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The electronic and geometrical structures of the lowest triplet states of (GaAs), clusters (n = 2—16) are
studied using density functional theory with generalized gradient approximation (DFT-GGA). It is found that
the triplet-state geometries are different from the corresponding singlet-state geometries; for n = 2—38, 10,
and 11, the triplets and singlets have different topologies, while the (GaAs)y, (GaAs)2, (GaAs)s, and (GaAs);e
triplets possess a reduced symmetry, due to Jahn—Teller distortions. Except for GaAs, the singlet states are
the ground states. Excitation energies and oscillator strengths are computed for excitations from the ground
state to ten singlet states of all (GaAs), clusters using time-dependent density functional theory. The adiabatic
singlet—triplet gap is compared to the vertical gap, and the difference in the eigenvalues of the highest-
occupied and lowest-unoccupied molecular orbitals (the HOMO—LUMO gap). While these three values show
large oscillations for small 7, they approach each other as the cluster size grows. Thus, the HOMO—-LUMO
gap computed using the DFT-GGA approach presents a rather reliable estimate of the adiabatic singlet—triplet

gap.

I. Introduction

Nanosized GaAs quantum dots have many potential applica-
tions that include optoelectronic sensors,'? in vivo imaging for
medical diagnostics,’> quantum computing,* solar cells,’> and
nonlinear optics.® Because injection of Mn into GaAs produces
diluted magnetic semiconductors,” doped GaAs nanoparticles
are expected to be useful in spin-based electronics® or spintronics.

With numerous possible applications, (GaAs), clusters have
been the subjects of a number of experimental and computational
studies. On the experimental side, photoionization of neutral
Ga,As,, (n + m = 5—25) have shown® even—odd alternation
in ionization properties of these clusters. Photofragmentation
of positively charged Ga,As,, " (n + m < 31) have shown!?
these clusters to lose one or a few atoms rather than splitting
into large fragments. Photoabsorbtion spectra and static electric
dipole polarizabilies were obtained for Ga,As, (n + m =
4-80)!' and Ga,As, (n + m = 5-30),'>13 respectively.
Photodetachment spectra are reported'* for small Ga,As,,~
anions (n + m < 5).

Theoretical studies were performed using different methods
for singlet states of Ga,As,, (n + m < 16) and (GaAs), (n < 9)
clusters. Graves and Scuseriald studied (GaAs), (n = 2—4); Lou
et al.'® studied Ga,As,, (n + m <10); Liao and Balasubrama-
nian'” computed the structure of (GaAs),; Andreoni'® studied
(GaAs), (n = 2—5); Song et al.'? studied (GaAs), (n = 2—4);
Yi2 studied (GaAs), (n = 2—6); Zhao et al.2'=23 studied
(GaAs)s, (GaAs)g, and (GaAs)g; Costales et al.2* studied (GaAs),
(n = 1-3); BelBruno® studied Ga,As,, (n + m < 8); Sun et
al.2® studied (GaAs)g; Karamanis et al.?” studied (GaAs), (n =
2—6,8); Zhao et al.?® studied (GaAs), (n = 2—9); Feng et al.?
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studied Ga,As,, (n + m < 16); Karamanis et al. studied (GaAs),
(n =2-9). We reported’ the results of computations on doped
(GaAs),,Mn,, and (GaAs),,Fe, (im = 2—4, n = 0—3).

Electric dipole polarizabilities and/or hyperpolarizabilities of
(GaAs), have been studied by several groups. Korambath and
Karna’! computed dynamic (hyper)polarizabilities of Ga,As,,
(n, m = 1,3,4); Torrens®* computed static polarizabilities of
(GaAs), for n = 2—8 at assumed geometries; Lan et al.3
considered dynamic (hyper)polarizabilities of Ga,,As, for n +
m < 10; Karamanis et al.>’ and Zhao et al.?® computed static
polarizabilities of (GaAs), for n = 2—6, 8 and n = 29,
respectively; Maroulis et al.>*3 performed a detailed study of
dynamic hyperpolarizability of (GaAs), and differential polar-
izabilities of (GaAs), clusters for n = 2—5.

In our previous work,® we focused on the singlet states of
(GaAs), and the structure of their positively and negatively
charged ions for n = 2—15. The work described in this
manuscript concentrates on optical properties (GaAs), (n =
2—16) and the adiabatic values of the singlet—triplet gap, which
require an additional search for the lowest energy triplet states.
These detailed triplet calculations confirmed that the GaAs
clusters, excluding the dimer, have a singlet ground state. To
aid future work on optical excitations of GaAs-based Q-dots,
we report the excitation energies and oscillator strengths (f
values) to the 10 lowest excited singlet states computed using
the time-dependent density functional theory (TDDFT) technique.3”~
Finally, we note that GaAs has a 32~ ground state, so the loss
of GaAs could leave the product (GaAs),—; cluster in the triplet
state, which is studied in the present work.

II. Computational Details

Computations were performed using the Gaussian 0340
program systems using the 6-311+G* basis set*! (16s14p6d)/
[9s8p3d] for the all-electron calculations and the cc-pVDZ-PP
basis set*? (8s7p7d)/[4s3p2d] for the 10-core electron
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TABLE 1: Comparison of the GaAs Ground-State Spectroscopic Constants Obtained Using Different Methods and Two Basis

Sets with Experimental Data

GaAs, 3=~
basis 6-311+G* 6-311+G(3df)
method Te (A) w.e (cm™) Dy (eV) Te (A) e (cm™) Dy (eV)
BPWOI1 2.59 205.9 2.03 2.58 206.9 2.08
B3PWI1 2.57 213.1 1.98 2.56 214.2 2.02
B3LYP 2.59 206.3 2.01 2.58 207.2 2.06
TPSSTPSS 2.58 208.9 2.08 2.57 209.9 2.12
MP2 2.59 211.6 1.44 2.53 224.8 1.78
CCSD(T) 2.61 203.8 1.49 2.55 218.1 1.85
exptl” 2.53 +0.02 215 2.06+ 0.05 2.53 +£0.02 215 2.06 + 0.05

4 Reference 44.

TABLE 2: Comparison of the BPW91-, B3PW91-, B3LYP-, and TSSPTSSP-TDDFT Excitation Energies and Oscillator
Strengths Obtained for the (GaAs)s Ground State Using the 6-311+G* Basis Set and Geometries Optimized at the

Corresponding Level of Theory”

(GaAs), 'Ay(Cy)

BPWOI1 B3PWI1 B3LYP TSSPTSSP
state AE f state AE f state AE A state AE f
A, 1.70 0 A, 1.77 0 A, 1.78 0 A, 1.75 0
Ay 1.90 8 Ay 2.06 8 Ay 1.93 7 Ay 2.03 8
A, 2.10 0 A, 2.24 0 A, 2.11 0 A, 2.24 0
A, 2.17 208 A, 2.27 175 Ay 2.26 156 Ay 2.26 273
A, 2.36 0 A, 2.51 0 A, 2.36 0 A, 2.52 0
A, 2.57 100 Ay 2.75 95 A, 2.63 86 Ay 2.72 133
Ay 2.74 15 A, 291 0 A, 2.88 0 Ay 2.80 23
A, 2.75 0 A, 2.94 21 Ay 291 134 A, 2.81 0
A, 2.87 0 A, 3.04 0 A, 2.98 0 A, 2.96 0
A, 2.94 173 A, 3.08 182 Ay 3.06 66 Ay 3.07 219
Oleluster 5.06 4.98 5.13 4.99
Ae 1.44 2.42 2.46 1.49
time 3.32.32 3.58.38 3.45.02 5.39.00

@ State is the final excited state, AE the excitation energy in eV, f the oscillator strength, Quser the static electric dipole polarizability per
atom ['/3(Qut Qy,y T 0)/8] in A3, Ae = eumo — €nomo the HOMO—LUMO gap in eV, time in hours.minutes.seconds for the TDDFT
computation with Nstates = 10 on the same node (Pentium IV, 1867 MHz).

ECP10MDF?* calculations of (GaAs), clusters with n > 9. For
(GaAs)o, computations are performed using both variants to
estimate the reliability of the ECP approach.

Since experimental spectroscopic constants are known** for
the ground X 33~ state of GaAs, calibration calculations are
performed using the pure DFT BPWO91,%4¢ the hybrid
HF-DFT#"#8 functionals B3PW91 and B3LYP,* the recently
developed®® 7-dependent gradient-corrected TPSSTPSS func-
tional along with post-HF second order perturbation theory?!
(MP2), and coupled-cluster with singles and doubles and
noniterative triples CCSD(T)>>3 methods.

To evaluate the influence of basis set extension, we performed
the same set of calculations using the 6-311+G(3df) basis set
(16s14p8d1£)/[9s8p5d1f]. The results of these calibration cal-
culations are presented in Table 1. As is seen, the results of the
computations provide rather similar spectroscopic constants
when the 6-311+G* basis set is used with the best fit to the
experiment at the B3PWO1 level. Augmenting the basis set leads
to a better agreement with the experiment for the post-HF
methods, while hardly affecting the results of the DFT-based
methods.

To evaluate the BPW91, B3PWO91, B3LYP, and TPSSTPSS
functionals in the TDDFT computations, we chose the ground-
state (GaAs)s cluster of C; symmetry and used the 6-311+G*
basis. As is seen from Table 2, all 4 methods provide the same
order of the excited states except for swapping of the closely
spaced seventh and eighth excited states (A, and 'A,) at the

hybrid HF-DFT levels of theory. The excitation energies
obtained using all 4 methods are rather similar, with the largest
deviation smaller than 0.2 eV. The largest difference in the static
electric dipole polarizabilities is 0.15 A3 (about 3%). The
difference in the orbital energies of the highest-occupied
molecular orbital and lowest-unoccupied molecular orbital (the
HOMO—LUMO gap) is similar for the BPW91 and TPSSTPSS
approaches and for the two hybrid HF-DFT approaches;
however, the partial inclusion of the Hartree—Fock exchange
results in the gap for the hybrid HF-DFT functionals differing
significantly from that for the BPW91 and TPSSTPSS func-
tionals. Since our next goal is to dope the (GaAs), clusters with
3d metal clusters, we chose the BPWO91 functional because this
functional is stable>* in vibrational frequency calculations that
allow the use of standard integration grids. We have also found>*
that the BPW91 functional is superior to the B3LYP with
multiple transition metals. The BPW91/6-311+G* and BPW91/
cc-pVDZ-PP levels of theory were calibrated for GaAs in our
previous study.? It was found that the ECP results are in good
agreement with the all-electron results.

As previously discussed,® there are many low-lying structures
for each (GaAs), cluster, and therefore finding the ground state
can be very challenging. While a quasi-random generation of
geometries would seem to avoid any possible bias in the starting
geometries, it is not practical. We therefore maximize the
possibility of finding the true ground-state structure by starting
the geometry optimizations from a number of different initial
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(GaAs)4 Triplets

M=3 +0.75 eV M=3 +085 eV

M=3 +0.57 eV

M=3 +0.32 eV M=3 +0.30 eV

l\[’__ =8 -

M=3 +0.13 eV

1]

M=3 +0.17 eV

M=3 +0.01 eV
) As atom ® Gaatom M=2S+1

M=3 0.0 eV

M=3 +0.12 eV

Figure 1. The lowest-energy triplet states optimized for (GaAs). Red
wide lines show the bonds between atoms of the same type.

(GaAs)qg Triplets

M=3 +0.11 eV M=3 +0.14 eV
(L) Asatom @ Gaatom M=2S+1

M=3 0.0 eV

Figure 2. The lowest-energy triplet states optimized for (GaAs);o. Red
wide lines show the bonds between atoms of the same type; brown
and green lines show bonds for two- and four-coordinate atoms.

geometries that span a large number of shapes but still account
for the nature of the bonding. These include various (GaAs),
singlet and ion geometries obtained in our previous search,
which include the topologies of isovalent (BN), clusters that
were studied by Strout>>-¢ for n = 8—12, (GaAs), geometries
published in the works of others, adding GaAs units to smaller
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Figure 3. The ground singlet and lowest-energy triplet states of
(GaAs), for n = 2—6.

clusters, deleting GaAs units from larger clusters, and bulklike
clusters that were formed by cutting different pieces from zinc
blend lattice. One should note that, unlike carbon fullerenes®’
that are composed of hexagons and 12 pentagons, (BN), and
(GaAs), fullerenes are composed of hexagons and rhombi if
only B—N (or Ga—As) bonds are allowed. These fullerenes
contain exactly 6 rhombi; the number of hexagons is n — 4,
except for n = 5, where no fullerene structure exists. We also
optimized structures containing Ga,Ass and As,Gaz pentagons.
Each geometry optimization was followed by an analytical
second derivatives calculation of the harmonic vibrational
frequencies to confirm that the optimized geometry corresponds
to a minimum. In most cases, a dozen or more trial geometries
were used in our search for the geometries of the lowest energy
states.

The adiabatic singlet—triplet separations are computed at the
DFT level and include the zero-point vibrational energies
(ZPVE). For the vertical singlet—triplet separation, we use the
TDDEFT approach because of convergence problems for some
triplet states at the high symmetry singlet geometries. We
computed excess electron spin densities at the atoms in the triplet
states using the Mulliken®® population analysis. The excess
electron spin densities obtained using the natural bond orbital
code® based on natural atomic orbitals are essentially the same.

III. Results and Discussion

First, we present the geometrical configurations for the lowest
triplet states of the (GaAs), clusters for n = 2—16, which we
compare with our previous results for the singlet states (n.b.
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(GaAs),, Singlet
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Figure 4. The ground singlet and lowest-energy triplet states of
(GaAs), forn = 7-9.

the singlet state for n = 16 was not reported previously). Next,
we present the results of our TDDFT computations for the
singlet—singlet excitations and adiabatic singlet—triplet excita-
tion energies.

To gain insight in the inhomogenuity of the electronic
distributions, we show in Figures 3—7 the excess electron spin
densities of the atoms that are larger than 0.2 e. The sum of the
excess electron spin densities is equal to the number of unpaired
electrons and therefore is 2 for the triplet states (n.b. the sum
of our values are not exactly two since values less than 0.2 e
are not reported). Bond lengths are given in angstroms, with
the bonds between atoms of the same type given as wide red
lines. For clusters with no symmetry, we give the spin
multiplicity following “M =”. In Figures 3—7, the zero of
energy is set to the singlet ground state.

Harmonic vibrational frequencies of the ground singlet states
of the (GaAs), clusters are rather similar and fall in the range
from ~40 to 300 cm™!. Vibrational frequencies of the lowest-
energy triplet states shown in Figures 3—7 are smaller than those
of the corresponding ground states. For example, the singlet
vibrational frequencies of (GaAs);s fall between 42.4 and 297.3
cm™!, while the triplet vibrational frequencies are between 31.6
and 287.7 cm™!. Vibrational frequencies computed at the ECP
level are somewhat smaller than those computed using the all-
electron basis set. For example, the vibrational frequencies of
singlet (GaAs)y computed at the ECP level are 3—7 cm™!
smaller than those computed at the all-electron level, which
correlates with the bond lengths being 0.01 to 0.03 A longer at
the ECP level.

A. Geometrical Configurations. To demonstrate the com-
plexity of the search for the lowest-energy state, we displayed
the geometrical configurations of the triplet states optimized for
(GaAs)4 and (GaAs)p in Figures 1 and 2, respectively. The
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(GaAs),

Singlet

M=3 +0.52 eV

1Ag(Ty,) 0.0 eV 383 (Dgn) +0.83 eV

() As atom @ Ga atom M=25+1

Figure S. The ground singlet and lowest-energy triplet states of
(GaAs), for n = 10—12.

geometry optimizations were performed without imposing
symmetry constraints, and all of the states were confirmed to
be the local minima by the results of the corresponding
vibrational frequency calculations. As is seen from Figure 1,
there are 11 triplet states within 0.75 eV of the lowest energy
triplet state, with rather different geometrical structures. Note
that the lowest triplet state, which is composed of 6 rhombi,
actually has Cj, symmetry and was reoptimized with C,
constraints in Figure 3.

For the (GaAs)jp cluster, we considered both cage and
bulklike structures, where four-coordinate atoms are presented.
These bulklike structures were obtained from optimizations of
clusters taken from zinc blend bulk structures. As is seen, the
states corresponding to both fullerenes (6 rhombi and 6
hexagons) possess higher total energy than the state whose
geometry is formed by adding a dissociated GaAs dimer to the
ground (GaAs)g structure. While we performed geometry
optimizations starting from numerous geometries for both the
singlet and triplet states, we should note that there is some
possibility that we have not found the lowest states of both spins.

Figure 3 displays the lowest energy triplet states of (GaAs),
for n = 2—6 optimized in this work along with the singlet
ground-state structures determined previously. The singlet and
triplets have different geometric structures; in some cases the
difference is relatively small, while in others there are significant
changes. Consider the case of (GaAs)s, where the singlet has a
structure with three Ga—Ga bonds and one As—As bond, while
the triplet has only Ga—As bonds. The excess spin densities
are distributed rather inhomogeneuosly. For example, in
(GaAs)3, one Ga has an excess spin of 0.6 e, while another has
only 0.2 e, and one pair of As atoms has 0.4 e, while one As
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Figure 6. Two lowest-energy singlet and triplet states of (GaAs)3
and (GaAs)4.
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3a' (C,) +1.02 eV 3A(C,) +1.08 eV
Fullerene Fullerens

() As atom @ Ga atom M=2S+1

Figure 7. Two lowest-energy singlet and triplet states of (GaAs);s
and (GaAs)i.

has no essential excess spin. The triplet state of (GaAs)e has
the geometrical structure composed of 6 rhombi and 2 hexagons
and represents the smallest BN-type fullerene.

The lowest-energy triplet of (GaAs); has one pair of GazAs,
pentagons, in contrast with the singlet ground state that has two

Gutsev et al.

pairs of GapAss and GazAs, pentagons, see Figure 4. The lowest
triplet state of (GaAs)g has a fullerene topology comprised of 3
pairs of edge-sharing rhombi separated by 4 hexagons while
the singlet ground state has two pairs of GayAs; and GazAs;
pentagons. However, it should be noted that the singlet fullerene
structure is only 0.02 eV higher in energy. While the singlet
fullerene has S symmetry, the symmetry is lower for the triplet
state, and our optimizations were performed without imposing
symmetry constraints. Strout> found a similar fullerene topology
for the (BN)g singlet ground state. The ground-state geometrical
structure of (GaAs)y is similar to that found by Strout>® for (BN)g
and possesses a fullerene topology. The triplet state of (GaAs)g
has a similar geometrical configuration that is slightly distorted
to Cy; symmetry due to the Jahn—Teller effect.

The lowest-energy triplet state of (GaAs)jp has one four-
coordinate As atom and one two-coordinate Ga atom that carry
a rather large excess spin density (see Figure 5). The singlet
state with the same topology is higher than the singlet ground-
state by 0.12 eV, while the lowest-energy singlet state with a
fullerene topology is above the ground-state by 0.26 eV. These
energies are to be compared to the corresponding triplet energies
presented in Figure 2.

The lowest-energy triplet state of (GaAs);; has a fullerene
geometry shown in Figure 5. This is different from the singlet
ground-state structure that includes two pairs of GayAss and
GazAs, pentagons. However, there is a singlet fullerene structure
that is only 0.02 eV above the ground state. Such a fullerene
structure, where six four-member rings are arranged as two edge-
sharing pairs and two isolated rhombi, is also found> for the
ground-state of (BN);;. The (GaAs);, ground-state geometry
has a fullerene topology similar®-%%6! to that of (BN);,. It has
T, symmetry where 6 rhombi are all separated by 8 hexagons.
The lowest-energy triplet state of (GaAs);» has a fullerene
geometry as well, but it has lower symmetry due to a
Jahn—Teller distortion.

Both ground singlet and lowest-energy triplet states of
(GaAs);3 have geometrical configurations that contain one
GayAss and one GazAs; pentagon (see Figure 6). The triplet
(singlet) state with a fullerene geometrical configuration is 0.25
eV (0.16 eV) above the two-pentagon structure. Thus, (GaAs);3
is somewhat different from the smaller clusters, where the triplet
states favor the fullerene structure relative to the singlet states.
(GaAs)y4 is different again, with both its triplet and singlet states
favoring a fullerene structure of C; symmetry with 2 edge-
sharing rhombi and 4 separated rhombi. A similar ground-state
topology was found®? for (BN)4 as well. The singlet and triplet
states with two pairs of GapAs; and GazAs, pentagons are 0.10
and 0.11 eV, respectively, above the fullerene.

The singlet ground-state of (GaAs);s has the topology of a
fullerene with 6 separated rhombi and possess Cs, symmetry
(see Figure 7). The lowest-energy triplet state has a similar
structure, but its symmetry is reduced to C, due to a Jahn—Teller
distortion. The singlet and triplet states of (GaAs);s with the
geometrical configuration containing two pairs of GayAss and
GasAs; pentagons are 0.45 and 0.44 eV, respectively, above
their fullerene counterparts.

The ground-state of (GaAs)is has the fullerene topology
presenting a truncated octahedron, similar to that found®%* for
(BN)16. The lowest energy triplet state geometry has the same
topology, but its symmetry is reduced to C,. The singlet and
triplet states possessing a fullerene topology of C; symmetry
with 6 separated rhombi but placed differently than in the 7y
fullerene are higher in energy by 0.21 and 0.06 eV, respectively
(see Figure 7). The singlet and triplet states possessing a
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TABLE 3: Transition Energies (in eV) and f Values (x10%) for the Ten Lowest Singlet States from the Ground-State (GaAs),

Clusters Obtained from All-Electron TDDFT Computations

state AE f state AE f state AE f state AE f
(GaAs)» (GaAs)s (GaAs), (GaAs)s

1A, 1.33 0 A 2.34 77 1A, 1.69 0 A 1.89 22

By 1.53 0 N 2.53 11 1A, 1.89 8 A 2.01 25

By 2.60 0 A 2.57 10 1A, 2.09 0 N 2.12 2
Bs, 2.67 276 N 2.62 9 1A, 2.16 127 A 2.13 46
By 3.23 0 N 2.75 1 1A, 2.36 0 A 2.28 26
B3y 3.37 0 A 3.10 42 1A, 2.57 66 N 2.32 25

1A, 3.52 0 A" 3.25 0 1A, 2.74 12 A 2.37 14
Biu 3.57 107 N 343 6 1A, 2.74 0 N 2.37 12
By 3.63 0 A 3.48 119 1A, 2.86 0 A 2.45 57

By 3.81 176 A" 3.55 0 1A, 293 117 A" 2.47 25

(GaAs)g (GaAs); (GaAs)g (GaAs)y

'B 1.23 9 A 1.49 6 A 1.12 13 A 0.94 0

A 1.39 0 A 1.60 25 A 1.34 19 'E"(2) 1.00 0

A 1.49 21 A 1.75 13 A 1.40 17 'E'(2) 1.29 32x2
A 1.54 3 A 1.95 3 A 1.64 2 'E"(2) 1.53 0

'B 1.64 26 A 2.02 0 A 1.73 8 TA" 1.75 48

'B 1.77 100 A 2.10 6 A 1.77 2 A 1.78 0

A 1.88 2 A 2.12 1 A 1.81 35 'E'(2) 1.81 75 x 2
'B 2.03 15 A 2.24 70 A 1.90 8 'E"(2) 2.14 0

'B 2.10 3 A 2.30 45 A 2.00 13 A" 2.16 5

A 2.26 4 A 2.31 18 A 2.01 21 'E'(2) 2.31 88 x 2

TABLE 4: Transition Energies (in eV) and f Values (x10%) for the Ten Lowest Singlet States from the Ground-State (GaAs),

Clusters Obtained from ECP TDDFT Computations

state AE f state AE f state AE f state AE f
(GaAs)y (GaAs)o (GaAs) (GaAs)n

A 1.03 0 A 1.14 12 A 1.08 8 T.(3) 1.00 0

E"(2) 1.12 0 A 1.29 21 A 1.17 11 E.(2) 1.42 0

'E'(2) 1.39 29 x 2 A 1.40 8 A 1.38 8 Tu(3) 1.47 7x3

E"(2) 1.65 0 A 1.46 5 A 1.44 17 To(3) 1.59 0

A 1.85 0 A 1.53 4 A 1.52 13 Tu(3) 2.13 226 x 3

A" 1.88 41 A 1.60 10 A 1.63 15 T(3) 2.30 0

'E'(2) 1.91 74 x 2 A 1.73 13 A 1.65 18 Eq(2) 2.38 0

E"(2) 2.25 0 A 1.80 18 A 1.74 1 Tu(3) 2.44 21 x 3

A" 2.31 9 A 1.89 50 A 1.85 10 T.(3) 2.67 0

'E'(2) 243 64 x 2 A 1.94 30 A 1.95 8 T.(3) 2.75 0.015(3)
(GaAs); (GaAs) iy (GaAs);s (GaAs) 6

N 1.19 140 A" 0.99 1 'E"(2) 1.04 0 Ti(3) 1.12 0

A" 1.32 11 A 1.00 24 A 1.25 0 Ti(3) 1.38 0

A" 1.42 1 A" 1.17 1 A" 1.41 20 A, 1.65 0

A 1.51 8 A 1.30 38 'E'(2) 1.54 6x2 T2(3) 1.88 24 x 3

A" 1.55 18 A 1.48 7 'E"(2) 1.56 0 'EQ2) 1.88 0

A" 1.68 0 A" 1.50 11 A" 1.63 0 Ti(3) 1.92 0

A 1.73 16 A" 1.53 6 'E"(2) 1.69 0 T2(3) 2.14 17 x 3

A" 1.82 1 A" 1.56 6 A" 1.81 5 1A, 2.24 0

A 1.83 0 A 1.57 3 'E'(2) 1.87 9x2 T2(3) 2.31 246 x 3

A 1.88 59 A" 1.60 6 'E'(2) 2.14 51 x2 Ti(3) 2.50 0

geometry that contains one Ga,As; pentagon and one GazAs;
pentagon (similar to (GaAs);3 shown in Figure 6) are higher
by 0.78 and 0.38 eV, respectively.

B. Optical Properties and Singlet—Triplet Separations.
The results of the triplet-state optimizations of this work combined
with our previous results on the singlet states®® do confirm that
the small (GaAs), clusters have the singlet ground states, except
for the GaAs dimer whose ground state is a triplet. Therefore, we
compute only the singlet—singlet optical transitions using the
TDDFT approach. We should note that the TDDFT results have
previously been reported for the smaller GaAs clusters: Vasiliev
et al.%% computed optical excitations of Ga,As,, clusters for n +
m = 10 using a local spin density approximation (LSDA), while
Zhao et al.”® used the Perdew—Burke—Ernzerhof (PBE) exchange
correlation potential for (GaAs), (n = 2 —9).

Our TDDEFT calculations for the first 10 singlet—singlet
transitions were performed at the geometries of the ground

singlet states. The all-electron BPW91/6-3114+G* level is used
for n = 2—9, while the ECP BPW91/cc-pVDZ-PP level is used
for n = 9—16; the results are presented in Tables 3 and 4,
respectively. Comparison of the values obtained for (GaAs)o
using both approaches reveals that the ECP transition energies
are nearly uniformly shifted by 0.1 eV to larger values. For the
high-symmetry species, many transitions have zero f values, as
expected, due to the electric dipole selection rules. For the
smaller clusters, our values for the first transition energy are
similar to those obtained by Zhao et al.”® The lowest excitation
energy oscillates for the smaller clusters, settling down to 1.07
4 0.13 eV by n = 8. The lowest-energy transitions with nonzero
f values are given in bold in the tables. They start off at 2.67
eV for (GaAs), and decease rapidly with increasing cluster size,
such that by n = 6 the value is about 1.2 £ 0.2 eV, with
exceptions for (GaAs); (1.49 eV), which is just outside this
range, and the high-symmetry (GaAs)¢ (1.88 eV), which is
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TABLE 5: Properties of (GaAs), Clusters Computed at the BPW91/6-311+G* Level for n = 2—9 and ECP10MDF/
cc-pVDZ-PP Level for n = 9—16

Gutsev et al.

all electron effective core

n 2 3 4 5 6 7 8 9 9 10 11 12 13 14 15 16

S—S transition’, eV 267 234 189 1.89 123 149 1.12 129 139 1.14 1.08 147 1.19 1.00 1.41 1.88
HOMO—-LUMO 126 2.10 144 176 118 132 1.06 098 088 1.08 1.03 099 1.03 097 1.02 1.11

AS—T) eV vertical 1.09 179 123 162 1.13 120 1.00 091 081 099 097 096 095 093 099 1.09
adiabatic 0.69 091 0.67 087 046 0.77 0.64 0.64 0.66 052 0.56 0.83 059 0.80 091 1.02

@ S—S transition is the energy of the first singlet—singlet transition with nonzero f value.

significantly larger. The strength of the transitions is quite
variable: in general, the lowest allowed transitions are weak,
but there are exceptions, for example, for (GaAs); and (GaAs);3,
where the first allowed transition is the strongest one. As noted
by Zhao et al.,”® for the clusters (GaAs)y and smaller, the
transitions vary significantly from cluster to cluster, and that is
also true for the larger clusters considered in this work.

The singlet—triplet separations are computed using three
approaches: the adiabatic values are obtained as the difference
in total energies of the singlet ground-state and the lowest-energy
triplet states, which are given in the figures, the vertical values
obtained using the TDDFT method, and as the difference
between the eigenvalues of the highest occupied and lowest
unoccupied molecular orbitals for the singlet ground state. These
three sets of the results are given in Table 5. Given the difference
in the singlet and triplet geometries, the difference between the
vertical and adiabatic values is not unexpected. However, the
use of the TDDFT approach, used to avoid convergence
problems, for the vertical value could also be contributing to
some of the difference. The vertical value appears to be
converging to a value of about 1.1 eV (n.b. the ECP values
should be increased by about 0.1 eV). The HOMO—LUMO
gap is in reasonable agreement with the vertical value and
supports its use in qualitative studies,%” where (GaAs), clusters
up to n = 100 were studied using a tight-binding DFT
approximation and assumed geometries.

As the cluster size increases, it might be expected that the
singlet—triplet separation and the energy of the first dipole-
allowed singlet—singlet transition would converge to the bulk
value of 1.424 eV. While our vertical singlet—triplet separation
and first dipole-allowed singlet—singlet transition are relatively
stable for clusters bigger than (GaAs)e, the larger singlet—singlet
value for (GaAs);e suggest that still larger clusters are required
to approach the bulk limit for these properties.

IV. Summary and Conclusions

The results of our computations performed using density
functional theory with generalized gradient approximation (DFT-
GGA) for the triplet and singlet states of the (GaAs), clusters
for n = 2—16 allow the following conclusions:

(1) All of the (GaAs), clusters for n > 1 have a singlet ground
state.

(i1) All atoms in the ground-state geometries of (GaAs), for
n > 5 are three coordinate, and there is a competition between
the states possessing fullerene geometries, comprised from
hexagons and rhombi, and the states whose geometrical
structures contain Ga,As; and GazAs; pentagons. The notable
exception is presented by the lowest energy triplet state of
(GaAs) o where one atom is four coordinate and another one is
two coordinate.

(iii) In general, the triplet states favor the fullerene structure
more than the singlet states.

(iv) The vertical singlet—triplet separation obtained using the
TDDFT method rapidly converges to about 1 eV with increasing
cluster size. Since the singlet and triplet states have different
geometries in general, the adiabatic singlet—triplet separation
is smaller, although the difference appears to be decreasing with
the cluster size.

(v) The energy of the lowest dipole allowed singlet—singlet
transition initially decrease with increasing cluster size, reaching
a value of 1.2 + 0.2 eV by (GaAs)s, with exceptions for (GaAs);
(1.49 eV) and (GaAs)e (1.88 eV).

Our prediction of singlet ground states for these clusters is
probably best tested using an electron spin resonance experi-
ment, which should detect any unpaired electrons. The experi-
mental confirmation of the singlet geometrical structure could
be obtained using the ionization energy reported in our previous
paper and the electronic excitation energies and f values reported
in this work. We hope that the results obtained in this and
previous work will encourage experimentalists to study these
fundamentally interesting GaAs clusters.
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