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The low-lying electronic states of #ks, AlAss, and the corresponding anions have been studied at the B3LYP
and CCSD(T) levels using the 6-31G(2df) one-particle basis set. The ground electronic states s#fsAl

and ALAs have a cyclic plana€,, geometry. A'A;1-(Cs,) state is located 0.2 eV above thée-(C,) ground

state of AbAs. For AlAs;, a near degeneracy is found between e (C,) and the'A’ (Cy) lowest states

while the anion, AlAs, has @A’ (Cs) ground state. The adiabatic electron affinities 0§ and AlAs are
calculated to be 1.8 and 1.9 eV, respectively. Electron detachment energies computed for the anions and the
harmonic vibrational frequencies of both the anions and the neutral molecules are presented and discussed.
It is anticipated that the computed data will aid future analysis and the interpretation of experimental
photoelectron photodetachment spectra of these systems.

1. Introduction Despite the numerous experimental and theoretical investiga-

A systematic and detailed study of the electronic structure iOns on the GaAs, InAs, InP, and more recently, the AP and
of small clusters of AIP, GaP, and InP were recently reported G@P clusters, the literature contains very little on the AlAs
by Neumark and co-workefss following the pioneering work clusters. Recently, Feng et al. reported MRSDCI study of the
on the electronic structure of small GaAs clusters by Smalley 9round and several low-lying excited states ojAtds, AlsAss,
and co-workefs® and the matrix infrared experiments on and their ions/ thereby extending ab initio electronic structure
diatomic and triatomic phosphides and arsenides of gallium by c@lculations of the group 1315 clusters to include the arsenides
Weltner and his associatésadvancing the efforts to understand ~ Of aluminum. We note that prior to the computational study of
the evolution of geometric and electronic properties as a function the five-atom AlAs clusters reported in ref 17, Quek et. al. had
of size in binary group 1315 clusters, Neumark’s group has reported® tight binding molecular dynamics studies of the
employed the anion photodetachment photoelectron techniqueStructures of AbAs, (m + n < 13) and Andreoni had studied
to measure the vertical electron detachment energies (VEDE)AIAS clusters within the ab initio Car-Parrinelo molecular
and the electron affinities (EA) of several group-415 binary ~ dynamics framework? The purpose of this study is to extend
clusters, some of them having up to 27 atoms. From the computational studies of the binary group—i1% clusters to
differences in the VEDE of the anions, the authors have obtained the four-atom complexes, 4s and AlAs. _
estimates of the energy separation for several low-lying Therefore, continuing our work on oxides, phosphides, and
electronic states of the neutral clusters. In some cases, in additiorrsenides of Al and G&**this article reports the B3LYP and
to term values, they have also been able to extract frequenciesCCSD(T) studies of the ground and low-lying excited states of
from spectra that exhibit vibrational resolutiér? According ~ Al3As and AlAs and their negative ions. The central objective
to the literature, their work on the electronic structure of AlP IS 0 predict the gas-phase equilibrium geometry of the anions
and GaP clusters represents the first experimental spectroscopi@nd the neutral molecules, and then compute the VEDE and
studies reported for the size of molecules they have studfed.  the adiabatic electron detachment energies (AEDE) for transi-

Complementing the photoelectron experiments are severalfions originating from the lowest-lying states of the anions to
computational studies that have broadened our understandings®me of the neutral states that can be accessed in a photode-
of the geometric and electronic properties of the group®  tachment experiment. In addition to calculating the energy
clusters. In fact, quite a few of the computational studies predate Séparation for the low-lying electronic states, harmonic vibra-
some of the reported anion photodetachment photoelectrontional frequencies are reported to guide the interpretation of
experiments. For example, Bruna and Grein, in a detailed andVibrationally resolved spectra.
meticulous MRD-CI study! predicted the electron photode-
tachment transitions of AlPwell in advance of the recent work 2. Computational Methods
in Neumark’s group. In the same vein, theoretical work by e 6.313-G(2df) basis sét s used for all the calculations.
Peyer.|rr.1hoff, Grein, and their collaborators on galllum_ arsenides gq, Al, the basis consists of McLean and ChandE2s0p/
containing up to four atoms;**those by Raghavachari and co-  gs5q contracted Gaussian-type functions (CGTF), augmented

workers on (AIP) clusters and Gas,,'**>and the work by \yith two sets of five-memberediype functions {(Al) = 0.65,
Balasubramanian’s group on small clusters of AIP and &aP, 0.1625], a set of diffusep functions (Al) = 0.0318:] and a

have all been very useful in the analysis and interpretation of oyen-membered setiunctions E(Al) = 0.25]. The As basis

the observed spectra of these systems. set was developed by Curtiss et2alt consists of an [87p2d]
*Corresponding  author. Fax: +1-613-5625170. E-mail. st  contracted setaugmented with two sets of five-membeityde
amant@theory.chem.uottawa.ca. functions E(As) = 0.528, 0.132], a set of diffusgp functions
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Figure 1. Structures of AJAs and AkAs™ reported in Tables 1 and 2.

[E(As) = 0.026], and a single set of seven-membefdybe 3. Results and Discussion
functions [E(As) = 0.42]. Therefore, a [§p2dif] and a

[958p4d1f] set is placed on each Al and As center, respectively, are obtained from several sources. For example, the, XX

to give a total of 186 and 222 CGTFs on3Ak/Al;As™ and = Si, Ge, Sn, and Pb) aromatic speéle® of Boldyrev and
AlAs3/AlAs3™, respectively. The approach followed in this study wang (BW) and XA} (X = P, As, Sb, Bi) are valence
involves using the hybrid B3LYP density functional and the isoelectronic. BW have established that the most stable isomer
MP2 method for full geometry optimizations. In addition, the of XAl;~ (X = Si, Ge, Sn, and Pb) is the plan@s, structure
geometries of the lowest-lying states oA are optimized at labeled asl-C,, in Figure 1, followed by the pyrimidaCs,

the CCSD(T) level. For all stationary points located on the isomer labeled in the figure @&Cs,. Consequently, potential
B3LYP and MP2 potential surfaces, single-point energy calcula- candidates for the gas-phase equilibrium geometry ghé\are
tions are carried out at the CCSD(T) level using the DFT and 1-Cz» and2-Cg,. Support forl-C,, as the most likely ground-

MP2 geometries. Frequency calculations at the B3LYP level, state structure for AAs comes from the DFT-LDA calculations

29 ; i -
and in some cases at the MP2 level, are used to characterizeOf Lou et al®” in which 1 has been found to be the gas-phase

. . i . . Structure of isovalent GaAs, and the tight binding molecular
the stationary points as minima, first- or higher-order saddle GA g 9

i . dynamics study of AJAs that placed lowest in energy among
points. For the MP2 and CCSD(T) calculations, the 29 and 47 geyerq) structures considered in that stéfdin addition tol

lowest molecular orbitals (MO) are frozen for Als/AlsAs™ and2, we also consider other structures for geometry optimiza-
and AlAs/AlAs3™, respectively. No virtual orbitals are deleted  tion and some of them are labeled 8in Figure 1. For AlAs,

in any of the calculations. All the computations are performed the guess structures are the most stable isomers reported in the
with the GAUSSIAN 98 suite of progran?s. tight binding molecular dynamics study of Quek et@lUnless

The structures initially considered for geometry optimization
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TABLE 1: Total Energies, Adiabatic Energy Separations
(AE, eV), Adiabatic Electron Detachment Energies (AEDE,
eV), and Vertical Electron Detachment Energies (VEDE, eV)
for Al 3As/AlAs™

cluster method structure state total energyAE AEDE VEDE
AlzAs
CCSD(Tp 8-C.., =T —2960.197528 2.73
CCSD(TP 5-Cp, A1 —2960.212502 2.32
CCSD(T} 1-Cp,  3A2 —2960.239658 1.60 3.38 3.59
CCSD(TP —2960.239616 1.59 3.39 3.59
CCSD(Tp 7-C.., =F —2960.248 407 1.35
CCSD(T} 1-Cz,  SA; —2960.258 522 1.09 2.90
CCSD(TP —2960.257 887 1.09 2.90
CCSD(T} 1-Cy, 3B, —2960.262995 0.96 2.74 2.96
CCSD(Tp —2960.262 848 0.95 2.75 2.95
B3LYP 3-Dan 1A, —2963.252 786 -0.05
MP2 —2960.230918 0.49
CCSD(T} —2960.291 314 0.19
CCSD(TP —2960.291 314 0.18
MP2 2-Cg, 1A; —2960.231536 0.48
CCSD(Ty —2960.291 784 0.17
CCSD(T) —2960.291 796 0.18
B3LYP 1-C;, !A; —2963.250905 0.00 1.80
MP2 —2960.248999 0.00 1.46
CCSD(Ty —2960.298446 0.00 1.78 2.02
CCSD(Tp —2960.297 898 0.00 1.80 2.02
CCSD(T) —2960.298 556 0.00
AlzAs™
CCSD(TP 1-Cp,  2A, —2960.323653 1.10
CCSD(Ty 1-C,,  2B; —2960.339 770 0.66
CCSD(TP 6-Cp,  2A; —2960.340598 0.64
CCSD(TY 4-Cs 2A"  —2960.342 295 0.59
CCSD(TY 1-Cy, 2A; —2960.349 109 0.41
B3LYP 1-Cy, 2B, —2963.317206 0.00
MP2 —2960.302 481 0.00
CCSD(T} —2960.364 030 0.00
CCSD(TP —2960.364 042 0.00

aComputed with B3LYP geometry.Computed with MP2 geometry.

Archibong and St-Amant

geometries, that is, CCSD(T)//MP2 and CCSD(T)//B3LYP,
respectively, place th#\; (2-Cs,) and*Ay’ (3-D3p) states within
0.17-0.19 eV above théA; (1-Cy,) state. With full geometry
optimization ofl and2 at the CCSD(T) level, théA; (1-Cy,)
state is established as the ground electronic state#fsAkith

the'A; (2-Cs,) state higher in energy by 0.18 eV. Note that in

a recent study by ug,is slightly above2 by 0.07 and 0.13 eV

for Al3P and GgP, respectively, at the CCSD(T)/6-3tG(2d1)

level 3931 n this study,1 is found to be the most stable isomer
of AlsAs just as it is for GgAs.3! The relative stability ofl
and2 for the MgX (M = Al, Ga; X = P, As) system, appears

to mirror the trend established for the valence isoelectronic

XAl3~ (X = Si, Ge, Sn, and PB):28That is,1 becomes more
stable as X becomes heavier. Results of our study on the relative
stability of 1 and2 in M3X (M = Al, Ga, In; X = P, As, Sb,
Bi) will be communicated soon.

In addition to the lowest-lying singlet states discussed in the
preceding paragraph, tRE* (7-C..,), A1 (5-Cy,), 1=* (8-Cw,)
are found at 1.35, 2.32, and 2.73 eV above Ae¢ (1-Cy,)
ground state at the CCSD(T)//MP2 level. Excited triplet states
with the 1-C,, geometry aréB, (0.95 eV),3A; (1.09 eV) and
3A, (1.59 eV). Note the small separation@.15 eV) between
the3B, and the?A; states. The energy separation between these
triplets and corresponding singlets, having the same electronic
configuration, will be discussed in section 3.1.1. Selected
geometric parameters for the triplet states and the harmonic
vibrational frequencies are included in Table 2. The source of
the anomalous frequencies (see Table 2) obtained fowthe
(b2) andwse (bz) modes of thelA; (1-Cy,) exited state has not
been thoroughly investigated. Nonetheless, from our experience
these are indications of problems in employing single reference
correlated methods for the description of this particular state.
A T; diagnostic of 0.037 at the CCSD level (using MP2
geometry) indicates a significant multiconfiguration character
for the 3A; state.

The ground-state geometry of As™ is sought starting from
the geometries optimized at the MP2 level for the neutragt Al
As isomers, that is, structurdsthrough8. Because they are

indicated otherwise, the calculations reported in the sections € lowest energy structure for the neutrkiCz, and 2—Ca,

below employ the 6-31tG(2df) basis set and the relative
energies AE) listed in the tables do not include corrections for
zero-point energies.

3.1. AlzAs and AlzAs™. Figure 1 is a sketch of the structures
considered for AJAs in this study. The adiabatic energy
separation, AE), between the electronic states of;A$ are

are viable contenders for the gas-phase equilibrium structure
of the anion. Accommodation of an extra electron by khe
lowest unoccupied MO (LUMO) of th&A; (1-C,,) state yields
the?B; (1-Cy,) [...(6b1)? (10b)? (18a;)? (11b,)1] state of AbAs™.

A positive vertical electron affinity (VEA) of 1.44 eV is
calculated for théA; (1-Cp,) — 2B, (1-Cy,) process. Note that

presented in Table 1. The table also includes VEDE and AEDE the VEA of isovalent AIP at the same level of theory is 1.47
for AlsAs~. Selected geometric parameters and harmonic €V-*° For2-Cs,, a’E state of the anion is expected to be formed

vibrational frequencies for the lowest-lying states of#d and
Al3;As™ are listed in Table 2.

Inspection of Table 1 shows that three states, ‘e (1-
Cz), A1 (2-C3,), and®A;' (3-Day) states are potential candidates
for the ground electronic state of #s. At the MP2 level, a
1A;1 (1-Cy,) ground state is predicted for Ms with tA; (2-
Cs,) and the'A;’ (3-Dsp) states higher in energy by roughly
0.5 eV. Vibrational frequency analysis at this level, however,
indicates thatA,' (3-Dsp) is a transition state connecting two
equivalent forms o2-Cz, with a low inversion barrier less than
0.02 eV. On the other hand, botA; (1-Cy,) andA;' (3-Dap)
are true minima on the B3LYP potential surface wathlightly
more stable by 0.05 eV. THA; (2-C3,) state could not be found
with B3LYP, the optimization procedure always converged to
3-Dan. Energies of the three lowest-lying states ogXd are
subsequently refined at the CCSD(T) level. First, CCSD(T)
single-point energy calculations using the MP2 and B3LYP

if the neutral gains an electron. Jahn Teller distortion of’the
state will result irfA’ (Cg) and?A” (Cy) states. Only the former
is located at the MP2 level and the CCSD(T)//MP2 calculation
places it 0.59 eV above tli8, (1-Cy,) state. None of the doublet
and quartet states of structur@s8 are lower in energy than
2B, (1-Cy,). Three excited states with tHeC,, geometry are
found to be stable with respect to electron detachment. They
are located 0.41 eV2A;), 0.66 eV &B;), and 1.10 eV {A,)
above the’B; state. In short, our study of the s~ potential
energy surface finds 2B, (1-Cy,) ground state for the anion.
The fragmentation energies are 5.31 eV fogAd™ [2B; (Cy,)]
— Al3 (2A7) + As~ (3P) and 8.93 eV for AAs™ [2B; (Cy,)] —
3Al (3P) + As™ (3P). In the case of AlAs, they are 4.09 eV for
AlsAs [1A; (Cp,)] — Alz (A1) + As (4S) and 7.71 eV for AF
As ['A; (Cp,)] — 3Al (3P) + As (*S).

3.1.1. Electron Detachment Transitions:zA$ . One-electron
detachment from the b} highest occupied MO (HOMO) of
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TABLE 2: Geometries (A, degrees), Vibrational Frequencies (cmt), and Zero-Point Energies (ZPE, kcal/mol) for the
Low-Lying States of AlzAs™ and AlzAs

AlzAs™ AlzAs AlzAs AlzAs AlzAs AlzAs AlzAs

2B, (1-C) A1 (1-Cy) 3B, (1-Ca) A1 (1-Cy) A2 (1-Cy) A1 (2-Cs)) 1AL (3-Dan)
MP2
R1 2.450 2.396 2.536 2.398 2.585 2.454 2.445
R, 2.690 2.553 2.792 2.821 2.760
R3 2.644 3.063 2.373 2.601 2.801
01 127.2 108.2 138.4 137.1 123.0 111.1
6, 109.4 98.9 116.3 104.7 110.8
1 327 (a) 358 (a) 393 (a) 339 (a) 280 (a) 299 (a) 290 (a’)
w2 224 (a) 277 (@) 219 (a) 251 (@) 188 (a) 40 (a) 334 (&)
w3 132 (a) 157 (a) 107 (a) 126 (a) 136 (a) 323 (e) 43 (®
o 95 () 120 (k) 58 () 85 () 311 (b) 53 (e) 29
ws 325 (k) 362 () 295 (k) 1458 268 (k)
we 262 (k) 347 () 128 () 239 223 (k)
ZPE 1.95 2.32 1.72 3.20 2.0 1.56 1.49
B3LYP
Ry 2.447 2.371 2.529 2.443 2.598 2.448
R, 2.695 2.630 2.796 2.785 2.776
R3 2.647 3.057 2.401 2.612 2.839
01 127.5 1125 138.1 1335 122.4
6, 109.0 97.2 115.2 107.4 110.2
1 316 (a) 344 (a) 279 (a')
w2 204 (a) 234 (a) 322 (&)
w3 142 (a) 130 (a) 58 (&)
o 69 () 99 () 9 (")
ws 315 () 337 (k)
ws 248 () 280 ()
ZPE 1.85 2.04 1.50
CCSD(T)
R1 2.389 2.455
R, 2.616
R3 3.065
0, 111.4 112
6, 97.9

aLarge unphysical intensites obtained for this mode.

the 2B, (1-Cy,) [...(Bb1)? (10022 (18a1)? (11by)] ground level and 1.80 eV at the CCSD(T)//MP2 level. Although both
electronic state of AAs™ is expected to yield &A; (C,,) state the anion and the neutral have th&,, equilibrium geometry,

of Als3As. Detaching an electron from HOMO-1, HOMO-2, and their respective geometric parameters are quite different as
HOMO-3 will result in the formation of the®B,, 1By), ((Ay, manifested clearly in the~0.23 eV difference between the
1A1), and @A,, TA,) states. VEDE and AEDE for transitionsto  VEDE and the AEDE. Also, the harmonic vibrational frequen-
the triplet states of the neutral are easily calculated using the cies computed for the anion show significant differences with
single-reference based theoretical methods employed in thisrespect to their neutral counterparts. The vacatelo, MO
work, but the corresponding open-shell singlet states cannot beconsists essentially of Agy), Al2(py), Al3(s,p), and Al46,).
described adequately by these methods. Estimates of the VEDBJsing the B3LYP results, electron detachment tothe state

for transitions to the singlet states are obtained as follows. A of the neutral results in a pronounced 0.41 A elongation of the
time-dependent DFT (TDDFT) calculation employing the As—AlI2 distance with a shortening of the equivalent-A&l
B3LYP functional is carried out for each singtétiplet pair bond lengths by 0.08 A and the ARl distance by 0.07 A. In
(for example 1B, and °B,) at the optimized ground-state addition, the AIAsAl and the AIAIAI angles are substantially
geometry of A}As—. The singlet-triplet splitting from the compressed by P5and 12, respectively. Because of the large
TDDFT calculation is then added to the VEDE computed for geometry change involving these angles when going from the
the triplet at the CCSD(T) level. anion to the neutral, in a recorded spectrum,(a;) and ws

In a recorded electron photodetachment photoelectron spec<(a;) involving the AIAsAI and AIAIAI bending modes (with
trum of AlzAs™, the following one-electron detachment pro- some contributions from AtAl stretching) are expected to be
cesses from théB, (1-Cy,) [...(6b1)? (10b2)2 (18a;1)3(11by)Y dominant for the!A; band. The frequencies of these totally
ground electronic state of s~ to neutral ABAs may be symmetric modes are included in Table 2.
observed. In this discussion, the molecule is placed on thg Y (B) B (Cz,) + € < 2B, (Cy,). Electron detachment from
plane with theZ-axis passing through AsAI2. the 18, MO of the anion yields théB; state and théB, state.

(A) 1A; (Cyp,) + € — 2B, (Cy,). Removal of an electron from  For the3B, state, the VEDE and the AEDE are 2.95 and 2.75
the 11, HOMO of AlzAs™ yields the'A; (Cyp,) [...(6b1)2 (100,)2 eV, respectively, at the CCSD(T)//MP2 level. The CCSD(T)
(18a;)3 ground state of AJAs. At the CCSD(T)//B3LYP and calculation places this triplet state 0.95 eV abovelflieground
CCSD(T)//IMP2 level, the VEDE for this transition is 2.02 eV. state. A singlettriplet (S-T) splitting of 0.35 eV is obtained
Because théA; (Cy,) — 2B (Cy,) process involves the ground  from the TDDFT calculation and from this value, the VEDE
states of the anion and the neutral, the AEDE for this transition for the 1B, (Cy,) + e~ — 2B, (Cy,) process is approximated to
is equivalent to the adiabatic electron affinity (AEA) of;Ak. be 3.30 eV. The equivalent AAI3/As—Al4 bonds and the
Its value is calculated to be 1.78 eV at the CCSD(T)//B3LYP Al—Al bond are 0.08 and 0.10 A, respectively, longer for the
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Figure 2. Structures of AlAg and AlAs~ reported in Tables 3 and 4.

3B, state than in the anion, indicating the bonding character of TDDFT calculation, 0.70 eV is obtained for th&\;—S3A;

the 1&; MO which essentially consists of As,(,), Al2 (9),
AI3 (spy), and Al4spy). Apparently, the largest geometry
change between the anion ground state anéBhsetate involves
shortening of the diagonal AAI2 distance by 0.27 A and an
increase of 11in the AlAsAl angle. Consequently, tRB, band

splitting, and from this, the VEDE for théA; + e — 2B,
transition is approximated to be 3.60 eV. As noted in section
3.1, anomalous frequencies and intensities are obtained for the
ws (b)) andwe (b2) Mmodes of theA; exited state. This could

be due to interaction with close-lying electronic states and the

is expected to be dominated by a progression with a frequencyinability of the single-reference MP2 method to describe this

of ca. 393 cm? corresponding to the; AIAsAl bending mode
of the 3B, state.

(C) %A1 (Cp) + € < 2B, (Cy). The 1M, MO is a four-
center orbital with relatively strong AlAl bonding character.
It consists mainly of Asyg), Al2 (py), AI3 (spy), and Al4 E,py).
Removal of an electron from the BYMO of the anion is
expected to yield théA; (Cy,) and'A; (Cyp,) states. At the
CCSD(T) level, the VEDE for théA; < 2B, transition is 2.90
eV. Note that the latter is lower than 2.95 eV obtained for the
3B, — 2B, transition. However, after geometry optimization,
the 3B, state is 0.14 eV lower than th#\; state. From the

triplet state appropriately. Consequently, the VEDE computed
for the®A; + e~ — 2B, and the'A; + e~ — 2B, processes can
only be regarded as estimates at best.

(D) 3A2 (Cz,,) +e — ZBZ (sz). The 631 MO of Al 3AS™ (282
state) is a delocalized out-of-planeébonding orbital consisting
largely of As ) and contributions fronpy orbitals of the three
Al atoms in the ring. We note that this MO closely resembles
the Ib; MO which is responsible for the stability and the
proposedr-aromatic character df-C,, in XAl3~ (X = Si, Ge,
Sn, and Pb¥7-28This 7-MO is also found inl-C,, of AlsP and
GaP but is less delocalized than observed here fgAgland
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TABLE 3: Total Energies (a.u) and the Energy Separations
(AE, eV) for AlAs3/AlAs3

CCSD(T} CCSD(Tp

cluster structure state total energy AE  total energy AE

A|A53
6-Coo s+ —6944.857 223 2.22
5-Co, A1 —6944.886 112 1.43
4-Cy, A1 —6944.892636 1.25-6944.892816 1.25
3b-Cs, A1 —6944.896 775 1.14-6944.896 960 1.14
1-Cy, SA,  —6944.904 478 0.93-6944.903 889 0.95
1-Cy, 3B, —6944.905 600 0.90—-6944.905280 0.91
2-Cs SA" —6944.916 595 0.60—-6944.916 422 0.61
3b-C3, %A, —6944.917558 0.58-6944.917 579 0.57
3aCs A" —6944.920886 0.49-6944.921082 0.48
1-Cy, A1  —6944.938075 0.02-6944.937 845 0.02
2-Cs A" —6944.938 744 0.00—-6944.938 675 0.00

AlAs3~
1-Cy, ’B1  —6944.997 021 0.35—6944.996 741 0.33
1-Cy, 2A; —6944.996 981 0.35—6944.996 800 0.33
3b-C3, 2A; —6945.005042 0.13—-6945.004 969 0.11
3aCs 2A"  —6945.007 324 0.07—6945.007 234 0.05
2-Cs 2A" —6945.009 979 0.00—-6945.009 038 0.00

2 CCSD(T)//B3LYP.> CCSD(T)/IMP2.

in GaAs 3! Electron detachment from thdgMO is expected
to yield the3A, and the'A; states. The VEDE for th#A; (Cy,)
+ e~ — 2B, transition is 3.59 eV and the AEDE is 3.39 eV at
the CCSD(T)/IMP2 level. The triplet state is found 1.59 eV
above the'A; ground state. AlA,—3A, splitting of 0.20 eV
from TDDFT allows us to approximate the VEDE for th&,
+ e~ — 2B, transition to be 3.79 eV. ThéA, band in the
photodetachment spectrum of 3Ak™ is expected to exhibit
progressions involving the; (a;) Al—As stretching (frequency
280 cnrl, MP2) and thew; (a;) Al—Al stretching (frequency
188 cnt!, MP2) modes. This is consistent with the bonding
character of ther-MO which on ionization results in AtAs
and AAI bond lengthening of 0.14 and 0.07 A, respectively.
3.2. AlAs; and AlAsz~. From the tight binding molecular
dynamics study of AlAs clusters by Quek et dl-C,, (see
Figure 2) appears to emerge as the most stable isomer o
AlAs3.18 The current study investigates the singlet and the triplet
potential energy surfaces of AlAsind the results are listed in
Tables 3 and 4. Based on the relative energies in TalleC3,
and2-Cs are the most stable isomers of AlAShe 2-Cs (*A’)

form can be described as a distorted tetrahedron in which the

As3AlAs4 plane makes a 109B3LYP) [107 (MP2)] angle
to the As3As2As4 plane. At the B3LYP and MP2 levels, both
1-Cy, (*A;) and 2-Cs (*A’) are true minima having only real
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The search for the gas-phase equilibrium geometry of &lAs
is conducted starting with the lowest energy structures located
on the potential energy surface of AlAsSeveral stationary
points are located for the anion and Tables 3 and 4 include the
energies, geometric parameters, and the harmonic vibrational
frequencies of the lowest-lying states. Analogous to its neutral
counterpart, the two lowest states of ARAsare separated by
less than 2 kcal/mol. At the CCSD(T)//MP2 level, the (2-
Cy) state is 0.05 eV lower than th&"" (3a-C) state. The
geometry of the former resembles thatAf (2-C) state of the
neutral except that the As3AIAs4 plane is almost perpendicular
(92° B3LYP, 84 MP2) to the As3As2As4 plane. For tRA"
(3a-Cy) state, the angle between the As3AIAs4 plane and the
As3As2As4 plane is narrower (BB3LYP, 65 MP2), the A+
As2 distance shorter and its structure is best described as a
distorted trigonal pyramid. At the B3LYP and MP2 levels, the
Hessian index (HI) is zero for the optimized geometry of the
2A" (2-Cy) state. On the other hand, as indicated in Table 4, the
optimized geometry ofA" (3a-Cs) possesses an HI of one and
zero at the B3LYP and MP2 levels, respectively.

In addition to the nearly degenerd®’ (2-Cs) and?A" (3a-
C,) states, &A; state with the pyramidasb-Cs, geometry is
computed for the anion. Frequency calculations indicate that
3b-Cs, (2Ay) is a local minimum on both the MP2 and B3LYP
potential energy surfaces and lies 0.11 eV [CCSD(T)//IMP2]
above2-Cs (2A"). Low-lying excited states of the anion having
the 1-Cy, structure are also studied. Both tP@y (1-C,,) and
2A; (1-C,,) states have almost the same energy. They are 0.33
eV above theA’ (2-Cs) state at the CCSD(T)//MP2 level. At
the MP2 level 1-Cy, (2A1) is a local minimum whilel-Cy, (2B1)
is a first-order saddle point. Distortion and subsequent geometry
optimization of the latter results i2-Cs.

In summary, using the 6-3#iG(2df) one-particle basis set,
thelA' (2-Cy and'A; (1-Cy,) lowest-lying states of AlAgsare
separated by roughly 0.02 e~0.5 kcal/mol) at the CCSD-
(M)//IB3LYP and CCSD(T)//MP2 levels. However, all the
ftheoretical models used in this study appear to favor, albeit
slightly, a 1A’ (2-Cs) ground state for the neutral molecule.
Similarly, the2A’ (2-Cs) and?A"" (3a-C,) states of AlAg™ are
within 0.05 eV of each other and at least two excited states of
the anion?A; (3b-Cs,, 0.11 eV) anc’A; (1-Cy,, 0.33 eV) are
stable with respect to electron detachment.

3.2.1. Electron Detachment Transitions: A$AsThe pho-
todetachment photoelectron spectrum of AJAs expected to
be very rich and unfortunately congested, a consequence of the

harmonic vibrational frequencies. However, the energies of theseSeveral low-lying states of the anion and the neutral molecule.

lowest-lying isomers of AlAgare too close to allow unequivocal
establishment of their relative order. Within the CCSD(T)//
B3LYP and CCSD(T)//MP2 approximatiorCs (*A") is found
0.02 eV 0.5 kcal/mol) below1-C;, (*A;). Allowing for
intrinsic errors of about 2 kcal/mol in these calculations, the
inference that can be drawn is that the (2-C) and!A; (1-
C,,) states of AlAg are nearly degenerate. Using the CCSD-
(T)/IMP2 results, the following states are found aboveive
(2-Cy) state: 'A; (1-Cy,, 0.02 eV),!A’ (3a-Cs, 0.48 eV),3A,
(3b-Cs,, 0.57 eV),3A’ (2-Cs, 0.61 eV),%B; (1-Cy,, 0.91 eV),
3A, (1-Cyp,, 0.95 eV),!A; (3b-Ca,, 1.14 eV),2A; (4-Cp,, 1.25
eV), and’=* (6-C..,, 2.22 eV). The geometric parameters and
the harmonic vibrational frequencies for the lowest-lying states
are included in Table 4. At the CCSD(T)//B3LYP level, the
fragmentation energies are 2.82 eV for AY3A') — Al (2P)

+ As; (%A,), 2.65 eV for AlAg (FA") — AlAs (327) + As, (1=

g 1), 2.94 eV for AlAg (*A") — AlAs; (?By) + As (“S), and
8.12 eV for AlAs (*A") — Al (P) + 3As (*S).

Some of the features expected in the spectrum are easily
predicted using the results listed in Tabless3 The frequencies
listed in Table 4 for the low-lying states might facilitate the
interpretation of a vibrationally resolved spectrum. Table 5 lists
the calculated VEDE for several one-electron processes involv-
ing the low-lying states of the anion. In this section, we discuss
electron detachment processes originating from2&ie(2-Cs)
and?A" (3a-Cq) nearly degenerate states of ABKA—C) and
summarize transitions that may involve the low-lying excited
states of the anion.

(A) A" (2-Co) + & — 2A' (2-Cy). The?A’ (Cs) ground state
of the anion has a [...(2%3(22a")3(35a)1] electronic config-
uration. Detachment of an electron from the8®rbital yields
thelA’ (Cy) [...(34a)3(22a")?] state. At the CCSD(T)//MP2 level,
the VEDE for this process is 2.43 eV while the CCSD(T)//
B3LYP value is 2.20 eV. This transition involves ground states
of the anion and the neutral and consequently, the AEDE is
equivalent to the AEA of AlAg 1A’ (C). A value of 1.91 eV
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TABLE 4: Geometries (A, degrees), Vibrational Frequencies (cmt), and Zero-Point Energies (ZPE, kcal/mol) for the
Low-Lying States of AlAs;~ and AlAsg

A|A83 -

AlAS3 -
2N (2-Cy) 2A" (3aCy 271 (3b-Cg,) 2A; (3-Cx) 2B, (1-Cz,) A’ (2-Cy)

A|A53 -

A|A53 -

AlAS3 AlAS3

AlASg AlAS3

A|A33

A|A53
37" (2-Co) A2 (3b-Ca,) A1 (3b-Ca) A1 (1-Cay) 3B (1-Cay) 3A2 (1-Cay)

AlAS3

AlAS3 -
MP2
R1 2.606
R 2.376
Rs 2.566
01 59.0
0> 65.4
w1 341 @)
w2 296 @)
ws 196 @)
wa 124 @)
ws 256 @)
ws  71@"
ZPE 1.83
B3LYP
R1 2.578
R2 2.404
R3 2.565
01 59.7
0 64.5
w1 332 @)
w2 279 (a’)
ws 196 @)
wa 107 @)
ws 237 @)
ws 156 @")
ZPE 1.85

2,777
2.491
2.344
49.9
56.1

349 @)
304 @)
248 @)
183 @)
837 @')2
192 @)
3.02

2.845
2.505
2.350
48.8
56.0

325 @)
293 @)
230 @)
160 @)
138
181 @)
1.70

2.455
2.517

424 @y)
265 (@)
272 @)
184 @)

2.29

2.453
2.536

407 @)
255 (@)
261 @)
165 @)

2.16

2.481

2.343
2.738
106.1
115.7

327 @)
240 (al)
151 ()
287 (1)
362 (0)
231 ()
2.29

2.495

2.352
2.804
104.6
114.1

300 (@)
231 (al)
144 (@)
183
316 ()
208 (o)
171

2.336

2.428
2.639
116.0
109.4

363 (@)
215 (a]_)
185 @)
80i (by)
445 (p)

222 (o)
2.04

2.321

2.478
2.561
118.7
107.4

340 (ay)
209 (y)
166 (1)
123

435 (o)

187 (o)
1.91

aIntensity of this mode is unphysical (3778 km/mol).

2.508

2.354
2.689
64.9
69.7

347 @)
274 @)
197 @)
151 @)
276 @")
247 @")

2.13

2.429

2.427
2.634
65.7
65.7

419 @)
296 @)
212 @)
171 @)
311 @")
82@")
2.13

2.549

2.338
2.689
63.7
70.2

340 @)
275 @)
184 @)
142 @)
265 @")
197 @)

2.00

2.438

2.450
2.652
66.2
65.5

388 @)
280 @)
185 @)
152 @)
287 @)
24 @")
1.88

2.835 2.365
2.404 2.632
341 @) 450 (@)
247 (al) 219 (611)
2720 338 @)
170 @ 141 @
2.10 2.33
2.896 2.350
2.410 2.644
330 @) 448 @)
222 (al) 217 (611)
234 @ 337 @
49 @ 139 @
1.60 231

2.400

2.331
2.570
111.6
116.8

362 (@)
223 ()
202 ()
124 (by)
412 ()

269 (07)
2.28

7

2.372

2.357
2.591
113.0
114.1

347 ()
217 (a]_)
206 (@)
126 (o)
401 (o)

229 (o)
2.18

109

2.716
115.7
105.6

383 (ay)
252 (@)
176 (@)

488 (o)
251 (2)

2.727
116.8
105.3

336 ()
208 ()
161 (@)

433 (o)
221 (2)

2.312
2.458

2.490

2.334
2.897
101.3
111.2

311 ()
255 ()
138 ()
130

333 (o)
233 (2)

2.22 1.82

2.324
2.490

2.523

2.361
2.965
100.3
110.3

290 @)
238 (@)
133 (o)
175

291 ()
212 (2)

1.94 1.66

TABLE 5: Energies (a.u) of Neutral Species at Anion Geometry, Vertical Electron Detachment Energies (VEDE, eV) of AlAs,
and the Adiabatic Electron Affinity (AEA, eV) AlAs ;3

initial final
structure state state method energy VEDE AEA
2-Cs 2N A CCSD(T)//IB3LYP -6944.929 025 2.20 1.94
CCSD(T)/IMP2 -6944.919 644 2.43 191
SA""PAL(Cs,)
CCSD(T)//B3LYP -6944.907 688 2.78
CCSD(T)/IMP2 -6944.907 959 2.75
3p!
CCSD(T)//IB3LYP -6944.903 435 2.90
CCSD(T)/IMP2 -6944.905 332 2.82
3b-Cs,
2A °E CCSD(T)//IB3LYP -6944.906 673 2.68
CCSD(T)/IMP2 -6944.907 181 2.66
1A,
CCSD(T)//B3LYP -6944.890 497 3.12
CCSD(T)/IMP2 -6944.888 937 3.16
1-Cy,
2Aq 1A, CCSD(T)//IB3LYP -6944.932 494 1.75
CCSD(T)/IMP2 -6944.934 826 1.69
3A,
CCSD(T)//IB3LYP -6944.903 423 2.55
CCSD(T)/IMP2 -6944.901 935 2.58

aEnergy of neutral at the geometry of the anion; the total energies of the anions and the neutral molecules are listed in Table 3.

is calculated for the AEA at the CCSD(T)//MP2 level and 1.94 184 cnt! using the B3LYP functional and 197 crhat the MP2
eV at the CCSD(T)//B3LYP level. Although the anion and the level.

neutral have the same molecular symmetry, the substantial

(B) 2A" (2-C¢) + e — 2A' (2-Cy). Electron detachment from

difference between the VEDE and the AEDE is a consequencethe 22" HOMO-1 of AlAs;~ 2A’ (Cy) is expected to yield the

of the significant change in geometry when thea&8%rbital is
vacated. The latter MO is As3As4 bonding. Removal of an
electron from the anion to produce th&' (Cy) state lengthens
the As3-As4 bond by 0.12 A and the As3AlAs4 and As3As2As4
angles widen by roughly*4and &, respectively. If théA’ band

is vibrationally resolved, thes; mode (As3-As4 stretching with
some contributions from As3AIAs4 and As3As1As4 bending)
is expected to be active. The; frequency is calculated to be

SA" (Cy) [...(34a)3(22a")1(35a')1] state and the open-shéh”
(Cy) state of neutral AlAg For theA” (Cy) + e — 2A’ (Cy)
process, the VEDE is 2.75 eV at the CCSD(T)//MP2 level and
2.78 eV at the CCSD(T)//B3LYP level. Subsequent geometry
optimization at the MP2 level converged to the pyramiglad
Cs, structure. The AEDE of 2.49 eV for th&\, (3b-C3,) —
2A’ (2-Cy) transition placesA; (Cs,) 0.57 eV above théA'
(Cs) ground state of AlAs A broad band is expected for this
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transition because of the large geometry change between theing that for GaAs™, only one state?A,-C,,) is reported to be
anion (Cs) and the neutral@s,). Harmonic vibrational frequen-  stable with respect to electron loss and a comparatively low
cies for theCs, (°Az) isomer are included in Table 4. AEA of 1.077 eV (MRSDCI) has been calculated for the;Ga

(C) 3A" (2-C9) + e — 2A' (2-Cy). Removal of an electron ~ As molecule. The AEA calculated for Gs using DFT-LDA
from the 34’ HOMO-2 of AlAs;™ 2A’ (Cy) yields the3A’ (Cy) is 1.3 eV?° In contrast, for AlAs™, several states are found to
and!A’ (Cy) excited states of AlAs Both have the [...(3d)%- be stable toward electron detachment (see Table 1) and the AEA
(22a")2(35a)Y] electronic configuration. The process resulting Of AlsAs is calculated to be 1.80 eV at the CCSD(T)//MP2 level.
in the 3A’ (C,) state has a VEDE of 2.82 eV at the CCSD(T)// The latter AEA is close to a value of 1.78 eV calculated for
MP2 level and 2.90 eV at the CCSD(T)//B3LYP level. This AlsP3 From our results, we predict that several features
transition is accompanied by As&s4 bond lengthening (0.087  observed in the anion photodetachment spectrum g Abvill
A B3LYP, 0.068 A MP2) in accordance with the bonding also be found in the spectra of s~ and GaAs™.
character of the 3@ MO. At the CCSD(T)//MP2 level, the In the case of AlAsand AlAs™, their equilibrium geometry
AEDE for the3A’ (2-Cg) + e« 2A’ (2-Cy) process is calculated ~ (2-Cs in Figure 2) is similar to that fourfd for GaAs/GaAs™
to be 2.52 eV. but differs from the pyramidaCs, structure suggested for AJF?

In addition to the detachment of electrons from the nearly For GaA?’ the ground state. is reported to be well separated
degenerat@A’ (2-C) and?A” (3a-Cy) states of AIAs-, the from the Az_(Csy) _Iowest excited state by 0.5 e However,
following processes, involving the low-lying excited states, the results listed in T?b,le 3 shows that for Aithe lowest
might also give rise to features in the observed spectrum. FromStates aréA; (Cz,) and’A’ (Cy) and f[hey are nearly degenerate.
the 2A; (3b-Ca,) [...(16a)%(17a)}(180)7] state, the*E (3b-Ca,) While the AEA computed for GaAss 1.48 eV at the MRSDCI

33 i .
and thetA; (3b-C3,) states result via detachment from thee18 level*>a value of 1.91 eV is computed for AlAat the CCSD

or 17a MO, respectively. Using the CCSD(T)//MP2 results, the (T)/IMP2 level. It is hoped that the results presented in this work
VEDE for t'hegE (3b-Ca,) + & — 2A; (3b-Ca,) process is 2 6’6 and some of the similarities and differences listed above will

and 3.16 eV fotA; (3b-Ca,) + e — 2A; (3b-Cay). help in future experiments on these group-1% semiconductor

The photoelectron spectrum of Al&smay also exhibit lower clusters.
binding energy features due to theC,, isomer. As mentioned
in section 3.2, the most stable forms of AtAshe 2-Cs (*A”)
and1-C,, (*A;) forms, are separated by roughly 0.02 eVO(5
kcal/mol). The low-lying'A; (1-Cy,) state of AlAs is formed
by removing the electron in the 8sHOMO of 2A; (1-Cy,)-
[...(17hp)3(6a2)3(25a;)Y]. Detaching an electron from theag
HOMO-1 yields the®A, (1-C,,) state. With the molecule on

4, Conclusions

In this paper, the equilibrium geometries, harmonic vibrational
frequencies and the relative energies of the low-lying states of
the neutral and anionic forms of #ls and AlAs; are presented
and discussed for the first time. As a primary objective, we have
also described electron detachment processes from the lowest-
the Y—Z plane Z-axis passing through AlAs2), the HOMO lying states of the anions to several states of the neutral, to guide
consists of Al p,), As26p,), As3(p,), Asd(,), and its future experimental anion photodetachment photoelectron stud-
antibonding character results in appreciable-Ak2 bond 1es.
lengthening (0.17 A MP2, 0.21 A B3LYP) of the neutral. The
principal components of HOMO-1 are thg orbitals of As3
and As4, and the orbital is nonbonding. For ##e (1-C,,) +
e — 2A; (1-Cyp,) process, the VEDE (1.75 eV CCSD(T)/
B3LYP, 1.69 eV CCSD(T)/MP2) is well below (2.20 eV
CCSD(T)/IB3LYP, 2.43 eV CCSD(T)//MP2) that calculated for
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