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Photoelectron spectra of a series of;@] clusters §=0-5) are presented at several photon
energies: 532, 355, 266, and 193 nm. The electron affinities and low-lying electronic states of the
Al 30, clusters are reported. The photoelectron spectra clearly reveal a sequential oxidation behavior
and how the electronic structure of the clusters evolves from that of a metal clustgrtattiAht of

a complete oxide cluster at £s: Two valence electrons of Alare observed to be transferred to
each additional O atom until ADs, where all the nine valence electrons of Ate transferred to the

five O atoms. The anion, ADz, which can be viewed a@AI®")5(0?")s, is found to be a closed

shell cluster, yielding an extremely high electron affinity fog@d (4.92 e\). The electron affinities

of the remaining clusters are: 1.90 gfl 1.57 eV (ALO), 2.18 eV (ALO,), 2.80 eV (ALO;), and

3.58 eV (AkO,4). An electronic excited state of Alis also observed at 0.40 eV above the Al
ground state. Isomers are observed for all the oxide clusters with lower electron affinities.
Particularly, vibrational structures are observed for the two isomers gbDAl as well as a
photoisomerization process between the two isomers. The structure and bonding of the oxide
clusters are discussed based on the experimental data and the known structurgaifat AkO.

© 1998 American Institute of Physids$0021-960808)01026-3

I. INTRODUCTION a nearly equilateral triangle with a doubletA;) ground

-8 . .
The interaction between oxygen and aluminum is I(nownstate? Al;0 has been studied theoretically as an example

to be mainly of ionic charactérin bulk Al,Os, the valence of hypermetalated speciés,’ but no theoretical Stl_JdieS of
electrons of Al are transferred to the O atoms, giving the"® higher A{O, clusters have appeared. Experimentally,
insulating property of the bulk oxide material: The valencele"® ha}’fz been many studies of the small aluminum oxide
and conduction bands of &0 are composed mainly of G2 clusterst® HOV\{ever, feyv studies have been carried out for
and Al3p, respectively, with a large band gap. The Al and othe larger a_lummum oxide cIuster§ ex_cept for a few mass
atoms can be approximately described a&"Adnd G~ in  Spectrometric work&?~*' Therefore, little is known about the
the bulk, whose cohesive energies derive primarily from theAlsOy clusters(for y>1) investigated presently. Our main
electrostatic interactions. Such ionic interactions are extesearch interests concern the microscopic investigation of
pected in the small Al and O molecules and,@y clusters. the structure and chemical bonding of small oxide clusters
For a series of AlO, clusters with fixedx (y=0 to bulk and the potential application of the oxide clusters as micro-
composition, one expects the electronic structure of thescopic models to understanding bulk oxide surfaces and de-
Al O, clusters to become increasingly simple because théects. We have studied a number of oxide systems, including
valence electrons of Al are sequentially transferred to the G5i 21 Ge?? Ti,® Fe?*?" Cu?®-*and V oxides! and the
atoms. By studying these clusters, one not only obtains mismaller Al oxide clusters**? and have observed sequential
croscopic information of the oxidation of a cluster, but alsooxidation behaviors in these systems.
follows the transformation from a metal to an oxide cluster,  In the current work, we present a systematic PES study
or a molecular metal-to-nonmetal transition. In this article,of the Al;O, (y=0-5) series at several photon energies:
we study a series of AD, (y=0-5) clusters, using anion 532 nm(2.331 eV}, 355 nm(3.493 eV}, 266 nm(4.661 eV,
photoelectron spectroscopiES which shows directly how and 193 nm(6.424 eV, including vibrationally resolved
the valence electrons of the Atlusters are transferred to O spectra for AlO;. We show that the electron affiniEA)
with each O addition until ADs in which all the ten valence  of the neutral AJO, species increases with the O content and
electrongnine from Al plus the extra chargare transferred the valence PES spectra of the;®] species become sim-
to O. In addition, we have observed a second isomer foper with increasing because the valence electrons of the Al
Al50y (y=1-4) and photoisomerization between the tWOare transferred to the O atoms. The PES spectra show that
isomers of ALO;. o . two electrons from the Alclusters are in fact transferred to
Al; has been well studied in the past and is known to b&scn O atom to make 20, resulting in a very high EA for
Al ;05 which is one electron short of the ten electrons needed
3 Author to whom correspondence should be addressed. for the five O atoms. In addition, isomers have been ob-
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FIG. 1. Photoelectron spectra of Akt 355 and 193 nm.

served for all the oxide clusters. Surprisingly, a photoisomer- VA S A——
ization between the two isomers of /8; was observed un- 0 1 2 3 4 5

der high detachment laser fluences. Based on the Binding Energy (eV)
experimental observations and the known structures gf Al
and ALO, possible structures of the higher oxide clusters are
proposed and discussed.

FIG. 2. Photoelectron spectra of 8~ at 532, 355, and 193 nm.

Il. EXPERIMENT . . . .
The oxide clusters were entrained in the carrier gas and

The experimental apparatus used in this work has beeonderwent a supersonic expansion. After being collimated by
described in detail elsewhet& Briefly, it consists of a  a skimmer, the anion clusters were extracted from the cluster
laser vaporization supersonic cluster source, a time-of-flighpeam perpendicularly and sent into a TOF mass analyzer.
(TOF) mass spectrometer, and a magnetic-bottle TOF photorhe desired clusters were mass selected and decelerated be-
electron analyzer. A pure Al disk target, positioned by twofgre being intercepted by a detachment laser beam in the
computer-controlled stepping motors, was vaporized by thgyteraction zone of the magnetic-bottle TOF photoelectron
second harmonic of a Nd:YAG las¢5—-20 mJ/pulse An  anajyzer. A variety of detachment laser wavelengths were
intense helium carrier gas pulse was delivered to the targgfgeq. including the three harmonics of a Nd:YAG la&S82,
by two Jordan valve&l0 atm backing pressurand synchro- 355, and 266 nmand an ArF excimer lasdd.93 nnj. Low

nized Wgh(;[htehvalgorlzatlpn event. -It-t? produce oxide CtIUSterphoton energies yielded better resolved spectra for low bind-
we seede € He carrier gas with various amounts 0 ing energy features whereas high photon energies allowed
ranging from 0.05%-5%. Usually, a low,@oncentration

. ) more tightly bonded electrons to be detached. However, sig-
favors generation of clusters with less oxygen content. For ... . . .

== L ; nificant noise existed at high photon enerdigisove 266 nm,
Al;07, in fact, no oxygen seeding in the He carrier gas was

necessary. The oxide layer on the Al target surface was sufl'661 eV where low photo_n fluences were used and shot-to-
ficient to produce abundant &~ signals. For very small shot background subtraction had to be done. Th§_532 and
clusters, particularly, diatomic oxide molecules, we foung322 Nm spectra were all taken at 10 Hz repetition rate
that we could vary the cluster temperature significantly, de\Vheréas the 266 and 193 nm spectra were taken at 20 Hz

pending on the timing between the vaporization event andvith the vaporizatiop laser off at alternating shots .for the
the arrival of the He carrier gas. If the vaporization laser ishackground subtraction. The photoelectrons emitted in7all 4

fired too early relative to the arrival of the carrier gas, verySolid angles were collected by the magnetic-bottle and ana-
hot negative ions would be produced. In this condition, ndyzed in a 3.5 m long TOF tube. Photoelectron TOF spectra
large clusters could be produced, and the molecular anion&ere averaged for 1-810" laser shots and were converted
were mostly from the surface contamination. If the laser vat0 electron kinetic energy spectra calibrated using the known
porization event was timed with the peak of the carrier gaspectrum of Cu. The binding energy spectra presented were
pulse, colder anions were produced. However, the latter corpbtained by subtracting the kinetic energy spectra from the
dition often produced smaller molecular anions with reducedletachment photon energies. The resolution of the spectrom-
abundance due to collisional loss or rapid cluster growth thagter was better than 30 meV FWHM for 1 eV electrons and
consumed the smaller anions. deteriorated for high electron kinetic energies.
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FIG. 3. Photoelectron spectra of 8, at 355, 266, and 193 nm.

Ill. RESULTS

Photoelectron spectra of #, (y=0-4) at various
photon energies are shown in Figs. 1-5, respectively. Th

spectrum of AJO;, only measured at 193 nm due to its high of Alg
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FIG. 5. Photoelectron spectra of /&I, at 355, 266, and 193 nm. Note the
decreased intensity of thé’, A’, andB’ at 193 nm, indicating they are
from a minor isomer.

electron binding energy, is given in Fig. 6 and compared
g/ith the 193 nm spectra of all the other species. The spectra
were taken at two photon energies and a total of
seven detachment features were observed as shown in Fig. 1.
The binding energies of the detachment features fgr &k
given in Fig. 7, along with the detailed spectral assignments
which will be discussed in the following section. The spectra
of Al;O~, measured at three photon energies, are displayed
in Fig. 2. Five distinct features were observed and more tran-
sitions exist around 5 eV as can be seen in the 193 nm
spectrum, but the poor signal-to-noise ratio prevents us from
making any definitive assignments of the high binding en-
ergy features. The AD, spectra at three photon energies are
given in Fig. 3 which reveals four distinct spectral features
and a weak low energy featurX(). The ALO; cluster was
also investigated at three photon energies as shown in Fig. 4.
Vibrational structures were clearly resolved in the two spec-
tral features at 355 nm, as indicated in Fig. 4 by the vertical
lines. Two more features were observed at the higher photon
energy spectra of AD;. The spectra of AD,, obtained at
three photon energies, are shown in Fig. 5. These spectra
show some unusual behavior: The low energy featurgs (

A’, and B') observed in the low photon energy spectra
seemed to disappear in the 193 nm spectrum where only two
broad featuresX andA) were observed. Close examination
of the 193 nm spectrum reveals that the low energy features
still exist, but at much lower intensity barely above the base-
line. The AkOg cluster exhibits very high electron binding
energies and its photoelectron spectrum could only be mea-
sured at 193 nm as given in Fig. 6. The spectrum g4l

also shows a low energy tail, recognizable down to about 3.5
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D 2A1(1a112a121b121b223a42)
C 2A1(1a122a111by21b223a42)
B 2B1(1a122a121b111b223a12)
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FIG. 7. Observed detachment transitions and their binding energies, and the
3s low-lying energy levels and their electron configurations of thgQAl and
Al 0. The binding energies and excited state energies are in eV.

The isomers for AJO, and ALO; are made very clear in
AlOs Figs. 8 and 9, where the minor isomer populations were
Ozp shown to vary significantly with experimental conditions.
The electron affinities observed in the current work for all
the isomers are summarized in Table Il. The detailed spectral
T T assignments are discussed in the following section.

The photoelectron spectra shown in Figs. 1-6 represent
“,J ‘ detachment transitions from the anions to the various states
S of the neutral clusters, i.e., the low-lying energy levels of the
02p neutral clusters. However, except for;Alvhich has been
subjected to several previous experimental and theoretical

TABLE |. Observed binding energigBE) of the energy levels for AD,

0 1 2 3 4 5

BE (eV) Term value(eV)
Binding Energy (eV)
A|302 2 2 2 1
FIG. 6. Comparison of the 193 nm spectra o§@J , y=0-5. iz8812((Cssa?44a?22bblllzzb222)) ;g; Eg; 2.38
B 2A; (3a;%4a,'2b,%2b,?) 3.48 (8) 1.91
C 2A, (3a,"4a,°2b,%2b,?) 4.08 (8) 2.51
eV. We tried to measure the £, spectrum at 266 nm X' (Y) 1.14 (6) 0
(4.661 eV} photon energy in order to resolve the tail, but did A0,
not observe any useful spectral features except for a smooth X 2.18 (6) 0
tail resembling the tail in the 193 nm spectrum. The binding B 431':3“51 Ei)o) ;'23
energies of all the observed spectral features foOA(y c 5.08 (8) 290
=1-5) are given in Table I. X’ 1.6 (1) 0
The unusual behavior observed in the;@] spectra Al30;
suggests that there were different isomers populated in the X 2.80(2) 0
cluster beam. The low binding energy featutegy. 5, X', B g:io(g’) gigo
A’, andB’) should be due to a minor isomer and only the N 2.07 (2) 0
193 nm spectrum revealed the dominating isomer. In fact, we Al,0,
observed isomers for AD™, Al;O,, and AkO;, as well: X 3.58 (8) 0
The lowest binding energy featurgabeled asX’) in the A 5.10(9) 152
spectra of these speci€sigs. 2—4 was due to a minor iso- ;(, 1;‘? Eg; 8.16
mer. The weak low energy tail in the &5 spectrum was B/ (2.6 0.9

also likely to be due to a minor isomer in the cluster beam
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FIG. 8. Photoelectron spectra of 8, at 355 nm under two source condi-
tions, showing the two isomeric forms of &, . (8) Using a pure He carrier
gas;(b) using a 0.5% Q/He carrier gas.

investigation$™® and ALO for which there have been two

previous theoretical studi€s? there have been no experi- T T T

mental or theoretical studies about the oxide clusters for 0 1 2 3

Al;0, to Al;Os. Our discussion begins with Aand ALO for Binding Energy (eV)

which quantitative assignments are possible based on the

molecular orbital and structural information available from ~'C: 9- Temperature and detachment laser fluence dependence of the pho-
. . . . . . . toelectron spectra of AD; at 355 nm, showing two isomeric forms and

the previous theoretical investigations. We then will give aeir photoisomerization(a Taken at cold source conditior) taken at

qualitative discussion for the higher oxide clusters with thenotter source condition—isom& is enhancedlaser fluence, 0.8 mJ/pulse,

help of the geometrical and electronic structure information3 mm dia. spot sizZe (c) same agb), laser fluence, 3 mJ/pulse.

of Al; and ALO.

A cursory observation of the spectra presented in Fig. 6

shows that the spectra seem to become simpler with increaBUlk Al20s, the thref valence electrons are transferred to the

ing O content. The electron binding energies are seen t& &0MS, giving A_& and d closed shell ions.If we as-

increase with the O content, as well. Both of these effects arsUMme that a similarly ionic bonding picture holds in the

indications of a sequential electron transfer of the valencé\ %Oy clusters, then the valence electrons will decrease from

electrons from Al to each additional O atom, which has a Nin€ in Als by two for each O addition, until ADs which is

higher electron binding energiigh electron affinity. The

spectral simplicity of all the AO, clusters is also due to @ TABLE II. Observed adiabatic electron affinitEAa), and vertical electron

fortunate electron countingeven number of valence elec- affinity (EAv), and vibrational frequency of 4D, (x=0-5) and their ob-

trong which is likely to lead to closed shell ground state for served isomers.

all the anions. Closed shell anions usually give simpler spec=

tra because detachment of each occupied orbital will only Cluster EAaleV) EAv (V) vib. freq. (em )
lead to one detachment featugedoublet final neutral state Alg 1.90 (3) 1.90 (3)
in the single particle approximation and in the absence of AlO (T) 157 (8 1.68 (5
spin—orbit splitting. For example, for an open shell anion AlO, 2.18 (6) 2298
) . ) Al ;04 2.80 (2) 2.96 (2) 610 (60)
with one unpaired electron, detachment of a fully occupied 4 o, 3.58 (8) 3.92 (8)
molecular orbital will always lead to a singlet and a triplet a0, 4.92 (8) 5.21 (8)
neutral state. The valence electron configuration of Al is Al;0 (Y)? 1.14 (6) 1.22 (5)
3s?3p? with three valence electrons and that of O &2p*. 2:382 EﬁSO;: ;-87(1)2) ;.25(1()2) 120 (60
H 1SO . .
Therefore, the total number of valence electrons in all the Alzoj (i50)? 175 (6) 181 (6)

neutral ALO, clusters is an odd number whereas the anions
with one extra electron all have even number of electrons. I8See Table I, Figs. 2-5, 8, and 9, and the text for isomer assignments.
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one electron short, thus leading to a very high electron bind- Al

ing energy for ALO; which is a perfectly closed shell anion.

This qualitative picture seems to agree well with the photo- A I\
electron spectra observed for3@l,. The fact that we have Al (Cav, 2A1)
not been able to observe any®; anion with any substantial
abundance is also consistent with this qualitative bonding
picture.

Al
\o— 1 | So—al

Al

Al
(a) T-AlO (Cav, 2By) (b)) Y-AI3O (Cov, 2A1)

A. Al;/Al7 and excited state of Al 3

Al‘/o\ A
Several theoretical calculations have been carried out on / /‘/é | o/ I\O_ Al
Al; and its electronic and geometrical structure is well A‘\‘\/7 \Al/

understood® Al; has aC,, symmetry with a nearly equi-

lateral triangle structure. Its valence molecular orbital can be (a) Al3O2 (b) Al302
described as: 422a31b31b33a} with a ?A; ground state, P
where the &,, 2a;, and 1b; are mainly the Al3 orbitals, T T
. . . Al Al—0—Al
the 1b, and 3a,; are am and o orbital, respectively, derived A Al
from the Al3p orbitals? The highest occupied molecular or- ~o"
bital of AI.3 in the D5, symmetry would be a doublet degen- (a) Al303 (b) Al303
erate orbital (2'). Thus Ak cannot possess tHe;, sym- Al o
metry due to the Jahn-Teller effect. In Al the extra s
electron enters thea3 orbital, giving a*A; ground state for T 0. T Al Al=@=>Al
- 20,24 121 h22n2 AT >l
the anion (hi2ajlbilb53aj). The extra electron can also ~ -
enter the 4, orbital, giving a triplet excited state of Al @ ACI)O (b) ALsOa
3A; (1af2a31b?1b33al4a}), which was calculated to be RS
0.40 eV above the ground st&&he photoelectron spectra //\\
shown in Fig. 1 can be definitively assigned based on the T }O\T
above electronic structure information. Al /Al
The weak features labeled & and A’ depended on AIOO
3U5

experimental conditions, but they could not be completely
eliminated. These features were also observed in twWo previx. 10. Suggested structures for the@®) clusters. The structure of Als
ous PES experiment€ They can be either due to an Al  from Ref. 2 and the structure of 40 is from Ref. 9.
isomer or excited state of Al We assign them as due to the
excited state of AJ. Then the intense and sharp feature la-tions (B, C, andD) from the three Al3-type orbitals are
beled X should represent the ground-to-ground state transifairly close in energy. The binding energies of these three
tion. The energy difference between thé and X features transitions are also very similar to that of the Alth Al~
would represent the excitation energy of;Alas shown in (4.1 e\).3* Both of these observations suggest that tise 3
Fig. 7. The 0.40 eV excitation energy we obtained is in ex-orbitals in the trimer are quite localized and the bonding
cellent agreement with the previous calculation for tAg  interactions in A} come primarily from the B orbitals. This
excited state of AJ, supporting our assignment of th¢ is not surprising since thes3to-3p promotion energy in Al
feature. TheA’ feature then represents detachment of theatom is 3.6 e\?°> which is rather high compared to the Al-Al
3a, electron from the excited state anion, leading t8Aa  bonding energy. In a recent stutfwe have shown that the
excited state of neutral A{1a22a?1b?1b24a}) as shown in  3s—3p hybridization increases with cluster size and trse 3
Fig. 7. and 3p-derived orbitals become completely overlapped only
The five major features in Fig. X, A, B, C, andD, are  at Al,.
then due to detachment from the ground state of Al
(1a32a21b?1b33a?), corresponding to removal of an elec-
tron from the &4, 1b,, 1b;, 2a,, and la; orbitals, respec- Al;0 has been investigated in two previous theoretical
tively. The assignments are given in Fig. 1 and the detailedtudies as an example of a class of so-called hypermetallic
energy levels observed currently are shown schematically imolecules, i.e., metal-rich molecules in which the valence of
Fig. 7. Therefore, there is a one-to-one correspondence béhe metals exceeds that of the non-metal elemettSev-
tween the detachment transitions and the occupied molecul@ral structures of AD were considered and the lowest en-
orbitals of Al;. Such spectral simplicity can only arise when ergy structure was identified asTatype geometry with a
the anion is closed shell, and in the absence of multielectro€,, symmetry, which is schematically shown in Fig. 10.
transitions, spin—orbit splittings, or degenerate orbitals. TheéAnotherY-type isomer, also shown in Fig. 10, was only 0.5
X A, ground state feature is very sharp with little indication kcal/mol higher in energy. Other isomers calculated were all
of vibrational excitation, suggesting that there is little geom-considerably higher in energy. ThE-type isomer, which
etry change between the ground state of the anion and that should be predominantly produced in our experiment, has a
the neutral. It is also interesting to note that the three transi#B, ground state with the following configuration:

B. Al;O/Al;O~ and isomers
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1a?2a31b31b?3a24a32b32b3, where the &, orbital is the  C. Al;0,/Al;0; and isomers
02s, the 2a,, 1b,, and 1b; orbitals are derived primarily
from the O, the 3, 4a,, and 2, orbitals are mainly of energies and are shown in Fig. 3. The 355 nm spectrum

Arll3s Cth%r?cﬁ:’ anq thtehb% otrbltall 'St man;}ly |?jf Alfp th shows an intense band&}) at about 2.3 eV and a weaker
character. In the anion, the extra electron should enter the, feature X’) at lower binding energy. At 266 nm, one
2b, orbital, yielding a closed shell smgleF ground. Stém.l' fadditional feature was observed at about 3.5 eV and the 193
;lrleoyppr:erm?st valgncg Toleculr]ar o;b':ja_‘l conﬂ%ur%non Ohm spectrum revealed two more featurBsgndC) at about

30 Is therefore quite similar to that of Aliscussed above, , 7 and 5.1 eV, respectively. The weak featuk€ )( was

except that tWO. Alp electrons are transferred to a predomi- shown to depend on source conditions. The spectra shown in
nantly O2p orbital. Our observed photoelectron spectra caq:ig_ 3 were all taken with low @ concentration(0.05%—
be interpreted using the above theoretical information. 0.1% O, in He). Figure 8 shows two spectra of &, taken
_ o . . 3

The photoelectron spectra of £~ are shown in Fig. 2 355 \m ynder two very different source conditions. The
at three photon energies. Two features were observed in t@pectrum in Fig. &) was taken with pure He carrier gas
532 nm spectrum with partially resolved vibrational Struc- ynder this condition. small amount of &, could be gen-
tures. The 355 nm spectrum revealed a new feature at aroundaiaq with a fresh target surface, and we observed that the
3 eV and two more major features were observed in the,lgﬁnensity of thex' feature was very low. Figure(8) shows a
nm specFrur_n at arour!d 3..5 and 4.2 eV. More features exist %tpectrum taken at higher,@oncentratior(0.5% in the He
higher binding energies in the 193 nm spectrum, but they.a rier gas and the intensity of the feature was enhanced
cannot be definitively identified due to the poor S'gnal'to'considerably. However. we could not eliminate e fea-
noise raFio._ We found that the intensity ratio between the, ¢ completely. The dramatic dependence on the source
lowest binding energy featureX() and the strong feature at ,ngitions suggests that the¢/ feature was due to another
1.6 eV (X) could be varied slightly under different experi- minor isomer of AJO;. Therefore, we assign the four main
mental conditions: The intensity of th¥’' feature was features K, A, B, andC) to be due to the major isomer.
slightly enhanced when the clusters were produced at a hot-  Erom Al to AlLO, essentially two valence electrons of
ter condition, suggesting that the weab€rfeature is either |, are transferred to the O atom, as discussed above. Simi-
due to an e,XC'ted state of £0° or a different isomer. We a1y in Al,0,, two more electrons are expected to be do-
assign thex” feature to be due to the-type isomer and the  nated to the extra O atom, leaving only five valence electrons
main features to th&-type isomer identified in the previous on Al, In the anion, there will be six electrons occupying
theoretical calculations as the global minimum. The groundnainly the three Al3 orbitals. As we have seen above, the
state of theY-type isomer was a doublet statéAf), as  O2p derived orbitals have high binding energies around 5
shown in Fig. 2. The weak features between 2.4-2.8 €Vey or higher. Thus, we assign the feature at 5.1 eV to be due
observed more clearly in the 355 nm spectrum, were alsgy the O2-derived orbitals and the three lower energy fea-
likely to be due to theY-type isomer. However, we will tyres to be from the Al§-type orbitals. Compared to 40",

The spectra of A0, were measured at three photon

focus mainly on theT isomer. N the three Al-derived features are more separatEi). 6).
The X feature is then the ground state of;@l arising It would be interesting to speculate about the possible
from detachment from the Af3type 2b, orbital. TheA, B,  structures of the two isomers observed in our experiment.

and C features are assigned to be from detachment of thgwo candidates can be suggested based on the two isomers
three Al3s-type orbitals, b;, 4a;, and 3, respectively. opserved for AJO~, as shown in Fig. 10. The structui@, a

The features around 5 eV or hlgher are probably due to thﬁ'igonaj b|pyram|d, is Suggested based on 'fha/pe isomer
O2p-type orbitals, whose binding energies are known to besf Al,0. Structureb) is based on th¥-type isomer of AJO

high. For example, the binding energies of thepE#pe by adding the second O to the Al—Al bond. Without accurate
orbitals in ALO, clusters were observed to be around 5 eVtheoretical calculations, we cannot comment on the relative
or higher!? Therefore, the main features of the,;8I" spec-  stability of either isomer. However, the structufe), in

tra are all due to Al. The seemingly similarity of thes®~  which the two O atoms are equally bonded to the three Al,
spectrum to that of Al, as shown more clearly in Fig. 6, may be expected to be more stable and could correspond to
lends support to our assignment. Both thendY isomers  the major isomer in our experiment.

have three totally symmetric vibrational modes, which may
all be active, preventing us from observing a simple vibra-
tional progression in the 532 nm spectrum in Fig. 2. Our
resolution was not sufficient to allow us to determine vibra-  We measured the photoelectron spectra ofQAl at
tional frequencies which would be useful to compare withthree photon energie§=ig. 4). Two vibrationally resolved

the calculated values for the two isomers. However, the eledbands K’ andX) were observed at 355 nm detachment en-
tron affinities of the two isomers are quite different and wereergy. We obtained a vibrational frequency for teband to
determined fairly accuratelysee Table IJ, which will be  be about 720 cmt. The X band is more complicated with at
interesting to compare with future calculations. We havedeast two active modes. The higher frequency mode yielded a
shown previously that experimentally measured adiabatiwibrational spacing of about 610 ¢crh and the lower fre-
and vertical electron affinities are valuable parameters tguency mode is about 300—350 ¢ which was not well
compare to theoretical calculations to distinguish isomersesolved. The 266 nm spectrum revealed a new feature at
and determine cluster structurée:22:29 about 3.7 eV. At 193 nm, another feature at about 5.2 eV

D. Al;03/Al;03: isomers and photoisomerization
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was further observed. The intensity of tké band seemed to spectrum. However, close examination of the 193 nm spec-
be enhanced significantly at the higher detachment photottum suggested that the low binding energy features were
energies. still there, but with extremely weak intensities, suggesting
We found that the intensity of th&’ band actually de- that the low binding energy features were all from a minor
pended on our source conditions. The 355 nm spectrurisomer of ALO, .
shown in Fig. 4 was taken at a much colder source condition. We again assign the high binding energy feature around
Figure 9b) shows a 355 nm spectrum of &); at a slightly 5 eV to be due to detachment from @2ype orbitals. In
higher source temperature by firing the vaporization laseAl;O,, only one valence electron is left on thesAprobably
earlier relative to the He carrier gas. Compared to the col@ccupying a Al3-type orbital. In the anion, the extra elec-
spectrum of AJO; [Fig. 9a)], the intensity of theX’ feature  tron paired up with this electron, giving the broad detach-
under the hot condition was considerably increased, implyment feature at about 3.8 eV. Two structures were suggested
ing that theX’ feature was due to a different isomer. More for the isomers of AJO,, as shown in Fig. 10. The structure
surprisingly, when the detachment laser fluence was inta), formed by adding the fourth O to the structu@® of
creased, the intensity of thé’ band was dramatically in- Al;O5, might be a reasonable candidate for the main isomer
creased, as shown in Fig(®. The source conditions for the we observed because all the Al atoms are equivalent in this
spectra of Figs. @) and 9c) were the same except that the structure and there are more Al-O bonds. The strudiuire
laser fluence used for Fig(® was about four times higher comprised of two AJO, rhombuses, was suggested as a can-
than that used for Fig.(B). This suggests that the two isomer didate for the other isomer observed in our experiment. This
populations were in fact altered by the detachment laser instructure was suggested based on th®Stluster which we
tensity. This is a clear example of photoisomerization. Somehave determined definitively to bel@, structure with two
how the anions of the isomer due ¥ which is probably perpendicular SO, rhombused®2%21The central Si in this
lower in energy, absorbed a photon and then isomerized toase is tetra coordinated, similar to the environment in bulk
another structure due %8’'. Photoabsorption by anions and silica. Although in bulk AbO;, Al is coordinated by six O,
subsequent relaxation to internal energies were first observeatie Al in aluminosilicate is four coordinated, similar to the
in a photodetachment experiment ogoﬁG and have since structure(b) suggested for AD, in Fig. 10.
been observed in photodetachment experiments of many
metal cluster anions, causing low electron energy tails in=. Al,0,/AI,O7: A complete oxide cluster
photoelectron spectra due to thermionic emissforlow- B ) o _
ever, this is the first time that photoisomerization has ever AlsOs has a very high electron binding energy and its
been observed in an anion system. photoelectron spectrum could only be measured at 193 nm
Therefore, we attribute the three main featurds @, photon energy, which is shown in Fig. 6. A onv energy tail
andB) to the major isomer. The featuBat 5.2 eV should Was seen in the 193 nm spectrum o@}, possibly due to
be due to detachment from the P2ype orbitals as in ISOmers. We measured the spectrum ofG3l at 266 nm to
Al,O~ and ALO; . TheX andA features are then assigned to €xamine the low energy tail, but did not obtain any useful
be from detachment of the At8type orbitals. Compared to !nformatlon. Only a broad tail was observed. The high bind-
Al 05, two more valence electrons are transferred to thd"d energy of the detachment feature ot®¢ suggests that
third O in Al;O5. Thus only two features were expected it is due to detachment. of.the @2ype orbitals. The lack of
from the two pairs of electrons in the Aaype orbitals. lower energy features indicates that a!l the valence e_Iectrons
Even though vibrational information was obtained for Of Als are transferred to the O atoms ins@K. Indeed, just
the two isomers of A0, their structures were still not from the electron counting, the nine valence electron af Al
known without accurate theoretical calculations. Two sugPlUs the extra electron of the anion would make@f a
gestions were made as shown in Fig. 10. The ring structurBerfect closed shell anion, consistent with its high binding
(a) in which each O is bonded to two Al was expected to be€nergy. Therefore, in ADg, all the Al atoms can be viewed
more stable and should be a reasonable candidate for tf AP" and all the O atoms as?0, making ALO; a com-
major isomers observed in our experiment. We found pre\,iplete oxide molecule, similar to the bulk oxide. Figure 10
ously that SjO; has a similar ring-type structuf®?* The  Shows a suggested structure for this cluster, which is formed

structure(b) might be a good candidate for th¢ isomer, by adding the fifth O atom to that of the structui@ of
which is similar to the(b) isomer of ALO,. Al30,. In this structure, the three Al atoms are surrounded

by the five O atoms, a favorable arrangement from a simple
electrostatic consideration. Another isomer 0£§@J may be
E. Al;0,/Al;O; and isomers considered by adding the fifth O atom to one of the terminal

Th ira of _ d at th hot Al atom in structure(b) of Al;O,, a structure similar to
e spectra of AlO,, measured at three photon ener'%igog,?l However, only one isomer was dominate as indi-

gies, are shown in Fig. 5. The 355 nm spectrum showe ated from our photoelectron spectrum o
three features. Th¥’' andA’ features were overlapping and P P BB

the B’ feature was rather broad. The 266 nm spectrum re- ) o _

vealed more features at high binding energies, but were verﬁ' Seq”fe_"“?' ogldfét_lon,_ str#ctxial e\(/)olut;on, and the

broad. Surprisingly, the 193 nm spectrum showed only two ature of ionic bonding in the 3Oy clusters

broad featuresX andA) at high binding energies. The lower Figure 6 compares all the photoelectron spectra of
binding energy features seemed to disappear in the 193 nil;0, (x=0-5) at 193 nm detachment energy. Several in-
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Al (o] ter surface. The near linear increase of the electron affinity
MO MO with the O content provides some indirect support for these
Alg- 3p e proposed structures. Of course, these are very simple consid-
35 = erations, and accurate theoretical calculations will be re-
- quired to determine definitively the cluster structures. The
ALO- [(Als)*02] Sp: e.xperimen'gal data pregented in this work,. i.e.,.electron affini-
3s oo ties, low-lying electronic energy levels, vibrational frequen-
—+102p cies (AkO; only), and isomeric information, should prove
} valuable for future theoretical studies. However, the ionic
i g oo bonding nature between Al and O, i.e., charge transfers from
AlsOz [(Als2+(02)2] - 3s 3% oo Al to O are shown very clearly from the current data.
-’-’-}02” Another noteworthy observation is that the binding en-
ergies of the Op-derived orbitals appear to be similar in all
Al;05 [(Al3)5+(02)s] 38 32° the AO, clusters(Fig. 6). This was also true for the AD,
ﬁ}oz" series of cluster®? It is interesting to note that the blndlng

energy of the Op (O?") in bulk Al,O; happens at about 5

Al:Os [Aly7H02)q] 35 = eV below the Fermi level, i.e., the valence band edge, which

<+ 02p is entirely composed of the @2orbitals* The binding
x} energy of the OB in the ALO, clusters occurs almost in the
same energy range, further evidence suggesting that the O
Al305- [(Al3+)3(02)s] *s o2p atoms in these oxide clusters can be viewed asgmilar to
o the bulk oxide. This observation is consistent with our ex-
} perimental data and provides additional evidence for the

FIG. 11. Schematic molecular orbitd¥lO) representation of electron trans- ionic nature of the bondlng between Al and O in th(—;z@&]

fers from Al to O in the ALO; (y=0-5) series of clusters. Note that not all clusters.
the orbitals derived from O2 are shown.

V. CONCLUSIONS

teresting points can be made and deserve further discussion. We report a comprehensive photoelectron spectroscopic
If we just consider those features from the main isomers a#vestigation of A{Q, (x=0-5) at various photon ener-
|abe|ed, we see a clear trend of Sequentia| oxidation angies. Electron affinities and IOW-Iying electronic structure in-
transition from a metal cluster (Q| to an oxide cluster formation were obtained for all the clusters. An excited state
(A|305) The Spectra| features derived from the A‘|$|3 p, of the Al; anion was observed and aSSignEd based on preVi'
and O are labeled in Fig. 6, which shows how two valence0uUs theoretical calculations. A second isomer was observed
electrons of Aé are Sequentia”y transferred to the O atom atfor all the oxide clusters and electron affinities were obtained
each oxidation step, until all the valence electrons ofake  for all the isomers. In particular, a surprising photoisomer-
transferred to the O atoms in £&). Figure 11 shows a sche- ization was observed between the two isomers ofO4l
matic representation of the electron transfers from Al to O inThe systematic data allowed us to observe atom-by-atom
the ALO, clusters. This series of clusters may be viewed adiow the electrons of Al are transferred to O in the;@y
true molecular analogs of how an Al surface is oxidized withclusters at each O addition, i.e., a sequential oxidation. Es-
increasing O atom adsorption until the formation of bulksentially we have observed a metal ¢Alto nonmetal
Al, O, oxide3® (Al;05) transition in a finite system since &); emulates a
The electron affinities observed for the clustéfable  complete oxide cluster with all the valence electrons of Al
I) are shown to increase with the O content except for thdransferred to the O atoms. Therefore, the ionic bonding na-
first step from A} to Al;O. This trend is similar to that ture between Al and O was directly probed. Based on the
observed prev|ous|y for E@ and FQO series of clusters, two known isomers of Ago and the nature of the sequential
where we used a simple electrostatic model to rationalize thexidation, possible structures of the higher oxide clusters
trend of the electron affinity with increasing O content in thewere proposed and discussed. The current series of clusters
clusters?” We considered the metal cluster as a sphere with &rovides true molecular analogs of the oxidation of alumi-
radius R). A net charge transfefs) occurs from the metal num surfaces and warrants further theoretical investigations.
cluster to the O atom upon each O adsorption. Then a simple
electrostatic consideration could qualitatively account for the €ACKNOWLEDGMENTS
electron affinity increase with the O content. This simple
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