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Experimental search and characterization of icosahedral clusters: ALX™ (X=C, Ge, Sn, Ph
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Photoelectron spectra of AX™ (X=C, Ge, Sn, Ppbwere measured to probe the electronic structure of
Al;oX. These clusters, all possessing 40 valence electrons, were expected to be magic numbers with
I-X@ Al structures, closed electron shells, and large energy gaps. We showed tKat @&, Sn, and Pb
that was indeed the case, although ngisomers were also observed. The energy gaps of the thwE& Al »
species range from 1.1 to 1.3 eV. The spectra of,@&I were distinctly different from the other species,
confirming that it does not possess an icosahedral structure.
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One of the goals of cluster science is to discover “magic” described previousK? Mixed targets between aluminum and
clusters with special electronic and structural stabilities, sahe respective group-14 elements were used to produce the
they might be used as building blocks for cluster-assembledl,, X~ clusters with a pure helium carrier gas. Alloy clusters
materials. The discovery of fullererfeand their subsequent produced from the source underwent a supersonic expansion,
bulk synthesi&have heightened research efforts in this areagnd were analyzed by a time-of-flight mass spectrometer.
Extensive theoretical calculations have been carried out tghe mass of silicon is too close to that of aluminum, pre-
examine electronically stable metal clusters and to explorgentmg us from separating ASi from Al;s~ because Ak~
the potential to assemble crystals from thertt.One critical 55 5 magic number that always had a dominating intensity.
guiding principle in this endeavor has been the electron-sheltye Ayc and AlPD targets yielded fairly simple mass spec-
model,” which predicts that metal clusters with 2, 8, 20, tra, but the Al/Ge and Al/Sn targets gave very complicated

40,.._. _valence electrons should_ exhibit an enhan_ced electronllﬁass patterns due to the numerous natural isotopes of Ge and
stability. Al;; has been the subject of many previous theorets,

ical efforts* 1?1t has 39 valence electrons, indicating that > The AlX - clusters were mass selected and decelerated
Al would.have a very high electron affini(‘;EA) and that before photodetachment. In the current experiment, two pho-
AIl - would be an extremely stable cluster ani8r In- ton energies were used, 193 and 266 nm. The resolution of
delesd this has been borne out experimentally. aqgibt'\ds an the PES spectrometer was better than 30 meV for 1-eV elec-

EA of 3.6 eV2 which is similar to that of C(3.61 e\}, the  tONS. L
highest EA among the elements in the Periodic Tableur- The PES spectra of AX~ (X=C, Ge, Sn, Ppat 193

thermore, Al;~ has a very high-symmetry icosahedra})( and 266 nm are c9mpared with that of 4l in Fig. 1. _The
structure, rendering it both electronic and structural stabili:PES spectra of Ak~ have been well understood, providing a
ties. basis for interpreting the spectra of the; ™ species. Ac-

The effort to examine neutral icosahedral clusters has fo€0rding to the spherical shell rspodlel, 1§‘T fho%ld have a
cused on substituting an Al atom in Alwith a tetravalent ~closed-shell configuration, st1p°1d*%2s°1f%2p°. Reduc-

atom, such as C, Si, Ge, or 8% Al ,C has been the most f[ion of the spherical symmetry un_der the shell model results
studied cluster in this regafd:”824and all previous calcu- N _2a valence electron configuration for,-Alys,

i i - i o 4a21t8 1h1%2a21t5 1982t8,. Both molecular dynamic and
lations predicted it to have an icosahedral structure with &&g1ti,1hg2a41t5,19,2t;, y and
|arge energy gap between its h|ghest Occupied molecular Oﬁ.b Initio Calculatlons SuggeSt that the PES features N F|g
bital (HOMO) and its lowest unoccupied molecular orbital 1(@) (A andB) for Al 3~ correspond to electron detachments
(LUMO). Al,,Si and Al,Ge were also predicted to have an from the 1, 1g,, and 2,, orbitals, which are closely
icosahedral structure with a large HOMO-LUMO gap, spaced in energd’?* The 266-nm spectrum of A~ [Fig.
whereas Al,Sn has been predicted to have a structure wheré(f)] allows a more accurate EA to be determiri@dble |,
the Sn atom substitutes a surface atom instead of the centrahd also shows a strong photon-energy-dependent cross sec-
atom in Alj;.*871° However, none of these theoretical pre- tion for featureB.
dictions of the icosahedral AX clusters has been verified. The extra electron of the AJX™ species would occupy
In this Brief Report, we describe an experimental characterthe 1h, LUMO,* and a large energy gap should be observed
ization of all the Al X~ species, withX being one of the in their PES spectra, if the pX™ species possess the icosa-
group-14 element&C, Ge, Sn, Ppusing photoelectron spec- hedral structure. The spectrum of;4Pb™ [Fig. 1(b)] indeed
troscopy(PES, which provides electronic structure informa- exhibits a large energy gap with a weak feat(Xg at lower
tion of the clusters and direct measures of their HOMO-binding energies followed by broad featurés and B) at
LUMO gaps. higher binding energies. Surprisingly, theandB features of

The experimental apparatus, involving a laser vaporizaAl,Pb~ are identical to those of the A" spectrum dotted
tion cluster source and a magnetic-bottle PES analyzer, wasirve in Fig. 1a)] in both spectral shape and binding ener-
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193 nm 266 nm TABLE I. Electron affinities(EA), vertical electron detachment
A energies (VDE), and HOMO-LUMO gaps Eg) of AlpX (X
(a) (f) =C, Ge, Sn, Pb), as well as the EA of,Al All energies are in eV.
Al13" Al13”
EA? VDEP Ey
Al 3.57+0.05
Al,Pb 2.47:0.06 2.610.04 1.10
Al,Sn 2.44+0.06 2.55-0.05 ~1.2
Al,Ge 2.38-0.08 2.52-0.06 1.30
Al,C 2.94+0.05 3.03:-0.04 0.28

1 2 3 4 5 2 3 ' a
Binding Energy (eV) Binding Energy (eV)

FIG. 1. Photoelectron spectra of /Al and AL, X~ (X=C, Ge,
Sn, Ph at 193 and 266 nm. The dotted spectrum(@ shows a
Al;3~ spectrum with a vibrational temperature €670 K and the
solid curve corresponds to a vibrational temperature~@60 K
(Ref. 21). ‘I’ stands for features from non-icosahedral isomers.

gies. As we showed previously, the PES spectra of clusters
are strongly influenced by cluster temperatffe€ The dot-

ted curve in Fig. (a) corresponds to an anion temperature of
~570 K, according to molecular-dynamics simulatiéhs,
whereas the solid spectrum corresponded to gg Adnion
temperature of 260 K. The close resemblance of the higher
binding energy feature® and B) of Al,,Pb" and those of
Al,5~ is remarkable, indicating a rigid filling of the electron
shells in these systems. The 266-nm spectrum @fPH",
taken at a colder condition and better resolution, revealed
that the band shape of featukechanged slightly from that of

the 193-nm spectrum. However, the adiabatic detachment en-
ergy (ADE) of featureA for Al,Pb™ (3.57 eV} is identical to
that of featureA in the Al;5~ spectra within our experimental
uncertainty. FeaturB in the spectra of ALPb~ also showed
a similar photon energy dependence to that giAl In ad-
dition, the 266-nm spectrum of pPb™ [Fig. 1(g)] clearly
exhibited some weak featuréiabeled ), due to a minor
isomer, which are more prominent in the spectra ob3h™
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Al12Sn-

dAdiabatic detachment energi¢ADEs) from the ground state of
the anion to the ground state of the neutral.

bVertical detachment energies from the ground state of the anion to
the ground state of the neutral. No vertical electron detachment
energy is given for Al; because the ground-state transition is not
resolved due to spectral congestion.

“The HOMO-LUMO gap is measured from the difference between
the ADE’s of the ground stateX) and that of the first excited state
(A).

and Al,Ge™. We measured an ADE and a vertical detach-
ment energyVDE) of 2.47 and 2.61 eV, respectively, and an
energy gap of 1.10 eV for thig-Al,Pb ", as given in Table

The main PES features of ABn™ and Al;,Ge™ (A andB
in Fig. 1) are similar to those of AlPb™ and Al;3~. A weak
feature (X) is also present in the spectra of 48n" and
X Al-,Pb™ at binding energies similar to those in the corre-
sponding spectral feature for APb . However, additional
features(labeled!| in Fig. 1) appeared prominently in the
energy gap region in the spectra of,g8n and Al,Ge . In
Fig. 2, we show that the relative intensities of the additional
spectral features in AJSn~ and Al;,Ge ™ strongly depend on
the source conditions. The extra features became more domi-
nating under hot conditions, suggesting they are due to a
higher energy isomer. The main spectral featupesA, B

Al12Ge"

A

(c)
cold

2 3 4
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Binding Energy (eV)

FIG. 2. Temperature-dependent photoelectron spectra of
Al,Sn and Al,Ge™ at 266 nm, showing that the features due to
isomers, labeled asl," are significantly enhanced under “hot”
source conditions. The absolute temperatures of the clusters are not
known.
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for Al;,Sn™ and Al ,Ge  should be derived from the icosa- are still not well understood. We confirm that the, &~
hedral structure. The ADE, VDE, and HOMO-LUMO gap anion is different from the other group-14 X~ species,
for Al;,Sn™ and Al,Ge™ are given in Table |. We observed and it does not possess gpstructure.
that the EA's decrease slightly for thg X@Al,,~ species The most striking observation is that for all tXe@ Al
from X=Pb to Ge, while the HOMO-LUMO gaps increase Species(X=Ge, Sn, Pbthe shell filling seems to be rigid,
slightly along the same direction. that is; all species have similar electron binding energies and
To our knowledge there were no previous theoretical catHHOMO-LUMO gaps. In particular, the HOMO of Pb@Al
culations for Al,Pb. But our observation of the coexistence 'S an orbital energy identical to that of the HOMO of
of two isomers for Al,Sn™ and Al,,Ge~ was consistent with Al3: 3.57 eV. The cent_ral atom seems to hgve very little
previous calculation&? which were made on neutral A5n effect on the valence orbitals, completely consistent with the
and Al,Ge. Al;,Ge was predicted to have dnpground-state jellium model. Our observed HOMO-LUMO gaps .fpr the
structure, whereas the structure with Ge on the surf@gg)( thre?lx%fllz SPECIES rt?]nge f:_oml 1'159 t163 eV, significantly
is 0.43 eV higher in energy. For AlSn, Sn “prefers” to be Smarier Tan previous teoretcal predictions.

: . The structural evolution for the AX™ species fromX
on the outside C5,), because the, structure was predicted _ ¢ 1 py js interesting. Two factors determine if the impu-
to be higher in energy by 0.42 éVin the anion, thel,,

v : b rity X atom would “prefer” to be inside to fornh, X@ Al;5.
Al;;Sn™ appeared to be more stable, but g, isomer is  The first is the electronegativity of, which determines iK
likely to be nearly degenerate because its population wag jikely to lose its valence electrons to participate in metallic
significant in all our experimental conditions and increasethonding. Despite the previous calculations, chemical intu-
with temperatures. On the other hand, @g, isomer for ition would suggest that C would be very unlikely to give up
Al,Ge™ was minor, indicating that thi, structure is more its four valence electrons because of its very high electrone-
stable in the anion, analogous to the neutral. FoL, gativity. In fact, C would prefer to accept additional electrons
the I, isomer is clearly much more stable than @Bg, iso-  like those in bulk A}C;, where C can be formally viewed as
mer because the latter was only very weakly populated. C*".?" Thus the strong C—Al bonding would likely be the

Surprisingly, the PES spectrum of AC~ was totally dif- ~ dominating factor in determining the structure of;At,
ferent from those of the other group-14 substituteghXr . rather than the electron shell closing, which requires C to
It shows a much higher ADE and VDE and a much smalleidive up its four valence electrons. As one moves down the
HOMO-LUMO gap (Table ). The spectral features are also Periodic Table, the element becomes increasingly more me-
totally different. There did not appear to be any substantiafallic and less electronegative, and K@ Al,, structure is
isomers because the spectral features did not depend on tR&Pected to be favored. However, the sizexdhcreases as
source conditions. The complexity of the PES features sug2N€ 90€s down the Periodic Table, and too largXavould
gests that AlLC™ probably does not have an icosahedraldes’[.ab'“.Ze the Al% cage. Thus Sn was pred|c_ted to be on the
structure and should have a lower symmetry. Neutrah@| outside in Al,Sn.” For the same reason, Pb is also expected

was extensively investigated theoreticéIfV*s and consis- to be on the outside. However, our experiment clearly indi-
SIVely 9 ’ cates that Pb is the most favored to be on the inside to form
tently predicted to have ah, C@ Al,, structure. However,

tth tical calculati for the &L ani Pb@Al,  because there was a minute amount of isomer
very recent theoretical calculations for afl anion sug- gpserved. We suspect that the strong metallic bonding char-
gest that it has a lower symmet@y,, structure, with arly,

d : acter and the relativistic effects both favor thePb@ Al,
structure or.1ly'0.1.8 ev h'ghef N ener@ﬁa(_)ur PES d.ata structure. Thus this cluster would be expected to be the most
showed no indication of the existence oflgrisomer, which

_ e promisingl,, neutral cluster with both electronic and struc-
would presumably y|§ld S|m|lar.sp-ectral features as the Othe{ural stabilities to be used as a “super” atom to assemble a
group-141,, Al;,X~ with a low-binding-energy feature and a

large HOMO-LUMO gag In addition, the calculated ADE cluster-based crystal.

(1.73 eV) and VDE (2.56 eV for the C,, Al;,.C™ (Ref. 29 This research was supported by the National Science
are inconsistent with the experimental measuremérable  Foundation and performed at the W. R. Wiley Environmental
[). The first PES band for AC™ [Fig. 1(j)] is relatively  Molecular Sciences Laboratory, a national scientific user fa-
sharp, suggesting that there is very little geometry changeility sponsored by the U.S. DOE’s Office of Biological and
between the anion and neutral,AT. The current experiment Environmental Research and located at the Pacific Northwest
shows that the ground-state structures of, &8I and Al,C  National Laboratory, operated for the U.S. DOE by Battelle.
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