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The low-lying electronic states of Al (?A;,?B;,%A,,%B1,%B,,%A1,%B,,°A,) and AL
(*A;,%B,,%A;,%A,,%B,%A,) are studied by coupled-cluster methods wift6a5p2d1f] basis set.

The geometries and harmonic frequencies are calculated by the coupled-cluster single double triple
(CCSOT)) correlation method with frozen core and virtual molecular orbitals. The energetic
splittings at CCSDTI) geometries are calculated also by the CCSDT method. The calculated
vibrational frequencies of the observed states gf(34,, B, , and*A,) and A (*A, and®B,) are

in excellent agreement with experimental results. Other frequencies of this work are expected to be
correct within +20 cmi' L. It is shown that*A,—*B;(*E") and?B,—2A,(%E’) of Al; as well as
3B,—3A,(’E’) and®A,—°B,(3E") of Al; are pairs of minima and transition states on a potential
energy surface of a pseudorotation of the corresponding degenerate states. The vertical excitation
energies of additional states of AfE’,*E’,?A]) and AL (*E”,'E’) are calculated by the
electron-excitation equation-of-motion CC method and the electron-attachment equation-of-motion
CC method. The possible processes of ionizations and vibronic transitions are analyzed based on the
calculated results. All features of the recent photoelectron spectroscopic study afedéxplained
consistently. It is also shown that the photoelectron signals of electron binding energies of 2.65 and
4.4 eV in earlier experiments correspond to the ionization of the ground statg &b Aigher-lying

excited states of Al The two states of the resonant two-photon ionization experiment are assigned
to the lowest quartet state and the third quartet sté&é~*E’, without ambiguity. The anticipated
features of five more electronic excitations with transition energies of 0.22, 0.69, 0.77, 0.98, and
1.06 eV are discussed. @998 American Institute of Physids50021-960808)00423-1

I. INTRODUCTION degenerate, and that tAB, state is the transition state while
the*A, is the minimum state on the potential energy surface
The availability of laser vaporization experimental tech-of pseudorotation of the degenerdfe’ state. A later ESR
niques has stimulated many studies on small metal clusterstudy in a noble gas matrix with better temperature cohtrol
and the diversity of their electronic structures has been theonvincingly argued that th#A] state is the ground state.
subject of several experimental and theoretical studies. One The search for other low-lying electronic states of; Al
of the simplest possible metal clusters, the aluminum trimewas conducted mainly by photoelectron spectroscopy of jet-
is a prototype, but it is not understood. The trimer has severajooled Af. Oné? or two** electronic states of Alcorre-
low-lying, closely spaced electronic states, and their exacsponding to electron detachment processes fropnaké ob-
characterization offers a challenge to both sophisticated exserved in earlier works with 6.42 and 3.68 eV photon
periments and high-level theoretical calculations. With theenergies, respectively, but no information except electron
aid of the latter, we will attempt to offer a consistent identi- binding energies are provided because of low resolution. The
fication of all the current experimental data, and a predictioriater photoelectron spectra of Awith 5.0 and 3.68 eV UV
of, as yet, unobserved features. light observed five peak@, B, C, X, andY), but no infor-
Even the identity of the ground state of ;Ahas been mation about their vibrational propertiésThe authors as-
controversial. The first experimental result by electron spirsigned three of thengd, B, andC) to electron detachment
resonanc€ESR) in hydrocarbon matricésuggested th&A,  processes from the ground state of the anion to excited states
state(in D3;,) to be the lowest, while a Stern—Gerlach mea-of neutral aluminum trimers, while the other twX andY)
surement in a supersonic beawith helium and neon carrier were assigned to impurities or excited anions with uncertain-
gas reported a doublet ground state. The results of theoreticiés. Resonant two-photon ionizatibobserved some state.
studies in that period added to the controversy. Some calcuFhough the study provided the vibrational properties of the
lations supportedA; (Refs. 6 and Ywhile others found the state, the identity of the state was not determined. Another
4A, state as the lowest, though they did not specify a grounadbservation of the vibronic transition between the low-lying
state® and even’B; (Ref. 9 as the lowest state. A later electronic states of Alwas also recently reportéd.
calculatiort® showed thatA; and *A, states are virtually In spite of all these efforts, parts of these experimental
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results are not yet understood, and there are discrepanci@®m an inadequate size of bases. The results of a prelimi-
between the previous theoretical results on the properties afary study® on Al; by the coupled-cluster single and doubles
the low-lying states, such as the geometries, vibrationalCCSD),%° and inclusion of noniterative triplg€CSD(T)]**
properties, as well as the order and energetic splittings banethods with PVDZ (188pld)/[4s3pld], TZ2P
tween them. (12s9p2d)/[6s5p2d], PVTZ (15%9p2d1f )/5s4p2d1f],

In a recent unpublished work, Villalta and Leopold mea-and TZ2PH (189p2d1f )/[6s5p2d1f] basis sets also
sure the photoelectron spectrum of;Alo high resolution  showed that the inclusion of drfunction (and triple excita-
(=20 cm?), and thereby obtain reliable information on vi- tions in correlationsmake changes of 0.01(—0.01) A on
brational properties and energetic properti@&hough their  bond length,+300(+500) cm * on the?A;— 2B, adiabatic
analysis is consistent and reliable, the vast diversity of stategansition energy, and+10(+10) cmi ! on the symmetric
for the Al; system and their geometrical parameters are nogtretching frequency, respectively, while the effects of frozen
revealed, partly because their experiments are limited teore electrons(1s,2s,2p electron$ are about+0.01 A,
electron binding energies less than 2.540 eV, and partly be~ 100 cm%, and =2 cm %, respectively. 95% of the com-
cause their analyses are based upon observed signals wiibtation time can be saved by the frozen core approximation
only limited results from theoretical studies. As yet, no the-without hurting the results. Based on these results, the
oretical results have been able to explain the many observ&CSD(T) method with a basis set including &function are
tions in a consistent manner. used while core-correlation effects are neglected in all calcu-

In order to understand the features, it is requisite to havestions.
reliable theoretical results for energetic properties and for A basis of triple-zeta double polarization and the
vibrational properties. The purpose of this work is to providenext higher polarization function, TZ2PH
such information by high levedb initio correlated methods, (12s9p2d1f )/[6s5p2d1f], is constructed from the
and to discuss the relationships among the low-lying states aficLean—Chandler (1®p)/[6s5p] basis sef by argu-
the neutral and negatively charged aluminum trimer. menting twod functions({=0.100, 0.315and onef function

According to previous theoretical studies and some(;=0.240). Spherical polarization functions d5f ) are
available experimental results, the adiabatic energetic splifygsed. Because of possible unrestricted Hartree—FdERE)
tings between these low-lying states are only a few tenths afpin contamination among the closely spaced multiplet
an electron volt. The harmonic frequencies range from 15Qtates, restricted open-shell Hartree—FRIOHP reference
to 350 cm*, and their differences are just a few tens of fynction€® are used for all open-shell cases throughout this
cm™. In order for theoretical results to be informative work. This makes the reference functions less ambiguous for
enough for these states, a proper treatment of electron corrgmgle reference CC methods, but as discussed elsewhere,
lation is indispensable. We use highly accurate coupledgorrelated results should be cld$and will have similar
cluster(CC) methods to study the geometries, electronic enyesjdual spin contaminatidi. The CCSDT) method® is
ergies, and harmonic frequencies of the electronic states @fsed for electron correlation while the thirty core electrons
A1|3( A1B1 A BB, PALTBy, Az) aswellas of A and three highest virtual molecular orbitals are frozen during
("A1,"B2,"A1,"Az,"By, A7) In addition to these states, the the correlation calculations. The bond length, bond angles,
excitation energies of other states are calculated with thgng harmonic frequencies are calculated by analytic gradient

electron-excitatiorfs equation-of-motion  CC  method methods for CC/MBPT methods with frozen molecular or-
(EE-EOM-CCSD,™ and the electron-attachment equation-pia|s (MOs), 2 recently implemented into theces It pro-

: 16
of-motion CC methodEA-EOM-CCSD),™ at the geometry  gram systend” The geometries are optimized starting from

2p7 . .
of the X “A; state of Aj. _ _ the C,, symmetry, but constrained withiBg, symmetry
The details of the computational methods are describe¢|hen the bond angle becomes 600.5°.
in Sec. II, followed by the main results. All possible transi- |, grder to recover the possible multireference effects on
tions corresponding to electron detachment processes bgpergetic properties, which might be important for reliable
tween these states are considered. The observed spectra gigits on states of higher multiplicity, the total energy of

analyzed, and unobserved or unassigned spectra can be @ik, state is also calculated at the CCBIyeometry by the
ticipated and reassigned based upon the calculated resultSccgpT correlation methotf using the open-shell imple-

mentation of Watts and Bartlett ixces 11, which includes all
the effects of triple excitations, subject to frozen core elec-
trons.

In contrast to A} systems, where several extensive stud-  To make a further assessment of the quality of our meth-
ies with bases containing functions are reportet!;!® no  odology, the CCSIDT) method with the TZ2PH basis subject
comparable theoretical study is yet available for theg)s-  to frozen core and virtual MOs, which we believe offers the
tems. The extensive theoretical studies on low-lying states gbroper combination to make accurate and sufficiently infor-
Al, showed the necessity of the inclusionfddinctions in the  mative results for low-lying states of the aluminum trimer
basis plus high-level correlation in obtaining the closelyand its anions, some selected properties of aluminum dimer
spaced states, while the effects of core correlation were ne@gnd its anion are calculated. When possible, the results are

Il. COMPUTATIONAL DETAILS

ligible. compared with previous results with more extended bases,
We believe that the main reason for discrepancies bewhich show good agreement with experimental results.
tween the results of previous theoretical studies onstém The computed bond length and harmonic frequencies of
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TABLE |. The bond lengths, bond angles, adiabatic transition energies, and harmonic frequencies of the low-lying electronic stalgstioé AICSDT)
and CCSDT calculations with TZ2PH(42p2d1f )/[6s5p2d1f] basis.

State 2A; B, ‘A, ‘B, ’B, 2N, ‘B, A,
symmetry D3y D3y Coy Cyy Coy Cyy Dsp Coy

Valence a spin 3110 3110 3210 4110 2210 3110 4200 4210
configuratioft B spin 2110 3100 2100 2100 2110 2110 2100 1100
Re(A) 2.541 2.632 2.599 2.752 2.543 (2.699 2.906 2.559
o(°) 60.00 60.00 69.16 55.85 64.78 (56)9 60.00 70.72
Te ccsnT) 0.000 0.218 0.238 0.280 0.702 0.73" 1.000 2.316
(eV) CCSDTP 0.000 0.190 0.214 0.256 0.688 0.975 2.402

expt’ 0.000 0.192 0.298 0.708
) (sym¢ 360 318 320 334 349 (3609 244 370
(ecm™ expt® 360 315 305

(ben® 236 189 153 255 210 (3009 196 194

expt’ 235 195 135

&The valence electronic configuration of each state is given in agsb,a,.
bCCSDT results at the CCSD) geometry.

‘Obtained by photoelectron spectroscdief. 1).
9The symmetric stretching; mode.
°The asymmetric stretching’ mode ofD 3, structure and the bending mode ©f, structure.
"Eccsnm=—725.911 090 a.u.Eccspr= — 725.912 151 a.u.
YEstimated values, see discussions in the text.

PEstimated by using the EOM-CCSD calculation.

Al X3, (2725A/283cm?') and A3Y;  results and the previous resdftsy the CCDFST(CCD)
(2.493 A/347 cm?Y) are comparable to the results of the method with[ 7s6p3d1f] basis for bond length, harmonic
most extensive study by the complete-active-space self- frequency, vertical and adiabatic electron affinities are, re-

consistent field/second-order configuration interactiorspectively, 2.570 A/334 cil/1.37 eV/1.43 eV vs 2.558 A/
(CASSCF/sOoQl method with (2813p6d4f )/ 335 cniY/1.44 eV/1.50 eV. The electron affinities of Al
[6s5p3d2f] basis, 2.727 A/278cm and 2.492 A/ are underestimated by about 0.07 eV by the present method,

345 cmi'!, respectively. The dissociation energy and thepartially because the TZ2PH basis is selected for neutral
adiabatic separation between the two states are calculated mgher than anionic species. This fact will be considered, as
the difference of the CCSDT energy at the CGEDgeom-  discussed later, in adjusting the electronic binding energies
etry, and the result§1.36 eV and 298 ct, respectively — of Al; by the present work. All other properties by the
are also comparable to the previous res@lts10 eV and present method, however, can be considered sufficiently re-
165 cm %, respectively.’ The ground state of Al is found liable.

to be the42§ state, and the comparison between the present Based on these brief comparisons, we expect the results

TABLE II. The bond lengths, bond angles, adiabatic transition energies, and harmonic frequencies of the

low-lying electronic states of Al by the CCSDT) and CCSDT calculations with
TZ2PH(129p2d1f )/[6s5p2d1f ] basis.
State A, B, A, 3A, °B, 5A,
symmetry D3p Ca, Cy, Cy, Ca, Dan
Valence a spin 3110 3210 4110 3210 4110 4210
configuratiof B spin 3110 2110 2110 3100 3100 2100
R(A) 2.539 2.529 2.631 2594  (2.739 2.717
a°) 60.00 65.40 57.04 69.31 (54 60
Te ccsoT) 0.000 0.316 0.334 0.548  (0.59" 0.568
(ev) CCSDT 0.000 0.311 0.326 0.530 0.590
expt® 0.000 0.409
we (sym¢ 370 356 364 326 (3409 304
(ecm™ expt® 360 330
(asy*® 243 209 295 137 (230¢ 236
expt’ 250 200

a°The same definitions as those in Table I.
"Eccspm=— 725.975 916 a.UEccspr= — 725.976 715 a.u.
%"The same definitions as those in Table I.
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TABLE IIl. The vertical excitation energies of Aand Ak, calculated by  low-lying states and the splittings & andE” states by the

the EE-EOM-CCSDIRef, 19 and the EA-EOM-CCSORef. 16 methods  gnricipated Jahn—Teller distortions are also described.

at the geometry of thX “A; state of AL The lowest valence MO, 8, can be considered as a
Al, Al os-type bonding orbital, while the®,, 3b,, and 1@, MOs

have o,-type bonding character, and theb£t MO has

Referencé state Te(eV) state  Te8V) 7 -type character. The two lowest unoccupied orbitals, 4
RHF-1ROHF-)) 2A1(2A) 0.00 A(RAY) 0.00 and 14, , haves™* antibonding character. Because the order
RHF-2ROHF-1) *A5(°By) 029 °E'(°A;,°B,) 0.30 and the energetic separations among tag-9l1a; MOs are

ROHF-IROHF-2  “E"(“A;,*B)) 043 °E"(°A,.°B;)  0.69

o2 o2 very small and dependent upon electronic configuration and
RHF-AROHF-)  2E'(?A;,%B,) 085 'E"(*A,,'B;) 0.98

geometrical variations, the order and the energetic separa-

ROHF-2 AA5(%B,) 144 E’'(*A,'B,) 1.06 ) . . .

RHF-2ZROHF-2  2E'(%A,,’B,)"  1.46 tions among possible low-lying states cannot be anticipated
ROHF-1 ‘E'(“A1,°By)¢ 2.15 before actual calculations with a sufficiently large basis and
RHF-2 AL(PAY¢ 2.45 high-level electron correlations.

#The reference configuration for the EA-EOM-CCSD calculations for ex- . . . .
cited states of Al are as follows; RHF-%(2110), RHF-23100, B. The'geometrlc, ener.getlc, and V_'brat'onal

ROHF-1(a:3110/3:2100), and ROHF-24:32003:2100), in the se- Properties of the low-lying electronic states of Al 3
quence &,,b,,b;,a,). The state also can be calculated from the reference

configuration in parentheses. The ground state of the neutral trimer is the doublet

®The electronic configurations are (4100/3100) and (3200/3100). state,?A;(%A}) in D3, symmetry, which agrees with the
°The electronic configurations are (3120/2100) and (3111/2100). experiment 511.143nd earlier theoretical resuft€.The bond
“The electronic configuration is (4100/3100). length is 0.02—0.08 A shorter than previous reSulSwith-

out thef function, except for the result, 2.52 A, by density-

_ _ _ functional methods combined with a model core potertial.
for the Al; systems given in Tables I-Ill and Fig. 2 to be The first excited state #B,(?A%) with a 0.190 eV adia-
sufficiently accurate to be informative and predictive for thepatic energy separation from the ground state, which is in
low-lying states of A{ systems. Throughout this work, the good agreement with the most recent experimental value of
symmetry classes of th€,, group are defined by the fol- 0.192 eV and not too far from an earlier experimental 0.219
lowing decomposition of the irreducible representations beeV!4 and a theoretical result, 0.223 &\The?A;— 2B, tran-
tween Dy, and Cy,; Aj(A1), Az(By), Al(Az), A3(B;1),  sition corresponds to &,—a,; single electron transition,

E'(A1+B5), andE"(A,+By). roughly meaning ar— o transition'* The vibrational fre-
quencies are lowered 40 cmi ! by the transition. The agree-
. RESULTS AND DISCUSSIONS ment bet'ween the cazlculated and experlmental vibrational
o _ frequencies ofA; and?B; states are exceptional.
A. The qualitative features of the bonding and the There are two quartet states, with g, state falling

manifold of low-lying states only 0.04 eV above th&A, state. A previous stud§ showed

The valence electron molecular orbitMO) configura- that the*B, state is the transition state on the potential en-
tions of Al; and Al are shown in Fig. 1. Thesl2s,2p  ergy surface of pseudorotation of'B” state, while thé'A,
electrons of the three Al atoms occupy 15 core MOsstate is the minimum on the surface. While the earlier Work
7a,2b,5b; 1a,, which are not shown in Fig. 1. The possible found this*A; state to be 0.04 eYelowthe X *A, state, we

find it 0.214 eVabovethe ?A; state, and this value is com-
parable to another theoretical result of 0.23%Vhe recent

Lia, - s e 4 ot experimental valuefor this energy separation is 0.298 eV.
e — e = — = o The energy barrier for the pseudorotation was calculated to
o gm 4 A o — j: % be 676 cm* (Ref. 6 or 2071 cn%,1° while the present re-
3@& j; : Z i :ﬁ a i o sult suggests that the minimum value for the barrier is
= I e N +— 0p 339 cmi'L. The vibrational frequencies we obtai820 and
N VE U s o 153 cm'1) lie within =20 crmi ! of the experimental values
2, B, 4A4E”4B QBZE'ZA B, 64, (305 and 135 cm?b),! while the earlier work produced quite
e B (B ) different values(247, 233, and 96 ci).1°
o The next excited state is eithe”B, or ?A; state which
a —_—— — 4 = — = — —+ ) - \
by 4 A ey — stems from the Jahn—Teller distortion of tR&' state.
08 44 4 4— 4 AL A 4y AL 2 4 Though only the geometry and vibrational properties of the
s d e e 2B, state are calculated here, both are expected to have simi-
Sbrgy A - A A A e e . . . : .
T A O e ST U S S P lar energetic and vibrational properties. Our calculation us-
H 2
Bt 4 4b e 4b 4 4b 4 44 ar ing the .EA—EOM—CCSD methdd at the?B, geometry Io—.
N gy ap s g . cates thigA, state 0.2 eV above tHd, state. The energetic
! (B2 %A (A, ®B)) o2

(42 'B) (B 'A) separation of théB, state from the ground state, 0.688 eV,
FIG. 1. The electronic MO configurations of tha,, 2B;, “E”, 2E’, *B,, by t_he CCSDT/CCSDN) methoq compares to the recent ex-
and°®A, state of AL (aboveé and the'A, , 3E’, 3E”, °A,, E”, and'E’ state  Perimental result, 0.708 e¥/which allows us to support as-
of Al; (below). signing this state t8B,. A previous result for théB, state
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(Re=2.618 A, 6=63.2, T,=0.84 eV)® is similar. Another the symmetric stretching frequency from the minimum to the
study’ produced 0.78 eV for this separation and 334 andransition state is marginal, the increqse in the bending fre-
168 cni X for vibrations, but the wrong order of states. Thereduency is noticeable. Based upon this argument, the bond
are no experimental values for the vibrational frequencies of”gthv bond angle, and vibrational frequencies of the
this state, but our results, 349 and 210 dmare expected to -Ar—the transition state of théE’ state of A in Table
be good enough for further characterization of this state by—are estimated from the corresponding valuedf to be
experiment. around ~2.68 A, ~56°, ~360, and~300 cnm?, respec-
We also predict another quartet statB,. The present tively. By using the EE-EOM-CCSD methddthe transition
result shows that this state is B, symmetry and is non- €nergy is estimated to be about 0.73 eV. By the same argu-
degenerate, rather than just being a minimum of a pseudordl€nts, the properties of tHi@, state, which stems from the
tation of a degenerate state. The internuclear distances arE State of AL are also estimated from the corresponding
noticeably longer than other states and the symmetri¥@lues of the’A;, as given in Table II. Though the barrier
stretching frequency is lowered about 100 ¢mwhich im- heights and paths between the minimum and transition state
plies electron occupation in an antibonding valence orbitalf & pseudorotation are not explored here, it can be expected
The lowest sextet state is calculated to ba state with a  that two states of a pair would be connected through the
C,, structure, located 2.40 eV above the ground stateBSymmetric stretching mode as shown for thg—“B; pseu-
Though the state falls very close to the adiabatic dissociatioforotation of Al by Tse;® and will show the fluxional be-
limit,? the state is expected to be a bound state and willaviors shown in the ESR experimént.
correlate to a dissociation limit with excited state fragments.
The bond length is a little shorter and the symmetric stretch-
ing frequency is a little higher than the other states. There i®- The electron detachment processes from the
not yet any experimental evidence supporting the existenc@nion to the neutral aluminum trimer
of “B, and®A, states, and they cannot be easily detected by  The electronic excitation energies of neutral and nega-
a one-electron process, as discussed later. tive aluminum trimers at the geometry of the?A; state of
Al are calculated for other states in addition to the above-
mentioned states for which the geometries and vibrational
properties are calculated. While the excited states gfakk
calculated with the EE-EOM-CCSD methdtisvith RHF
The ground state of Al is a singlet state with ® g, and UHF references for the ground state, the vertical excita-
structure. The computed vibrational frequencies of theion energies of Al are evaluated by the EA-EOM-CCSD
ground state are in good agreement with the recent experimethod® with two RHF and two ROHF references of Al
mental result The lowest triplet statesB, and °A;, fall The electronic configuration of the reference for the EA-
about 0.32 eV above the ground singlet state. An earlieEOM-CCSD calculations ar€2110, (3100, (3110/2100),
study® found the®A; state 0.40 eV above the ground stateand (3200/2100), respectively, where the number of occu-
and 0.02 eVbelow the 3B, state, while the present result pied valence orbitals are given in the sequence of
finds the®A; state 0.02 e\abovethe ®B, state. Based on our (a;,b;,b,,a,) with (o/B) spins. Unlike the EE-EOM-CC,
results, one of these two triplet states can be considered to lehich depends upon an open-shell reference state for Al
a transition state while the other is a minimum on the poten{which can complicate interpretations of excitation energies
tial energy surface for pseudorotation of tAg’ state. A  since its spin is not pulethere is no spin contamination in
recent experimentdetected only théB, state. The experi- the EA-EOM-CC approach referenced to the; Atlosed
mental frequencie$330 and 200 cm?') agree exceptionally shell. However, when the same state is calculated with two
well with those calculated356 and 209 cm') in this work.  different references, the difference between the two results
We predict an additional low-lying valence state, #d¢  was less than 0.12 eV. Consequently, the order of states and
in C,, structure, located 0.53 eV above the ground state. Théhe energetic splittings in Table 1l are expected to be reliable
lowest quintet state is calculated to be fi#e, state in the within +0.15 eV.
Dgy, structure, falling 0.59 eV above the ground state. No  The minimal dissociation energy of Als calculated to
experimental information aboi, and°A, states are yet be 2.24 eV, but considering a possible energy barrier on the
reported. The bond lengths are calculated to be a little longedissociation path, the upper limit omy(Al,—Al) is
and the vibrational frequencies are reduced abousuggestetito be 2.40 eV above the lowest quartet state of
30-70 cmi! from the other states. Al;, the “E”(%A,,*B,) state, which is 0.30 eV above the
There is one interesting common feature between th& ?A; state. All excited states of Alin Table Ill are ex-
pseudorotations of thée’ state of AL (®B, and®A;) and  pected to be bound states.
the pseudorotations of tHE” state of AL (“A, and*B,). The electron affinity EA) of the Al atom is calculated
When the geometries and frequencies of the two states of@ be 0.35 eV by the multireference double configuration
pair are compared, it can be seen that the state with thiateraction (MRDCI) study® and measured to be 0.441
shorter bond length and the wider bond an@ke, of Al;and  +0.010 eV3! and the adiabatic EA of Alis calculated to be
3B, of Al3) is the minimum while the other state with a 1.50 eV by the CCB-ST(CCD) study!® and measured to be
longer bond length and a narrower bond an§R; of Al;  1.6+0.1 eV? Since the adiabatic EAs of Aknd Al, are 1.9
and®A, of Al3) is the transition state. Though the increase ineV2 and 1.6 eV, respectively, the dissociation energy Qf,Al

C. The geometric, energetic, and vibrational
properties of the low-lying electronic states of Al 3
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______________________________ A TABLE IV. The electron binding energieAF,X,,X,) and electron ex-
Xy A, (C,,) citation energies4,—Z,) shown in Fig. 2. The electron binding energies
______________________________ 4 have already been adjusted by 0.11 eV as discussed in the text. All values
E
Z are in electron volts.
———————————————————————— ———Z—-—zEv
? A;:"Bl Dy,) Transitions Experiments
. B
. E':,00(C,) Al; — Alg This work PES PES
1 F Zy !
E": j’,fz (€,) g 2l A 1.60 1.51(A)
c Xy A”-ZBZ(D , Er %A B 1.79 1.70B) 1.7(X)
2t P2 e e Cc1.82 1.81(C
E B X3 ZZT 1p7 2
AizzAl ®,,) Al A],_ D191 192(D) 19(A)
D A Al 2A) E 2.10 2.11E) 2.2(B)
o gy 2E! F 2.29 2.22(F)
TT1T11 1T T T z;'f:”’ 12'2’1]:,' A, 2 X, 2.61 2.6()
1T T1T 7 1T T T T~ """""77 T T8, 7B, Y 277 X, 4.39 4.4
o} LA 2 ©
ok s e ks e i ok i ek b ecledententententestente =...%B Aly
Z E '3A22 € System Transitions This work Experiments
A
E' gt (Ca) Aly ST AN, z, 077
AlTA (Dy,) Alg BT 4B Z, 1.85 2.03
Al; 2A]— 2A) Z; 0.19 0.19% 0.2%
FIG. 2. The electronic states of Ahnd Ay and transitions between them.  Al, 2p;— 2E’ Z, 0.69 0.7%
The electron detachment processes are designated-sy, X;, and X, Aly 3E' L 3E” Zs 0.22
while the vibronic transitions are expresseddy-Z,. The geometries of Aly Al 1E” Zs (0.99¢
the states with solid horizontal lines are optimized while only the vertical Al A7, 1E Z, (1.09¢
1 .

excitation energies of the states with dashed horizontal lines are calculated
with the EOM-CC methods. Occupation numbers of electronic states aréspqioelectron spectroscopy with 2.54 eV photon enéRgf. D).

explained in Fig. 1 and in the footnotes to Table III. bPhotoelectron spectroscopy with 5.0 eV photon enéRgf. 2.
IR spectroscopyRef. 14.
9The energy difference between corresponding vertical excitation energies.

Do (Al, —Al) is expected to be at least 0.3 eV greater than The resonant two-photon ionizatigRef. 3.
the dissociation energy of Al Dy(Al,—Al). The minimum
dissociation energy of Al, therefore, is expected to be about
2.7 eV. Moreover, because the ionization energy of A 0.07 eV by the present calculations of CGSDPwith TZ2PH
about 1.9 eV, all the excited states of;Ain Table Ill are  basis, as mentioned in Sec. Il, to assess residual errors in our
well below the dissociation limit and expected to be boundcalculation, we consider large basis sets. We performed cal-
states. culations by the CCSO) method with the cc-PVQZ
All possible electron detachment processes in the alumi¢16s11p3d2 f1g)/[6s5p3d2 f1g] basis*? which gave 1.86
num trimer are shown in Fig. 2 along with the dominanteV, consistent with the later experimental EAs of 1.90 eV
electronic configuration of each state. The numbers of théRef. 2 and 1.92 e\t Hence, to make a one-to-one corre-
occupied valence MOs are given in spondence between the present results and experimental re-
(Na1Np2Np1Nge /My mymMy1My,) Notation wheren;’s stand  sults for electron binding energies of other transitions, we
for a spin while m;’s for B spin, respectively. Though the will include an adjustment of-0.15 eV.
meaning of the electronic configuration given in Fig. 2 be-  The experimental results show that the intensityDof
comes less clear for the higher states, the picture explainsandE transitions is an order of magnitude stronger thaB,
few more facts of the observed and unobserved photoele@nd C transitions. Though the Boltzmann factor might help
tron spectra. We use the same designat®naF, as in the to explain the difference in the intensities of the two groups,
experimental work for the observed transitions. The addi- further explanations pertain. According to our resulfs, of
tional one-electron processes are also shown ¥jtandX,  Al; has the sam®, symmetry agA,; and?B; of Als. In
designations, and possible electronic excitations are given agldition to the similar vibrational frequencies ‘&, of Al;
Z,-Z,in Fig. 2. The results of the following discussions areand ?A; of Al;, almost the same bond lengtB.541 and
summarized in Table IV. 2.539 A the present calculation supports the vertical feature
The electron affinity corresponds to the electron bindingof the D transition with a bond angle displacement of 0.2°—
energy of theD transition in Fig. 2. An earlier calculation 0.4° and bond length displacement of 0.80%005 A by the
reported EA of A} to be 1.43 eV, which could be compared Franck—Condon fit of the experimehThe bond length dis-
with crude experimental values at the time, 14015 e\V*®  placement of theE transition is calculated to be 0.093 A,
and 1.53 e\F2 We calculate the EA to be 1.76 eV, which is which is in good agreement with the experimental value of
almost certainly a lower bound. According to our results, thed.12+0.03 A. After the correction of 0.15 eV, the calculated
bond lengths and vibrational frequencies of the ground stateslectron binding energies d@ and E are comparable with
of the neutral and the anion are almost identical, and thexperimental values of 1.91 and 2.10 &@é&lculated vs 1.92
effect of the zero-point-energy correction and the differenceand 2.11 eMexperimental
between vertical and adiabatic EAs are almost negligible in  Figure 2 shows two additional electron detachment pro-
this case. Since the EA of Alis underestimated by about cessesX; and X,, from theA; of Al to 2E’(%B,,%A,)
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and?A,; states of Al. After the correction of 0.15 eV, the and 0.8°, respectively, and the similar vibrational frequen-
electron-binding energy of thé, process is calculated to be Cies, 349 and 210 cnt (calculated of Als vs 356 and
about 2.61 eV, which exceeds the experimental limit of 488209 C_mﬂ (calculated or 330 and 200 cm' (experimental

nm (2.540 eV for the photoelectron spectrum of Al The of Al;. The b_o_nd length and bond angle displacement of the
bond length and angle displacements of the transition ar& @ndC transition from the’B, state of A} are calculated to
calculated to be rather large: 0.14 A and 6°, respectivelyPe 0-01 Al5.4° and 0.07 A/4°3 respectively, and these two
Even though the Franck—Condon factor is expected not to bansitions show similar intensities. _ _

so large, the intensity of th¥, transition is expected to be 1€ experimental result also shows that the intensity of
detectable partially because of the favorable Boltzmann facB IS smaller than that for thé andC transitions. According

tor and the one-electron nature of the process. The photoelef2 thse elictronlc conilguraglons in Fig. 2, the transition from
tron spectrum with 5.0 eV photon enerdfig. 4 of Ref. 2, £ ("A1,"Bg) of Alg to "B, of Al; corresponds to a
shows a peak corresponding to the electron binding energg'@ke-Up process, as discussed by Villalta and Leopold. The
of 2.65 eV. The authors assigned the peak, naWed im- electronic configuration by our calculation confirms the
purities or excited anions. Our calculation strongly suggestShake-up nature of thB transition, and the change of elec-
that the peak corresponds to the electron detachment procd€gnic configuration can be the reason for the weaker inten-
from the ground anion to the third excited staté,—2B,  Sity Of theB transition.

(2E"), of the neutral. The calculated vibrational frequencies | WO transitions of electron detachment processes from
of the 2B, state of Al in Table | will be useful for the the quintet stat_e c_)f the anion are exspected to Ee o?servable.
detection of the process in a future experiment with higher! N€ €lectron-binding energies for APA;) — Al("A;,"B)
resolution. and A (°A,)— Al4(*B,) are calculated to be 1.63 and 2.30

In the same way, the electron binding energy of ¥ae eV, respectively. In addition to the unfavorable Boltzmann
process is calculated, to be 4.39 eV. which can be comparefé‘Ctor’ the Franck—Condon factors estimated from the calcu-
with the C peak in the photoelectron spectrériihe change lated geometries and vibrational frequencies for the two tran-
of electron configurations implies that the process correSitions are expected to be very small. Moreover, the former
sponds to a two-electron shake-up process, i.e., the detactiansition will be overlapped by the overtones of th@eak

ment of one electron with the rearrangement of another. AcVhile the latter transition will be overridden by titepeak.
cording to our EA-EOM-CCSD calculation§, all other The transition to théA, state of the neutral is expected to

excited states fall at least 0.3 eV higher than thg state have very small Franck—Condon factors with the electron
the final state of th&, process. Because tHia, state is 0.2 binding energy of 3.78 eV, which has never been observed in

eV above the adiabatic dissociation limit and about 0.2 e\Prévious experiments.
below the upper dissociation limit observed by the resonant
two-photon ionization experimefitit is not clear if the?A,;
state is bound or not. The lowest possible sextet state pf Al
is calculated to be 2.40 eV above the ground state. The low- The two electronic excitations observed by the resonant
est possible quintet state of the anion falls 0.59 eV above thavo-photon ionization experimehand the IR experimett
ground state, and the electron binding energy foj (AA,) are designated &, andZ;, respectively, and five additional
—Al3(°A,)+e is calculated to be 3.70 eV. Considering possible electronic excitations are presented in Fig. 2. Con-
possible error bars in calculating the electron binding energgidering the coupling of electronic with vibrational motion, a
and the unfavorable Boltzmann factor, it is unlikely that thewider variety of transitions with weak intensities can be ex-
quintet state of the anion can be the source ofGheeak’  pected. While the features of the IR spectrum corresponding
Even though the present result cannot be definitive for théo theZ; in Fig. 2 are already observed experimentdignd
source of theC peak, theX, process in Fig. 2 is the most are discussed at the beginning of Sec. Il B, fyeprocess
probable candidate for it, provided that tBepeak actually needs some analysis here.
stems from the aluminum trimer rather than any other impu- A high-lying electronic state of Alwas unexpectedly
rity. found during the spectroscopic experiment on the jet-cooled
Four different electron detachment processes from thaluminum trimer The transition has features of vibronic
first excited state of Al are shown in Fig. Zdesignated as transitions from the lower-lying state with a vibrational fre-
A, B, C, andF transitiong, and all of them are detected by quency of 133 cm!, to the higher-lying state with vibra-
the photoelectron experimehafter the estimated correction tional frequencies of 205 and 273 ¢ and the lowest en-
of 0.15 eV, the electron binding energies of these four peakergy transition observed from=0 is measured as 2.06 eV.
are calculated to be 1.60, 1.79, 1.82 and 2.29 eV, respe®ased on the observed vibrational frequencies of the
tively, which can be compared with the experimental peak$A,(*E") state of Ab,* Villalta and Leopold suggest it as the
corresponding to electron binding energies of 1.51, 1.70transition from the*A, state. Because the high-lying state
1.81 and 2.22 eV, respectively. The three processes withas to be a quartet state, an electron detachment from a trip-
binding energies of 1.51-1.81 eV might be the source of théet state of A} can also be a possible source. However, after
weak signal around 1.7 eV, thé peak in Fig. 4 of Ref. 2. the correction of 0.15 eV, the electron binding energy of the
The strong intensity and the vertical feature of théransi-  process is calculated to be about 4.4 eV, and the photoelec-
tion can be explained from the small bond length and bondron spectrum taken with a 5.0 eV phot@fig. 4 of Ref. 2
angle displacement calculated by the present work, 0.014 Ahows no signal around that electron binding energy even if

E. The electronic excitations
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we allow a=0.2 eV error that we believe is twice the error energy separation®f the states calculated by the CCSlY

bar of the present calculations. This suggests that the higheECSDT method are thought to be about 0.1 eV fof Ahd
lying quartet state cannot be produced by a one-electron dslightly better for AL. The bond lengths are expected to be in
tachment from AJ. The electronic configuration of tHtE’ error by less than 0.03 A. It appears that the calculated vi-
state in Fig. 2, by the equation-of-motion CC methiddf  brational frequencies are accurate withir20 cmi %, which
also supports this interpretation. By using the abovecould be helpful in future experimental studies.

methods>1® the transition energy of th&, process is cal- The results of this work show the relations between the
culated to be 1.85 eV. Though this value does not perfectlyA, and*B, states of A} and the®A, and®B, states of Af,
match the experimentaupper limit for the v transition,  both of which stem from one degenerate state in the Jahn—
2.06 eV, with little difficulty the excited states in Table Il Teller distortion. The common features within the two states
and Fig. 2 enable us to assign the' (*A;,%B,) state as the enable us to estimate the structure and vibrational frequen-
high lying quartet state of the resonant two-photon ionizatiorcies of the transition state.

experiment The present results show that the ground state gfiAl

Based on the calculated electronic configurations, fivethe ?A; state inDg, symmetry. The correct order of the
more unobserved electronic transitios, andZ,—Z,, are  low-lying electronic states seems to be established in accord
considered here. with the recent photoelectron spectroscopic resultsaddi-

The vy of Z4 is calculated to be about 0.77 eV. Becausetion to offering a consistent explanation for the observed and
the bond length and bond angle displacement are calculatexbsigned experimental signals, the present results enable as-
to be ~0.3 A and~9°, respectively, and because the elec-signments for the earlier experimental results and make some
tronic transition roughly corresponds tg,— o™, this tran-  predictions for future observations.
sition is expected to have very weak intensity. It is shown that thé¥ peak of the photoelectron spectrum

The vy, of Z4 is 0.69 eV by the present calculations and of Al; with the 5.0 eV photon energy of the earlier work
0.71 eV by the photoelectron studiyThe calculated geom- corresponds to electron detachment from the ground state of
etries and vibrational frequencies suggest that the FranckAl; to the third excitedE’(2A,,%B,) state of Ak, and the
Condon factor of this transition is not small. This transition seventh excited state of Althe 2A,, is the most probable
corresponds to,— o*, and was not yet observed by any IR source of theC peak with electron binding energy of 4.4 eV.
experiment. The high-lying quartet state of Al observed by the resonant

The vy of Z5 is calculated to be 0.22 eV which is not far two-photon ionization techniquk,is assigned to the
from the vy of Z3 (0.19 eV, by both the present calculation “E’ (*A;,*B,) state based upon the results of the EA-EOM-
and the photoelectron spectroscopic experifeand, acci- CCSD method and the changes in the electronic configura-
dentically, almost the same as the observggin the IR  tions during the possible electronic excitation process. The
experiment* Though the IR spectra of the experimental anticipated features of the five additional electronic excita-
work is believed to stem from the neutral trimer because otion processe$Z,, Z,—~Z; in Fig. 2) are discussed.
several experimental conditions, the above coincidental fact The analysis based on the theoretically calculated values
is interesting. The symmetric vibrational frequency of thedemonstrates the relationships between the low-lying elec-
excited state in the IR experiment is determined to beronic states of the neutral and negative aluminum trimers. It
319 cni'!, which is within the error bars of this work from is hoped that the unified view of this work offers a clearer
the calculated frequency, 326 ¢ of the A, state of AL. understanding of their inter-relationships and aids the experi-
Based on the calculated geometries and vibrational frequemnental analysis of the aluminum trimer.
cies, the Franck—Condon factor @5 is expected to be
slightly smaller than that 0Z5. The electronic transition of ACKNOWLEDGMENTS
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