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Complete active-space multiconfiguration self-consistent field (CASSCF) followed by multireference singles
+ doubles configuration interaction (MRSDCI) calculations are carried out on the low-lying electronic states
of IngShy, In,Shy, IN:Shy™, and IRSk;™. Among 8 electronic states ofd8h, considered here, 2 Jahiieller-
distorted electronic stated3; and?A; (Cy,), and the undistorte@E" and?E' (Dg,) electronic states with
trigonal bipyramid geometry are close in energy. Among 5 electronic states®if;lra distorted edge-
capped tetrahedral structii®; (C,,) and an undistorteth,” (Dsp) are nearly degenerate. The ground states

of the InsSky™ and InShs™ ions are undistortedA:’ (Ds,) and ®A;' (D) states with trigonal bipyramid
geometries. The singletA1)—triplet CA2) and singlet Y{A;')—singlet {A,) energy separations of the
InsSkyt ion are computed as 0.15 and 1.02 eV, respectively. The atomization and adiabatic ionization potentials,
together with dipole moments and other properties for the electronic statefSof &md InSh;, are calculated

and discussed. On the basis of our computed results, we also predict the ground sta&is oéid InSh;~

anions and the electron affinities of these species.

Introduction copy, studied the stoichiometric and nonstoichiometric neutral
. . . . InkPy clusters withx + y varying from 5 to 14 atoms. They

The eleqtronlc spectroscopic, geometric, and electronic struc-¢, nq an optical-gap-like absorption feature at the blue end of

tures of mixed 1=V group and other semiconductor ClUSters e gpectra, especially for clusters with even numbers of atoms.

have been the topics of many investigations in recent Yea?s. s feature was found to be cluster-size dependent. Further-

The recent proliferation of experimental studies has been madey o6 odd-numbered clusters exhibited stronger and more-varied
possible by the advent of several experimental techniques t0,pqqmtions than did the even-numbered clusters. In addition,

generate these clusters_, S_UCh as the supersonic Jet expansiofe eyen-numbered clusters had larger dissociation energies than
technique and the matrix isolation method. A motivation for yhe oqd-numbered clusters. Thus these authors speculated that

such studies is that the HV semiconductors are used in the ¢ oyen-numbered clusters probably have closed-shell ground
fabrication of fast microelectronic devices. A systematic in- gioac

vestigation of the electronic properties of the clusters could Weltner and co-worket2obtained the electron spin resonance
reveal how the electronic properties, geometric structures, and L . P
(ESR) spectra and the hyperfine interaction of the analogous

spectroscopic systems evolve as a function of the cluster size.G As. oluster. This was accomplished by laser-heating of
Theoretical and experimental studies of clusters could provide &ASs ’ PUST y - 9
GaAs crystals followed by aggregation at a relatively high

significant insight into the properties of clusters as a function . ;
of their size and indicate the nature of low-lying electronic states pressure of Ar or Kr before condensation of the matrixes at 4

of these species. There is considerable interest in learning hOV\)<' The hyperfine structure revealed that the cluster is$ra

A . i : .
the properties of these clusters evolve from the cluster limit to f2 (doublet) state with a trigonal b_|pyram|d strugturg.
the bulk. Neumark and co-workefs!O studied the negative-ion pho-

todetachment spectra of semiconductor cluster anions, par-
ticularly InP,~ cluster anions of various sizes. Arnold and
Neumark undertook a detailed spectroscopic study of the trimer
clusters of the formulas $® and InB. For even-numbered JR,
clusters, Xu et al.found an electronic gap in the spectra. These

distribution pattern has now been explained by several theoreti-StUdIeS utilized two different spectroscopic techniques, namely,

cal studies focused on the geometries and energy separationgr"On photoelectron spectroscppy, gnd anion threshold phot_o-
of the low-lying electronic states of these spedied® detachment spectroscopy, which yields zero electron kinetic

Although many of the I+V clusters have been generated energy (ZEKE) spectra, and has produced a wealth of informa-

. . . S . . tion on the low-lying electronic states of smallRy clusters
in various size distributions, spectroscopic studies on these ying Wiy

. . . : and their electron affinities.
species are relatively scarce. Mandich co-workérasing ) ) .
resonant one-color and two-color photodissociation spectros- Theoretical studies of IV semiconductor clusters have used

a variety of ab initio techniques3-20 including computations
* Corresponding author: fax, 602-965-2747; e-mail, KBalu@asu.edu. on thi)elecnonlc states of & 2oy CIUSter_S and, more recently,
T Shanghai Institute of Metallurgy. GaRy*? (x +y = 5) and InP* (x ty= 5)_ clusters. There
* Arizona State University. have been no comparable theoretical studies gslrclusters,
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Early interest in the IH-V clusters arose from a pioneering
work of Smalley and co-worket®n GaAs,, who showed that
whereas the relative abundance of larger clusters followed a
binomial distribution, the abundance of the smaller clusters
deviated strongly from the anticipated binomial distribution. This
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which are considerably more difficult to work with, given both  TABLE 1: Geometries and Energy Separations for the
the large number of electrons on In and Sb and the large Electronic States of In;Sh, and In;Shs, Cp, Structure?
relativistic effectd™22for the heavier Sh atoms.

state
The objective of this study is the first large-scale investigation  gystem unit 2B, 2A,
of very heavy 5-atom K-V clusters, namely, By, In,Shs,

InsSky™, and InShs*. We used relativistic complete active- NSk g‘é:'&lilgi)z ggg ggg gg'g

space multiconfiguration self-consistent field (CASSCF) fol- Sbl—ln;—sz deg 553 61.4
lowed by multireference singles- doubles configuration In;—In; A 4.428 4.227
interaction (MRSDCI) techniques to study the low-lying elec- Inz—Ins A 5.315 4.805
tronic states of not only neutral48h, and InpShs but also In- In,—Shy é 3.203 2.789
Shy™ and InSks™ ions. We have considered geometric opti- lsnél__ss%z A g.g?(ls g%g
mization of several electronic states with different geometries. E (CAS) eV 0.0 0.28
We have also computed the atomization energies, the adiabatic E (MRSDCI) eV 0.0 0.19
ionization energies, and the dipole moments of these clusters. E (MRSDCH-Q) eV 0.0 0.29

InShy Sh—Sh—Shs deg 60.8 64.7

Method of Investigation :21:2&::2; ggg 1%'2 ﬁgi
We used relativistic effective core potentials (RECPSs) that Sh—Sb, é 2.886 2.887
retained the outer 35p® and 535p' shells for Sb and In, g&:lsn? I\ %‘géi gggg
respectively, replacing any remaining core electrons by RECPs. Shy—In, A 3.128 3316
The basic theoretical techniques for treating electron correla- In;—In, A 5.482 5.534
tion effects and the orbitals in the current study foySip and E (CAS) eV 0.0 1.39
In,Sh; are similar to the one we used in an earlier study on E (MRSDCI) ev 0.0 1.29
E (MRSDCH-Q) ev 0.1 1.27

isovalent InP, and InPs clusters?® However, in the present
study several electronic states of the positive ions of these
clusters have been considered and other properties of the neutral
clusters also are computed. The current description will contain >0.07. All possible single and double excitations of all valence
only the main aspects of our calculations. A CASSCF method €lectrons (including from 5s) were included in the MRSDCI.
was used to generate the orbitals for higher-order MRSDCI Furthermore, the multireference Davidson correction to the
computations. The RECPs and the valence Gaussian basis sefdRSDCI energy was calculated, and the resulting energy
were taken from the work of Lajohn et #. These basis sets ~ separations were labeled as MRSB@, which is considered
were augmented with one set of 3d polarization functions on to be a full-configuration interaction (CI) estimate.
both In and Sb with exponents 0.2129 and 0.1305, respectively, The electronic states of thegBlp™ and InSk™ ions were
as obtained from previous studies on other smaller clustersconsidered with the objective of computing not only the
containing In and SB*25 adiabatic ionization energies but also the low-lying electronic
In our previous stud? on the electronic states of4@, and states of the positive ions. Such information would be of vital
|n2P3, two d|Storted states iﬁZy Symmetry were Obtalned Thus use in phOtOIOI’llzatlon studies of the neutral SpeCieS. Three low-
we started with geometric optimization for the low-lying 1¥ing electronic states of k$b,", and four low-lying electronic
electronic states of Sk, and InpShs, using the quasi-Newten ~ States of IpShy™ were computed. The singletriplet and
Raphson procedure within the CASSCF level of theory. For Singlet-singlet energy separations of the positive ions were also
this purpose we used the GAMEB®ackage of molecular ~ computed. In addition we computed as supermolecular calcula-
computational codes to generate optimized geometrg;in  tions the atomization energies to dissociatgStm and InShs
symmetry. Two electronic state¥\; and2B;, were found to  into indium ¢P) and antimony atoms'g). .
have distorted edge-capped tetrahedral structures @ith The MCSCF/MRSDCI calculations were made by using a
symmetry for InSh, and InShs. The geometries of all possible ~ Version of ALCHEMY I coded’ is modified by one of us
low-lying doublet and quartet electronic states fosSp and ~ (K.B.)? to include RECPs.
doublet states of ik in D3, symmetry were also consequently
optimized. With InP, and InP;, we would expect an electronic
of E' or E symmetry to undergo JahiTeller distortion. Thus
the electronic states in distorted trigonal bipyramid structures
(Cz) of InsSky and InSh; are due to JahnTeller distortion dipole moments for the two electronic staf®; and?2A; of
from the idealD3 structures. InsgShy exhibiting C,, symmetry. Figure 1 illustrates the actual
In the CASSCEF calculations we kept the 5’s orbitals of In  geometries of the various structures obtained here fgBtin
and Sb atoms inactive; that is, excitations were not allowed in The 2B; state in Table 1 exhibits an edge-capped tetrahedral
the CASSCF calculations, although these orbitals were allowed geometry shown in Figure 1, whereas fi#g state exhibits a
to relax at the CASSCF stage as a function of geometry. distorted trigonal bipyramidal geometry, also shown in Figure
Excitations from these s orbital electrons were included at the 1, for the C,, trigonal bipyramid geometry. Both of these
subsequent MRSDCI computations. The CASSCF wave func- structures can be envisaged as derivatives ofthetrigonal
tion that included ay, j by, k by, andl & orbitals in the com-  bipyramid form arising from JahsTeller distortion. At the
plete active space is labeléfl-CAS. From the results of  highest MRSDCI and MRSDGHQ levels of theory, as seen
comparison, we adopted 3331-CAS fog3h, and 4221-CAS from Table 1, the?B; state prevails as the ground state of
for In,Sh; to keep the number of configurations at the CASSCF  InsShy, whereas th@A; state is 0.19 and 0.29 eV higher than

2The labels of all atoms are defined in Figure 1.

Results and Discussions

Electronic States of InsSh, and IngSh,™. Table 1 shows
the equilibrium geometries and energy separations together with

level from being too large.
The MRSDCI computations included as reference configura-
tions all the configurations in the CASSCF with coefficients

2B, by these two levels of theory, respectively.
Table 2 displays the equilibrium geometries and energy
separations of the undistort&g;, electronic states with trigonal
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Trigonal bipyramid of

Trigonal bipyramid of In2Sb3 in Ca2v structure

In3Sb2in C2v Structure

In3Sb2 in D3h structure
Figure 1. Geometries of the electronic states 0fSk, and InShs in D3, and Cy, structures.

TABLE 2: Geometries and Energy Separations for Electronic States of IgSh, and In,Shz?

state CASSCF MRSDCI

system Ca, Daxn In—In(A) In—-Sb(A) Sb-Sb(A) E(eV) In—In(A) In—Sb(A) Sb-Sbh(A) E (eV)

INsSk, 2By, %A, 2E" 4.850 3.150 2.886 0.07  4.800 3.100 2.778 0.005(0.13)
274, 2B, 2B 4.444 3.020 3.186 051  4.429 3.006 3.161 0.29(0.26)
A, ‘A" 3.912 3.005 3.964 1.47  3.839 2.952 3.900 1.08(1.02)
B, ‘A 3.317 2.939 4.459 1.68  3.287 2,911 4.415 1.11(1.14)
A ‘' 4.257 3.140 3.908 1.76  4.185 3.084 3.833 1.70(1.73)
B, ‘E" 3.708 3.134 4578 1.90  3.596 3.026 4.403 8.25(8.40)
Ina(“Az) + 2Sh(S) 8.09 10.12(10.42)
3In@P) + 2Sh(S) 9.35

INsShy™  *A; Ay 4.800 3.100 2.778 6.00  4.800 3.100 2.778 6.31(6.48)
3B, 30, 4.800 3.100 2.778 6.39  4.800 3.100 2.778 6.47(6.63)
B, 1A' 4.800 3.100 2.778 749  4.800 3.100 2.778 7.42(7.50)

ISty Ca, Dan  Sb-Sb(A) In-Sb(A) In-In(A) E(V) Sb-Sb(A) In-Sb(A) In—In(A) E(eV)
2B, 20, 2.984 2.988 4.883 041 2975 2.985 4.883 0.11(0.00)
2B, 2, 2E" 2,891 3.279 5.645 0.34  2.886 3.246 5.571 0.24(0.19)
274, 2B, 2E 2,953 3.257 5.550 1.49  2.949 3.232 5.494 1.36(1.31)
Shy(?A,) + 2In(?P) 6.50 6.35(5.84)
3Sb¢S)+ 2InEP) 9.04 9.18(8.85)

InShs™ 3B, 30, 2.886 3.246 5.571 6.13  2.886 3.246 5.571 6.39(6.40)
A IE 2.886 3.246 5.571 6.40  2.886 3.246 5.571 6.76(6.70)
3B, 37, 2.886 3.246 5.571 754  2.886 3.246 5.571 7.67(7.61)
B, 1A' 2.886 3.246 5.571 771  2.886 3.246 5.571 7.85(7.78)

a All energies are relative to the zero energy in Table 1 except the MRSRQGInergies (in parentheses) ob$in.

bipyramid equilibrium geometries. As seen from Table 2, the spin—orbit coupling of Sb and In, we expect these electronic
first two low-lying electronic states of &ky, namely,2E” and transitions to have nonnegligible intensities and thus these states
°E' states undergo JahiTeller distortion. The’B; state with should be observable in the spectra. Note that spectroscopic
the edge-capped tetrahedron geometry Table 1 is one of thetransitions are feasible from bofE" and?E' states. Further-
Jahn-Teller components of théE"" state. However, this state  more, in the presence of spiorbit coupling, the quartet and

is only 0.05-0.13 eV above the distorted form, which suggests doublet electronic states would be split and mixed. For example,
that the JahnTeller stabilization energy is very small. This the*A;" state in Table 2 would be split int;szand k), states,
picture seems to imply that, on the basis of a very small3Jahn whereas théA, state correlates intosz and E, states. The
Teller stabilization energy, the 48k, cluster would be floppy. 4E" and“E' states yield (2 g2 + Esp + Ezz ) and (B2 + 2

On the other hand, the spitorbit effects are nonnegligible for  Es, + Esp ), respectively. Consequently, the spiorbit

the antimony atom and thus tRE" state would split into B coupling could mix all states that have the same double-group-
and B/, spin—orbit components. We estimate the sporbit irreducible representation. Thus the spectra are likely to be
splitting between these two states to be 0.15 eV, based on smallperturbed by such spirorbit mixing between different states
scale relativistic configuration interaction (RCI) computations. in the Dz, group that have the same symmetry in the double

Thus the spirorbit splitting is more than the JahiTeller
stabilization and so, by virtue of sphorbit coupling, the’E”
state of InSh, would become a rigidDs, structure.

group.
The InSky™(Dap) ion exhibits three low-lying electronic
states, namely!A(’, 3A," andA;", as seen from Table 2. The

On the basis of the computed energy separations of the excitectlosed-shell ground state of 3Bk,*(D3y) can be justified on

electronic states in Table 2, and the fact thgSlm could retain

its ideal trigonal bipyramidDs, structure, we predict several
spectroscopic systems. As seen from Table 2, fgBlpwe
compute several spectroscopic systems in the-11023 eV
region. Although the excited states are of quartet spin multi-
plicities, in contrast with the doublet ground states, given the

the basis of the low-lying states of the neutrajSh,, which
are?E" and?E' states. Thus removal of an electron from the
open-shell & or € orbital in these two states would yield the
same closed-shell electronic configuration, resulting g
state for the 1gSh,* ion. Consequently, the positive ion would
not undergo JahnTeller distortion but would retain its ideal
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Dap structure. As seen from Table 2, the adiabatic ionization TABLE 3: Leading Configurations of Electronic States of
energy of InSh, is 6.31 and 6.48 eV at the MRSDCI and nsShy, InzSh;, and Their lons

MRSDCI + Q levels, respectively. Although we kept the state

geometry of the positive ion fixed at the neutf&l’ geometry,

. o system Ca D3, coefficient configuratiof

we do not expect geometry relaxation to make a significant
impact on the computed ionization energy, which should remain InsSky B 0.891 Szal 22b2 Zlbl 1282
in a Dz, structure. 2A1 0.890 1 2 > 2

The excited electronic states of;8h,* can be visualized in 3a' 2a" 26 l¢'
Cz, symmetry as arising from the removal of the highest- “Bi, %A, B o8 2 0 4 3
occupied aelectron of the neutr&B; state, which would lead 4':1’ B 4E Y 8'288 % (1) g i
to 3B, and'B; states inC,, symmetry. InDgz, symmetry, these 435 4A;' 0.900 1 2 2 4
states correspond fA," and A" states. InCp, symmetry, A, = 0.886 2 1 3 3
these states are analogous to the 8hibin,?® which exhibits a 4By =4 0.894 2 2 2 3
IA; ground state angB; and!B; excited states. As seen from  InsSk" ;Al ;A{, 0.839 2 0 4 2
Table 2, the XA, to 3A," energy separations are 0.16 and 0.15 121 1’:2,, 8'282 % 8 g g
eV at the MRSDCI and MRSDCt Q levels, respectively. The | op,. ' 2 ' 5a 2b, 36 1a
XA to 1A, energy separations are 1.11 and 1.02 eV at these 2B, 0.886 2 2 1 2
two levels of theory, respectively. Note that these energy 2Aq 0.892 1 2 2 2
separations are small and would change if the geometries of B " 0.882 3281' 21612” 2;‘ 12"
the electronic stgtes were to be fully opt|m|zed. . ZBi, A, 2 0.885 5 > 4 3

Although we did not compute the properties of the electronic 2p, 2B, 2F 0.890 2 2 3 4
states of the §Bhb,~ anion, we can, on the basis of our computed In;Sky™ 3B, A, 0.890 2 2 4 2
properties of the neutral 48k, cluster and a previous compu- ;gl ;E ., 8.23; % % g %

1 i icti 1 2 .
tational stud$® on InSb anion, make a few predictions about = N 0.805 5 5 3 3

IngSh,~. Hotop and Linebergét have listed the electron
affinities (EA) of In and Sb atoms as 0.32 and 1 eV, respectively.  *The 1a’ 2a* 3a? 4a* 1b,* 1by* configuration part for IgSh, (or
Consequently, the two Sh atoms would primarily share the 1&° 2a® 3a’ 4a® 1b,° 1by® 2b” for InShy) in Gy, structure is same
attached electron to 48h,. Attachment of an electron to the ‘;c(’)rnf?l'Uf;zgis%olr‘ge";'tsrﬁ&tg:g ii%: Ozrﬁ:n O%]dt; aﬁésta’zg;“gpﬂgj ;:g
2E" or 2E' state of InSh, would result in a closed-shelA’ szb? o °

state for InSh,~ with a regular trigonal bipyramid D)

geometry. A previous theoretical stiffyielded the second- components of the 2erbital (5a and 2b in Cy,) are composed
order CI EA for InSb as 1.39 eV. Consequently, we estimate ¢ Iny (s) — [In2 (S) + In3 (S)] + Shy (p,) + Sk (py) and [Ine

that a closed-shellA(' state for IRSky~ sh_ould I_oe at I_east 2.8 (s) — Ing (3)] + [Shy () + Shy (py)], respectively. The two
eV less than that for the neutralkBty. This estimate is based components of the Teorbital (2h and 1a in Cy,) consist of

on the fact that the negative charge will be mostly on the axial |, —In +s -5 and | + 1S
Sb atoms and that the dissociation energy of mh2.7 eV. (pj)(EX)SQ (pBy)(?X)respe%tiE/%Z?y. b (2 N (pJ + [Sby

> ant 12D
?(u et al” obtained at? EA of 2.07 ZV for 4. Using this EA The geometry parameters present an interesting relationship
or EA(InsP;), EA(SD) = 1 eV, and EA(P)= 0.7465 eV, we o yeen the various states. The bond lengths between the In

estimate the EA(IsBk) to be 2.8 eV, in good agreement with 54,5 that form an equilateral triangle base for 8¢ state

the above estimate. are 4.80 A at the MRSDCI level. These distances are quite
The nature of bonding in the electronic states can be close to the Corresponding a\/eraged—“-nz and In—Ins bond

understood through an analysis of the principal configurations, distances in the distorte®B; state C,,), namely, 4.872 A.

the CompOSition of the Orbitals, and the Mulliken populations. However, the actual laln bond |engths differ. On the other

In addition, the dipole moments are computed and comparedhand, the Ir-Sb bond lengths for thé&€" state are 3.10 A, which
for the analysis of the ionicities of the bonds. Table 3 shows s quite close to the laSb bond distances of 3.15 A in the
the principal configurations in the MRSDCI wave functions of  distorted?B; state Cy,). Likewise, the Sb-Sb bond distances
the electronic states of 48b,. For the electronic states of n the two states are 2.778 and 2.871 A, respectively. These
IngShy in Cp, symmetry, the (1&2a?3a%4a?10,?2b,* 10?1 8?) features suggest that JahTieller distortion primarily moves

portion of the configuration is common foiB; and ?A.. the In atoms from their ideal equilateral triangular locations in

Likewise, all the electronic states witbs, structure have IngShy. Likewise, in the?E’ state, the Ia-In, In—Sb, and Sk

(la'?2a'?1'?1€%) in common. We describe the composition  Sp bond distances are 4.429, 3.006 and 3.161 A, respectively,

of the various molecular orbitals (MOs) in terms of tDe, close to the corresponding averaged bond lengths of 4.516,

representation and then correlate the different MOE40 2.952, and 3.179 A in théA; distorted trigonal pyramid
The 1a' orbital (1a in Cy,) is composed of Sb(s) + Sh structure of 13Shy.

(s), whereas the Zaorbital (2a in Cy,) is made of I3 (s) + The bond angles of the two distort€d, structures may also

Inz (s) + Inz (s). The 3& orbital (4a in Cy,) is a bonding be compared. For example, the;Sin;—Sh, and Sh—In,—
orbital with Sh (s) + Sk, (s) and Sb (py) + Sk (py). The Shky bond angles are 533and 58, respectively, for theB;

1a'"" and 22" orbitals (1h and 3h in Cy,) are composed of  state. These bond angles are considerably smaller than the
Shy (s) — Sy (s) and Sk (px) + Shy (py), respectively, both of corresponding values of 63.and 61.4 for 2A 1, implying that
which are perpendicular to thesplane; the two Sb atoms  the Sb-Sb bonding ir?B; is stronger than that ifA;. This is
furnish p orbitals overlapping with opposite lobes along the consistent with the SbSb bond length in théB, state of 2.871
x-axis. The two degenerate components of theotleital (3a A, which is shorter than the 3.179 A féA1. However, the

and 1b in Cy,) are linear combinations of 2 4r(s) — [In, (s) In;—Shy bond length in2B; (3.203 A) is longer than that of

+ In3 (s)] and I (s) — Insz (s), respectively. The two  2A; (2.789 A). The In—In, and In—Inz bond lengths irfB;
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TABLE 4: Mulliken Population Analyses for the Low-Lying Electronic States of In3Sh,, In,Shs, and Their lons

gross population

state total In1 In2 Sb

system Cay Dan Inl1 In2 Sh s p d S p d s p d

InsShy B, 2520 2548 5692 1.876 0.617 0.027 1862 0.656 0.031 1942 3576 0.173
°Aq 2564 2541 5677 1437 1.093 0.034 1.864 0.649 0.029 1937 3594 0.146
By, %A, E" 2.536 5.696 1.866 0.639 0.031 1.907 3.601 0.189
°A, B, F 2.558 5.662 1.771 0.758  0.030 1935 3.577 0.150
A, ‘AT 2,604 5,593 1.711 0.864 0.029 1.921 3.533 0.139
‘B, AL 2.587 5.619 1.470 1.087 0.031 1960 3.490 0.169
A1 E 2.588 5.618 1.842 0.716 0.030 1.927 3,558 0.133
‘B, B 2.609 5,586 1.792 0.788 0.029 1957 3495 0.132

IN3Shy* 1A, A 2.385 5.421 1.918 0.439 0.028 1.963 3.344 0.114
B, %A, 2.358 5463 1.861 0.471 0.026 1971 3.390 0.102
B; A 2.366 5451 1.781 0.556 0.028 1968 3.363 0.120

total Sh1 Sh2 In
Shl Sh2 In s p d S p d S p d

In,Shs 2B, 5.067 5.487 2479 2.019 2954 0.095 1914 3393 0.181 1.886 0.582 0.011
2Aq 5449 5310 2465 1987 3289 0.173 1997 3.155 0.158 1.866 0.585 0.016
2B, A, 5.380 2430 2.000 3.200 0.181 1563 0.836 0.030
°A,,%B; E" 5.364 2.453 2.016 3.190 0.159 1.867 0.573 0.013
°A, B, F 5.357 2464 1978 3.192 0.188 1862 0.587 0.015

In;Shst  %B; SAS 5.129 2306 2.006 2.955 0.168 1916 0.379 0.011
A, = 5.134 2299 2.010 2963 0.159 1897 0.390 0.012
3B, SA" 5.113 2.330 2.006 2.944 0.164 1.911 0.406 0.014
B; A" 5116 2326 2.009 2.946 0.160 1905 0.408 0.014

are 4.428 and 5.315 A, respectively, both of which are longer thus antibonding with respect to Sb atoms. TRES and2E'

than the corresponding bonds?f; (4.227 and 4.805 A). The
In,—In;—In3 bond angle for théB; state (73.8) is similar to
the In,—In;—Ing bond angle of 752for the “A, ground state
in our previous study on y?L. But the Inp—Iny bond length in
the 4A, ground state for Inis only 2.97 A, which is much
shorter than that in §sky. This is evidently a consequence of
bonding interaction between the In and Sb atoms in%Be
ground state of l58ky which leads to weaker bonding between
the 3 In atoms in IgSkp. We conclude that the interactions

have no occupied 24orbital, but this orbital is singly occupied

in the4A;" and“E’ states and doubly occupied in th&," and

4E" states. The 3aorbital is doubly occupied by all of the
electronic states excefd,'. From the above description, it is
understandable that, with more occupations in the bonding
orbitals, the?E" state becomes the lowest state ofSp. A
similar argument would explain the fact that tHg state is
immediately above’E", whereas all quartet states are much
higher than théE" state.

between In and Sb atoms and among the Sb atoms themselves Table 4 shows the Mulliken populations of the electronic

play a more-decisive role in the formation of bonds of the
electronic states of pskp. This is also consistent with the fact
that the?B; state, which exhibits enhanced-S8b bonding, is
more stable thadA;.

As shown in Table 2, théE" state is the lowest among the
6 electronic states of ¥k in D3y symmetry, whereas thi&’
state is immediately above tRE" state and all the quartet states
are considerably well separated from #& state. The lowest
electronic stat@E"" (Dan) has the shortest StSb bond length
(2.778 A at the MRSDCI level) among all low-lying electronic
states irDs, symmetry. The SbSb bond lengths in the quartet
states are al+3.90 A though they exhibit relatively contracted
In—In and In—Sb bond lengths in comparison with those of
the 2E" state.

As evidenced from Table 3, the primary difference between
the 2B; and?A; states lies in the occupations of;5nd 2h.
The 5a orbital, the composition of which was described before,
is a bonding orbital, it is doubly occupied in tBB; state but
singly occupied in théA; state. On the other hand, the;2b
orbital is singly occupied in théB; state but fully (doubly)
occupied in the?A; state.

For the electronic states with thBs, structure, the main
distinction between théE" and ?E’ states is in the electron
occupancies for 2eand 1¢. All the quartet states have even
fewer electrons in the 2erbital than doedE’. The 2a" orbital,
which is perpendicular to the 4nplane with 2 Sb atoms
furnishing p orbitals with opposite lobes along tkexis, is

states of 1g8Shy. As seen there, the gross populations of In are
between 2.358 and 2.609 for all of the states considered here,
whereas the total Sb populations are 5481696, uniformly
larger than the atomic Sb populations for all of the electronic
states. The s populations on Sb atoms in all the statesaf
suggesting relative inertness of the Si Skell in the bond
formation. This is attributed to the relativistic mass-velocity
contraction of the 5s orbital of the Sb atoA€? The excess
population of 0.42%0.696 on the 5p orbital of the Sb atoms is

a consequence of charge transfer from the In atoms to Sb,
leading to ionic InfSb~ bonding in IRSh,.

As shown in Table 1, théB; (Cy,) state of InSh, exhibits a
positive dipole moment of 1.22 D (the positive polarity means
the positive charge is on {rand the negative charges are on
In, and Irg), whereas théA; (Cp,) state exhibits a negative
dipole moment value of-0.62 D. This fully agrees with the
Mulliken population distributions. As seen from Table 4, the
gross population of In(2.520) for the?B; (Cy,) State is smaller
than the gross populations ofzlor Inz (2.548). This unequal
charge distribution leads to a positive dipole moment’®y.

In contrast, the total population of Jin the 2A; (C,,) state is
2.564, which is larger than the 2.541 on lor Inz and thus
results in a negative dipole moment f@;. All the electronic
states in theéDsp structure would exhibit zero dipole moments
because of the undistorted geometries.

As also seen in Table 4, thB; state Cp,) of In3Shy is
composed of In(st87%%619), In, (s1869°659, and Sh (59493579
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Mulliken populations, (we have omitted the d population as we discuss below, there dbg, states quite close to the
because it is<0.19). The corresponding populations for the distorted structures for yShs.

?Aq state are In(sh*3p1999), Iny (4859049, and Sb (593>, As seen from Table 2, which shows the computed properties
The primary difference in the populations between these two of the undistorted trigonal bipyramitg,) states, théA," state
states rests with the andp populations on the hatom. As of InzShyis only 0.11 eV higher than the edge-capped tetrahedral
discussed earlier, the primary difference between the two states?g, state at the MRSDCI level, whereas this state becomes the
lies in the occupations and compositions of the &ad 2h ground state, with théB; state being 0.1 eV higher. Evidently,
orbitals. The 5aorbital, which has considerable;(s) char- we can expect the spirorbit effects to stabilize theDa,
acter, is fully occupied iB, resulting in a larger s population  structure, and the ground state of$is is thus predicted to be

of 1.876 on In; in A, however, the 5aorbital is singly  the 2A," state with an undistorted trigonal bipyramm,
occupied, leading to a smaller s population of 1.437 on In  equilibrium geometry.

The 2k orbital, which contains If{p,), Shi(py), and Sh(py) We calculated all doublet electronic states 0fSbs (Dan)
gontnbutlons, Is singly occupied #B, and doubly occupied in - 54 their optimized geometries, which are shown in the second
A1 The full occupation of 2bconsequently increases the o of Taple 2 with the energy separations. As manifested in

population on Ir; for?As, which is 1.093, whereas thepop- Table 2, among all doublet electronic stateDigy symmetry,
ulation on In for *By is only 0.617. Similarly, the compositions 1,4 2A," is the lowest andE" is 0.13 eV immediately above
of the 2¢é and 1€ orbitals and the electron occupation numbers 27", whereagE' is 1.25 eV higher thaRA," at the MRSDCI

lead to larges populations and smallgrpopulations onthe In - j6y6| The2a,” state would not undergo Jahieller distortion
atoms in th(.J’ZE” state D) in comparison with the correspond- 1, 2e would be subject to JakfTeller distortion. With Jahnr
ing populations ir?E'. Teller stabilization, théB; (C,), which is a component GE”

To elicit more information on the observable properties of po-omes the ground state ob®; at the CASSCF level, but
the clusters considered here, we computed the atomizationg; the MRSDCI+ Q level, 2B, becomes higher than tﬁéiz”

energy and adiabatic ionization energies foiSip, obtaining stateDa,). Interestingly, although theA," state inDa, sym-

the results shown in Tables-2. As seen from Table 2, the metry has the shortest4r8b and In-In bond lengths, the Sb
dissociation energy for Sb bond lengths are longer among the three doublet electronic
states, implying that the 1ARSb bonds seem to have played a
more influential role than the SkSb interactions. This is
consistent with the fact that, as the cluster becomes larger, the

IngSh, — In; (*A,) + 2Sb (S)

is computed as 8.25 eV at the MRSDCI level by use of the In—Sb bonds would dominate over the fewer-Stb bonds
previously computed ground state ofs(tA,).32 We also '

computed the atomization energy needed to separaiatm3 The QahFrTeIIer effes_:t in InSky can tz)e”demonstrated by
In atoms ¢P) as 1.87 eV at the MRSDCI level. Combining CcOmparing the geometries &.(C,) and?E" (Day). As seen
these two values, we computed the atomization energy of N Table 1, the 3 Sb atoms #(Cz,) form a nearly equilateral
InsShy that would yield 3 separated In atoms and 2 Sb atoms tiangle (the actual apex angle is 69.8 The average SbSb
as 10.12 eV. These values support our conclusion that thePond length (2.904 A) ofB1 (Cy,) is very close to the SbSb

bonding interactions between the 2 Sb atoms and thestn ~ Pond length (2.886 A) ofE", suggesting little change to the 3
bonds play a more important role than the-In bonds in Sb atoms attributable to the Jahneller distortion. However,

INsShy. the 2 In atoms move farther because of to the Jafeller
A critical comparison of the Mulliken populations of the distortion, which results in elongated Stin bonds (3.961 A)

neutral cluster and the positive ion reveals that the ionization 21d contracted Sbrin; bonds (3.128 A).

particularly causes depletion of the charge density on the 5p The spin-orbit effects of the 3 Sh atoms could overcome
orbitals rather than the 5s orbitals of In and Sh, which is the Jahra-Teller stabilization. Furthermore, at the highest level
consistent with the nature of the'lerbital. Thus removal of ~ Of theory (MRSDCH#Q), the?A;" is clearly the lowest state;
a 1¢' electron decreases thepopulations of In and Sh. and thus the I5Bb; cluster is expected to have an ided,

As seen from Table 2, the energy separations of the electronicSymmetry with a trigonal bipyramid equilibrium geometry. For
states of 1gSk, are very sensitive to higher-order electron [n2Sks, we find the’E" and’E' excited states, which yield {f,
correlation effects. At the CASSCF level, th; (Cy,) state Ear) and (B2, Esi) spin—orbit substates! respectively, while
is 0.28 eV higher than th&B; ground state of I§8k,. The the2A;" ground state becomes the Estate in the presence of
electron correlation effects seem to stabilize #g state so  Spin—orbit coupling. Thus spectroscopic transitions from the
that it is only 0.19 eV higher than t#8, state at the MRSDCI  Eu2 ground state to £ and By, excited states ofE" andE'
level. Likewise, the undistortetE' (D3, state is 0.51 eV above  (three transitions in all) should be allowed. As seen from Table
2E" at the CASSCF level, but this energy separation decreases3, evidently the transition to theyzand B, spin—orbit states
to 0.29 eV at the MRSDCI level. The energy separations of Of the ?E" state would be considerably lower in energy than
the quartet states froRE” are 1.46-1.83 eV at the CASSCF  the Bz spin—orbit state of théE' state. The spirorbit splitting
level, whereas these values decrease to-11065 eV at the ~ between [ and By, excited electronic states is estimated to
MRSDCI level. Thus, higher-order electron correlation effects be 0.2 eV bonds.
play a major role in determination of the energy separations. In analogy to IaShs, we can discuss the orbital compositions

Electronic States of In,Shs and In,Shs*. The latter half of of the electronic states of 48k, in D3, (with the Cy, correlation
Table 1 presents the computed properties of two electronic statesn parentheses). The ilaorbital (1a in Cy) is a bonding
of In,Shs, namely, ?B; (edge-capped tetrahedron) afd; combination of Sp(s) + Sk, (s) + Sh; (s), whereas the 2a
(distorted trigonal bipyramid) witlC,, symmetry, which are orbital (2a in Cy,) is predominantly Ia(s) + Inz (s). The 3&
obtained from geometry-optimized calculations (their actual orbital (4a in Cy,) is a combination of Sh(s) + Sh, (s) + Shs
geometries shown in Figure 1). In contrast tgSkp, the 2B; (s) and Sh(py) + Sks (py). The 1&" orbital (1b in Cy,) is an
state of ISk is lower than?A; by 1.29 and 1.27 eV at the  antibonding combination of k(s) — In (s), and the 2& orbital
MRSDCI and MRSDCI+ Q levels, respectively. However, (3b; in Cy,) is predominantly made up of [In(s) — Inz (s) +
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In1 (p) + Iz (pY] and — [Shy (py) + Sk (p) + Shs (p)]. The

first part represents a repulsive interaction between the 2 In
atoms, whereas the second part istdonding interaction
between the 3 Sb atoms. The' bebital (3a and 1b in Cy,)

is a linear combination of 2 SK{s) — [Shk, (s) + Sk (s)] and
[Sh: (s) — Shks (S)]. The 2¢é orbital (5a and 2B in Cy,) is
composed of 25b(s) + Shy (py) + [Sh» (p) — Shks (py)] and
[Sby (po) + Sk (p2) + Shs (p2)] — [Sk2 (s) + Shs (s) ]. The

1€’ orbital (2b and 1ain Cy,) is made up of Sp(py) — [She

(px) + Shs (py)] together with [Sb (px) — Shs (py)], and thus
contains an antibonding interaction between the 3 Sb atoms.
All the electronic states iDz, symmetry have (1% 2a'2 132

1€%) as a common core in their electronic configurations. The
2g'" orbital is doubly occupied in all states excépt'’. The

2E" state has 3 electrons in the''bebital, whereas théE' state

has three electrons in the'lebital.

Table 3 exhibits the leading configurations in the MRSDCI
wave functions of electronic states of,8t;. As shown,?B;
and?A; (Cy,) have (1a%2a23a24a210,211,221;:,?1&?) in com-
mon. The difference between the two states from the standpoint
of electronic configuration is in the occupations of &ad 3h.

The 5a orbital (2¢ orbital) is bonding between $land Sh
(or Shy) but antibonding between gland Sh. Since the 5a
orbital is doubly occupied in this state, it has shorter-Skb,
bonds (2.886 A) along the sides and longer-SBhs bonds
(2.921 A) along the base of the isosceles triangle. Meanwhile,
described above, the gbrbital consists of a repulsive interac-
tions along the sides of the isosceles triangle of & at the
2 In axial atoms perpendicular to the plane o§,Sbus leading
to longer Sb-Sb and In-In bond. This explains the higher
energy of2A;, which has doubly occupied gbthan of to
2B4(C,,), which has only 1 electron in 3b

The 22" orbital is doubly occupied in all states excép''.
This orbital contains a repulsive interaction between the 2 In
atoms and ar-bonding interaction between the 3 Sb atoms.
Hence?A," (Dsn), with only 1 electron occupied in 24 has
longer Sb-Sb bonds and shorter +in and In—Sb bond.

The differences in the properties ¢’ and2E’ arise as a
consequence of the occupancies of &ed 1€ orbitals. The
2¢€ orbital exhibits enhanced bonding between the 3 Sb atoms.
The 1¢' orbital, on the other hand, contains an antibonding
interaction between the 3 Sb atoms. With a full occupation (4
electrons) for 2ebut less occupancy (3 electrons) for'1éE"
exhibits shorter SbSh bonds with lower energy; tH&' state
exhibits an opposite trend.

Table 4 shows Mulliken population analyses for the electronic
states of IaSks. Most of the population trends discussed before
for InzShy, hold for In,Sks. The populations suggest iBb-
polarity of bonds for all the electronic states of$t. The Sb
(5p) populations are notably smaller than the corresponding
values for InShy. This is consistent with the fact that the charge
transferred from In atoms to Sb atoms is shared by 3 Sh atoms
in In,Shs, whereas 1gSk, the charge transfer from 3 In atoms
is shared by only 2 In atoms. Thus the extent of charge transfer
to each Sb atom is smaller in the case ofSiy.

As seen from Table 1, th8,; (Cy,) state has a positive dipole
moment; the?A; state shows a negative one. FopSkg, the
positive dipole moment means the positive charge is on Sb
and negative charges are on,8imd Sk. The positive dipole
moment of 1.11 D foPB; (Cy,) comes from a different charge
distribution on the antimony atoms, since the total population
on Sh (5.067) is smaller than those on Sénd Sh (5.487).
However, the total population on Sfor 2A; (5.449) is larger
than those on Shand Sh and thus gives a negative dipole
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moment 0f—0.45 D to?A;. All the electronic states in thHBan
form would have zero dipole moments because of the regular
structure of that form.

As observed in Table 4, thepopulation on Spfor 2B; in
the Cy, form is larger than the corresponding populatioiAf,
whereas thep population on Sbin 2B; is smaller than the
corresponding population 8A;. This is fully consistent with
the nature of the orbital. As pointed out earlier, the &dital
has enhanced $l§s) participation and is doubly occupied in
2B;. Certainly, this would lead to a largsmpopulation of Sh
in 2B;. However, because of the double occupancy of the 3b
orbital, which has enhanced 5p participation from Sb atoms,
2A1 exhibits a larger 5p population on Sb. Likewise, the orbital
analysis for the electronic states g, considered before
explains the larger 5s population on Sb atoms (2.016) in the
°E"" (Dsp) state than that of th#E’' (1.978), but the 5p population
on Sbh (3.190) ifE" is slightly smaller than that €’ (3.192).

Among all the states?’A," of In,Shs in Dz, symmetry has
the smallest 5s population on In. As learned before, th€ 2a
orbital is mainly [In (s) — In2 (s) + In1 (px) + In2 (px )], which
includes a contribution from the 5s of the indium atoms. The
2&'"" orbital is fully occupied by all the states exceét,”.

In computing the atomization energy and the adiabatic ioni-
zation energies for Ushb;, we found the dissociation energy
for the process

In,Sh, CE") — Shy(°A,) + 2In (P)

to be 6.35 eV. Combining this with the atomization energy of
Shs to yield 3 Sb {S) atoms, we obtained the atomization energy
of In,Shs; as 9.18 eV at the MRSDCI level. Previous theoretical
studies on Ip?2 and Sk revealed that the theoretical dissocia-
tion energy for In was in good agreement with the experimental
value, but for Sp the calculated. was ~30% smaller than
the experimental value. Consequently, we expect the actual
atomization energy for #$h; to be larger than 9.18 eV.

Table 2 shows the energy separations of four electronic states
of In,Sky*. Table 3 presents the leading configurations for the
electronic states of WSls™. As shown in these tables, the
calculated energy to remove a''lleighest occupied molecular
orbital electron fron?E" of the neutral 18Sk; is 6.39 eV with
three possible electronic statésy’, 'E', and!A,', formed as a
result of the ionization process. However, th®,' state is
decisively higher, being the second root of the computation in
C,, symmetry. Greater energy would be needed to remove an
electron from 2eof the 2E"" ground state of 158k to lead to
two excited electronic states, namefA," and *A;". From
the Mulliken population analyses shown in Table 4, there is a
significant decrease in the 5p populations of the Sb atoms caused
by the ionization because the removed electron comes frdm le
or 2€, depending on the electronic states of the positive ion,
both of which have Sb (5p) as their main components. Thus,
charge depletion of 5p of Sb atoms occurs in all the electronic
states of 1aShs™.

The ground state of the 48hbs~ anion and the electron affinity
of In,Sh; can be estimated. First the ground state of thSIbr
anion is predicted to b&A;' with regular trigonal bipyramid
with D3, symmetry. We expect EA(bShs) to exceed EA-
(In3Sky) primarily because the electron density can be shared
by 3 Sb atoms, all of which have greater EA than In. Using
the ratio of EA(InP,) and EA(InpP;) obtained by Xu et aP,
who used anion photoelectron spectroscopy, we estimate the
EA(In,Shs) to be >3.7 eV.
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Comparison of IngSh, and In,Shs 2.37 eV, respectively, greater than &' state, respectively.

In general, 6 electronic states insf are more openly spaced
than in ISk, mainly because th@weighted*S—2D separa-
tion34for Sb is 9317 cm?t, whereas the corresponding separation
for P is 11 371 cm’ The Mulliken population distribution
reveals other differences between thePirand ISk, clusters.
The gross s population of Sb is almost 2.0, suggesting the
inertness of the 3sshell of the antimony atom, whereas the
3¢ shell of the phosphorus atom is not inert (inPpthe s
populations of P for the electronic states are between 1.876 and
1.905). This is consistent with considerably larger relativistic
effects for Sb compared with P. The fact that only 5p orbitals
of Sb participate in the bonding of48h, has substantial impact
in the binding energies and other properties of thSkncluster.

All bond lengths of the electronic states offa are generally
much shorter than the corresponding bond lengths iSkn
For example, although the #rIn;—Inz bond angles in thés;
state of InP, (73.6°) and ISk, (73.8) are nearly the same,
the Im—In, and In—In3 bond distances of B> are 4.081 and
4.890 A, respectivelymuch shorter than the corresponding
values of InShy (4.428 and 5.315 A, respectively). This
suggests stronger +1n bonding interactions in k., which,
combined with the greater bond dissociation energy for the P
bond, leads to the atomization energy ofRnbeing greater

Let us compare our computational results fogSb and
InsSky. From Table 1, the In-Sb—In; angles for most of the
electronic states of $h; become obtuse, which means that
the 2 In atoms in IgSh; are widely separated. ThelaSh,—

In, and In—Sky—In, bond angles for théB; ground state of
In,Shy are 87.8 and 122.4, respectively. Evidently, the
bonding between the 2 In atoms in,8b; is very weak in

contrast to 1gShy, which has relatively shorter tan bond.

A critical comparison of the SbSb bond lengths in the
ground states of bSh; and ISk, reveals that both Sb-Sh,
(2.886 A) and Sp-Sh, (2.921 A) in the?B, state of InSh; are
longer than the S-Sk, bond (2.871 A) irtB; for InsShy, even
though there are more antimony atoms igSbs. This reveals
that the Sb-Sb interaction and not the +#Sb and Ia-In
interactions, predominantly governs the properties gSlpn
The stronger SbSb bonds result in very acute SHn;—Sh,
and Sh—In,—Sh, bond angles (53°3and 55.3, respectively)
in the ground state of §3hby. In IN;Shs, however, the Ir-Sb
interactions become considerably more influential for the energy
and other properties in comparison with-SBb and In-In
bonds. This is consistent with the longer-SBb and shorter
In—Sb bonds for théA," state of InSkhs.

The stronger SbSb interaction results in enhanced dissocia- than that for 1aSh,
tion energy of I3Sky into Inz (*Az) and 2 Sb{S), (that is, 8.25 850

eV, whereas the corresponding dissociation energy £8kin Although the .spectroscopic study Of, th¢3$h>2 cluster
into 2 In@P) + Shy is 6.35 eV. Although the final atomiza- apparently remains to be made, negative ion photoelectron

tion energy of InSh, (10.12 eV) is slightly greater than that of spectroscopic studies of mixed phosphide clusters have been

6—10 i i i
In,Sh; (9.18 eV), the latter value is probably less accurate since donet Mandich and co-worket$ carried out a photodis-

the technique underestimates the atomization energy-pt®&b sociation spectroscopic study of indium phosphide clusters
conclude that the stabilities of 48b, and InShs are quite composed of 5 to 14 atoms, and Xu e? abtained the electron
comparable. affinities of small InPy clusters x,y = 1—4) by using anion

Although the relativistic mass-velocity stabilization of thé 55~ Photoelectron spectroscopy. Both the ground and excited states

shell of the antimony atom was seen for all the electronic states f the neutral species have bﬁeen observed. In particular, the
of IngSky and InSh, there is slight difference betweens8ty photoelectron spectrum Ofdﬁz. shows two peaks very close
and InSh,. The s populations of Sb in 8hs are slightly larger to each other, consistent with the two nearly degenerate

than the corresponding values in®fy, whereas the p popula- electronic states obtained forsp. This seems to be in accord
tions of Sb in InSh; are uniformly smaller than the correspond- with the two nearly degenerate low-lying electronic states of

: : : it In3Sky, the energy separation between these two states being
ing values in 13Shy, which suggests that the relativistic mass- ' '3

velocity effect in InSh; is greater than that in 8k, as only 0.13 eV at the MRSPGIQ level of theory. T_hus 5P
anticipated by there being more Sb atoms isSks. This is and ISk, are analogous in some ways, but differ in others, as

further supported by the fact that the relative ordering of the noted above.

excited states of ish; changes at a higher level of theory, .

whereas the relative ordering of the electronic states sSkin Comparison of In,Sbs and In2P3

does not change. This is consistent with the fact that the electron  Tnere are many similarities between theRg In,Shs pairs

_correlation effects in Sb are more than i_n In, seSky is more and the 1aPs, InsShy pairs. Both possess tRE" and2E'(Dan)
influenced by electron correlation then is8. electronic states, which are well separated and underge-Jahn
Teller distortion to yield?B; and?A; states inC,, symmetry.
Because of the strong interaction among % P atoms and
Given that we had previously stud@dhe electronic states ~ weaker bonding between the 2 In atoms, the-A—In, bond
of a lighter analogue, §P,, we considered that a comparison angles are almost obtuse. The-Pi—Inz and In—P—In;
of the two species might be interesting. Both of these speciesbond angles for théB; state of InP; are 95.2 and 128.3,
have two closely spaced low-lying electronic staf; and respectively. The most striking difference betweegPirand
2E' in D3, symmetry and all the quartet states are well above InzSks is in the ordering of states. The lowest state gPyin
the lowesEE" state. Because of the increase in the atomic size the Dz, structure i’E"”", while 2A;" and?E' are 0.40 and 1.72
as the atomic number increases within a group, we expectedeV, respectively, above thé&€" state at the MRSDCI level.
that the R—In—P, angle would be more acute and the-Ia Although this ordering is maintained at all levels of the theory
and P-P bond lengths of P, shorter than to the corresponding  for InzPs, larger electron correlation effects in,8is change
bond angle and bond lengths iBt,. For example, as aresult  the order of théA;" state relative t8E'. Moreover, the energy

Comparison of IngSh, and In3P,

of the shorter P-P, bond (2.204 A) in theéB; state of InP,, separations in kBb; are generally smaller than those infa
the R—In;—P, and R—In,—P, bond angles are 45.2nd 47.2, As mentioned before, this is due to the smaleighted
respectively. 4S—2D separation.

Other notable differences exist between the two clusters. The From the Mulliken population analysis, we inferred that the
2E' and?A;’ and“E" (Dgan) states in 18P, are 0.40, 1.24, and s populations of P are 1.867.905, indicating the involvement
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of 3s orbitals of P in the bonding of 4R;, whereas the gross
population of Sb is almost 2.0, implying the inertness of the
5¢ shell of the antimony atoms, which is attributed to the mass-
velocity relativistic effect. Thus both the-#P and In-P bonds

in InoP; would be stronger than the Si$b and In-Sb bonds

in InoShs.  Accordingly, the atomization energy of ;i is
greater than in I58h; because of the stronger+#P and Ir-P
bonds in InPs.

Van Zee et al?investigated the matrix-isolated ESR spectra
of GgAssz in Ar and Kr matrixes. Comparing their results with
those for the isovalent ¥$h; computed here is of interest.
The matrix ESR spectra suggested thatA3ais in a doublet

spin state with a hyperfine structure consistent with 3 equivalent

As atoms arranged in a regular trigonal bipyramidal structure.
This is in accord with our picture for }8h; at the MRSDCH#Q
level of theory, which predicts the lowest state to e’
with an idealD3;, structure. However, their findings differ from
ours for InPs, which exhibits &B; ground state in a distorted
trigonal bipyramidal form inC,, symmetry, even though the
Dsn state is quite close in energy. Thus, we expect there is
some similarity between GAsz and InpShs, but InpP; differs
from GaAss; in this aspect.

The observed spectrum of Xu et®dor In,P;~ exhibits two
closely spaced peaks, which may correlate &t and?A,".
We have found that the lowest state 0§3y in D3, Structure
is 2A,", but2E"" is only 0.13 eV aboveéA;" at the MRSDCI
level. Thus the picture for b3 is probably similar to 1pShs.
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