 107.9 110.4
D. (eV) 0.45 1.38 0.63 1.84 0.61 1.64
IP (eV) cale. | 4.92 4.79 4.64
exp. | 4.93 4.98 4.92
D, — D, (eV) | calc. 0.92 1.21 1.03
exp. 1.07 1.02 0.86
31" (cm™') | cale. | 165 124 120
exp. 170 - 150
61" (em ') |cale. | 225 258 250
exp. 290 230 -
35" (em™') |cale. | 330 320 310
exp. | 360 350 -

starting at 39930 cm ™! covers a frequency region of about
100 cm~!; this band, probably overimposed to the 6%+and
3(1)+ vibronic transitions estimated respectively at around

250 and 310 cm ™! above the 08+, can be attributed again
to autoionizing transitions. Calculations and MATI exper-
iments, very recently performed, confirm this interpreta-
tion of the bands [22].

3.3 Binding energies and structure calculations

Ab initio calculations of the structural parameters of the
small neutral and ionic clusters AI(NH;3),, n = 1,2 were
previously performed and compared with measured values
[13]. DFT method was used to determine the ground state
energies, the geometries and the wave functions of both
neutral and ionic clusters. Standard B3LYP functional
was used to perform SCF calculations as implemented in
the GAUSSIAN 94 program [23]. The aluminum cluster
geometries were optimized using the 6-31g+(d) standard
basis set. The vibrational frequencies were evaluated in the
harmonic approximation by GF method [24]. For the first
time the ground state energies and geometries of neutral
and ionic Ga(NHj3) and In(NHj3) have been determined by
using also B3LYP model [25]. To perform DFT calcula-
tions the standard 6-31g+(d) on the NH; atoms has been
used together with the LAN2DZ basis set centered on Ga
and In atoms. The Cartesian Gaussian wave functions for
Ga and In have been determined by pseudopotentials [26].
In Table 1 the energetics and the equilibrium geom-
etry of the neutral and ionized Al(NHj3), Ga(NHs) and
In(NHj) clusters are reported. The measured IP values
and the difference between the binding energies of the
ionic and neutral cluster determined from the relation

I Pyvie(Nas) — {Pve = DoMe(NH;) — DoMe(NH5)+

are also shown. The agreement between the measured and
calculated values is quite good for Al and reasonable for
Ga and In. (The difference between the ground and ionized
zero point energy has been neglected).

From the results reported in Table 1 it can be deduced
that these third group metals can form quite stable com-
pounds when bound to ammonia. In fact both the Me-N
equilibrium distances and the binding energies indicate
that the intermolecular forces between Me and NHj are
stronger than the purely dispersive ones. A detailed anal-
ysis of the bonding mechanisms shows that molecular sta-
bility is due to polarization and charge transfer energies,
dominating over higher order, charge redistribution effects
[27]. Tt should be noted that these large binding energies
support our previous hypotheses that these complexes can
be gaseous precursors in the nitridation processes [9].

In summary in this paper new spectroscopic informa-
tion on Al, Ga, In-ammonia clusters have been reported.
We have measured for the first time the IP of Me(NHgs)
cluster which is found to be around 1 eV lower than that
for the metal atom. We have interpreted the photoion-
ization spectrum of these systems through vibronic and
Rydberg autoionizing transitions. The experimental data
are consistent with calculated values of binding energies
of neutral and ionized Me(NHjs) clusters.

This work has been supported by CNR Progetto Finalizzato
Materiali Speciali per Tecnologie Avanzate II and Murst.
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