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Geometries, Electronicg-tensor Elements, Hyperfine Coupling Constants, and Vertical
Excitation Energies for Small Gallium Arsenide Doublet Radicals, GgAsy (x +y = 3, 5)
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Geometries of the gallium arsenide doublet radicals GaB&As, GaAss, GaAs,, GaAs, and GaAs were
optimized by the B3LYP/6-31HtG(2df) method and compared with literature values. For the global minimum,
as well as for isomers lying up to 0.2 eV higher, hyperfine coupling constants (HFCC) and electron-spin
g-tensors were calculated. For HFCCs the B3LYP/6-8G{2df) method was used, whereas fptensors
second-order perturbation calculations with multireference configuration interaction wave functions and a
valence triple§ basis set with polarization functions (TZVP) were performed. Generally, due to the low
s-spin and high p-spin densitiess, values are small, andyp's large. Theg-shifts (Ag = g — ge) are on the

order of 100 000 ppm, caused by large spambit couplings and low excitation energies. For the experimentally
known GaAsz, values calculated for thBg, structure are A's in MHz, Ag's in ppm) As(®°Ga) = 1325
(1524); Aiso("°As) = —23 (65); Auip(®%Ga) = 65 (87); Agip("°As) = 36 (0); Agn = —73 410 (-82 300); and

Ag, = 6460 (0), with magnetic parameters derived from the experimental values in parentheses. Mulliken
spin densities are shown to be a good measurpivalues. Vertical excitation energies, as obtained from
the g-tensor calculations, are also tabulated.

1. Introduction calculations were performed for all that lie within 0.2 eV of
) the global minimum.

T.O date there have been f(_aw experimental electron paramag- p e g the scientific and industrial significance of -&as
netic resonance (EPR) studies _on—ﬂl (group 13-group 15 semiconductors, as well as the role played by EPR spectroscopy
binary compounds) doublet radicals. To our kr;owledge, such j probing structures and defeét$,the present study is intended
work has been rep(_)rted only fqr BNEnd GaAs.2 For trlplgt to build a base of information, starting with the smallest GaAs
or quartet IH_Y r_aglcals, experlmfn_taLEPR data are av_a|lab|e radicals and moving to larger ones, eventually including clusters
for_QaA§ (X*27)* and GaP (X*27). SFor t_)ulk maétenals, large enough to allow for the modeling of defects. In addition
antisite defects (e.g., GaAl,GaAs,> Pea In GaP; Asca to providing numerical results of use to EPR spectroscopists,

in GaAs/ and R, in InP) and Ga-vacancies in electron- o giscuss HECCs angHtensors as to their origin and their
irradiated GaPhave been characterized by EPR spectroscopy. relation to other parameters

However there have been many theoretical studies on the
electronic states and structures of.&g, radicals. Of interest 5 Methods
to this work are the neutral doublet radicals GaXs!®
GaAs, 1012714 GgAs;, 1316718 GgAs,, 1318 GaAs, and GaAs.1® Geometry optimizations and HFCC calculations were carried
Furthermore, calculations on neutral488,,141720GgAs3,14:20 out with the GAUSSIAN 98 suite of prograffsat the B3LYP/
GayAss, 1417 and GaAs,4 and on ionic GgAs* and GaAs* 21 6-3114-G(2df) level. Starting structures were those given in the
have been reported. In addition to optimized geometries, Arratia- literature, but other possible structures were also examined.

Paez and Herhadez-Aceved® calculated theg-tensor and The theoretical evaluation df-tensors using perturbation
hyperfine interactions of GAsz using the self-consistent Dirac  theory is described in detail in ref 25. The togashift Ag (Ag
scattered wave method (SCF-DSW)of Yang et aP? and a = g — Qe Wherege = 2.002319 is theg-factor of a free

fully relativistic first-order perturbation procedure, which con- electro?®) for a given molecule is comprised of first- and
firmed Weltner'$ EPR spectral determination of a trigonal second-order terms. In this paper, only second-ogdmsor

bipyramidal structure for Géss. Arratia-Peez and Herhadez- components were calculated, as the first-order contributions to
Acevedo have also calculated tlgetensors and hyperfine  the total Ag are known to be very small (ca-100 ppm) in
interactions for GaAsand GaAs.? relation to the second-ordég values. The contribution thg

The focus of this work is the calculation gftensors and (second order) is due to the “magnetic” coupling of an excited
hyperfine coupling constants (HFCC) for all @a, doublet state with the ground state (GS) and is proportional to their
radicals withx + y = 3 and 5, namely, GaAsGaAs, GaAss, spin—orbit coupling (8O0 and magnetic transition moment
GaAs,, GaAs, and GaAs. Guided by the available literature, (L0 matrix elements and inversely proportional to their energy
new geometry optimizations were performed for various starting separation AE). The total second-ordekg is calculated as a

structures. In cases of several low-lying isomers, property sum-over-states expansion, which generally involves strong
coupling to only the first few low-lying excited statés:2°

* To whom correspondence should be addressed. Phone: (506) 453- COmputer programs used fgitensor calculations are based
4776. Fax: (506) 453-4981. E-mail: fritz@unb.ca. on the Turbomole packagfefor efficient integral and SCF
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Figure 1. Optimized geometries of Gas, (x + y = 3, 5) isomers. Bond lengths and angles are given in Table 1.

calculations, on the GrimméWNaletzke multireference config-
uration interaction (MRCI) packadgé,which also gives the
angular momentum matrix element& [j that we require, and
finally on the Marian-Hess mean-field method for calculating
spin—orbit integral$? as implemented by Schimmelpfenfig
and adapted for the Grimme MRCI package by Kleinschmidt
et al3* Here the one- and two-electron spiarbit elements are

the symmetry group, the state symbol, and the energy difference
relative to the most stable form. The results for the lowest-
energy structures and for those that lie up to 0.2 eV higher are
given in Table 1 and compared with those of previous
calculations. For later applications, it should be pointed out that
the planaiC,, molecules are always placed in theplane, but

the symmetry plane ofs molecules is they-plane.

calculated from an effective one-electron one-center mean-field  3.1.1. GaAs GaAs was first examined in 1987and again

approximation. A description of these methods and comparison jn 20003 by Balasubramanian as a triangu@y, structure; a
with results obtained by the original methods can be found in 1991 study also considered a line2s, geometryt2 Work by

ref 35. The valence triplé-basis set with polarization functions
(TZVP) by Schéer et al®® was employed in theg-tensor

Meier et al. in 1991 examinedC,, and linear Dan, Ca,)
geometries. In all cases, the ground state W®@s in C,,

calculations. The electronic charge centroid (ECC) is always symmetry.

taken as gauge origif.

3. Results and Discussion

3.1. Optimized Geometries.Geometry optimizations were
done at the B3LYP/6-3HG(2df) level of theory. All geom-

Our results also gave 2B, in Cy, symmetry {, see Figure
1) as the lowest-energy state. Alternate possible geometries
considered here for GaAsvere linearC.., 2 (X2I1, Ga—As—
As: Ga—As = 2.48 A, As-As = 2.16 A) andD.., 3 (X1,
As—Ga—As: Ga—As = 2.22 A) structures that were 0.52 and

etries investigated are shown in Figure 1, which also includes 1.62 eV, respectively, higher in energy thafBX (Figure 1).
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TABLE 1: Optimized Bond Distances (A) and Angles (deg) from This Work [B3LYP/6-311G(2df)] and Comparison to
Literature Values for All Ga ,As, (x + y = 3, 5) Doublet Radicals within 0.2 eV of the Lowest-Energy Structures

moleculé results

GaAs (1) Ga—As As—As AsGaAs

this work 2.775 2.193 46.5

ref 13 2.800 2.184 45.9

ref11 2.86 2.27 46.6

ref 14 2.73 2.20 47.5

GaAs (4) Ga—As Ga—As Ga—Ga GaAsGa

this work 2.305 2.503 3.613 97.3

ref 13 2.283 2.534 3.41 90.3

GaAs (5) Ga—As Ga-Ga GaAsGa

this work 2.384 3.553 96.3

ref 13 2.407 3.091 79.9

ref 14 2.33 3.52 98.0

GaAs; (8) Ga—As As—As Ga-As—Ga As-As—As

this work 2.594 2.555 110.7 60.0

ref 18 2.589 2.563

ref 14 2.65 2.62

GaAs; (9) Ga—Ga As;—As; Ga—As; Ga—As; As;—As; As;—Ga

this work 2.576 2.539 2.523 3.076 2.417 2.639
GaGaAs; GaAssAsy GaGaAs: GaAsiAS3

this work 95.8 77.0 72.3 96.8

GaAs; (13) Asi—As; Ga—Ga As;—Ga Asi—Ga Ga—Ga Ga—As;

this work 2.361 4.037 2.502 3.008 2.826 2.577
As,As:Ga Asi1GaGa Asi1As,Ga As;,GaGa

this work 89.7 68.4 74.9 78.7

GaAs; (14) Ga—Ga Ga—Ga Ga—As; Ga—As; As;—As;

this work 3.751 3.979 2.446 2.671 2.725

ref 18 3.702 4.114 2.401 2.725 2.782

ref 14 3.72 4.57 241 2.59 2.70
GaGaGa As:GaAs; Asi1GaAs;

this work 64.0 67.7 61.3

ref 18 67.5 70.8 61.4

ref 14 70.0 67.9 55.2

GaAs; (15) Ga—As; Ga—Ga Ga—As; As;—As; GaGaGa GaGaAs; GaAsiGa

this work 3.202 2.752 2.570 2.452 92.9 73.8 101.8

ref 14 2.65 2.62 2.28 2.24 94.9

GaAsg (18)° Ga—As; Ga—As; As;—As; Asi—As; As;GaAs, GaAsAs; AszAs1AS,

this work 3.116 2.545 2.454 3.006 86.0 77.1 93.4

GaAs (21)° Ga—As Ga—As Ga—Ga Ga—Ga Ga—Ga Ga—Ga

this work 2.588 2.487 2.870 2.599 4.583 4.913
GaAsGa GaAsGy GaAsGay GaAsGa

this work 60.3 68.8 129.1 162.0

aSee Figure 1 for atom-labeling scheme, symmetry, ground state, and relative erfedgidsond lengths or angles given in ref 19.

This compares well to the results of Meier et’alwhere XB, MRSDCI calculations by Liao et & and HF followed by MP2
was lower than th€,, (Ga—As = 2.61 A, As-As = 2.24 A) calculations by Piquini et &P also resulted inDa, trigonal
andDwn (2.39 A) structures by 0.81 and 1.53 eV, respectively. bipyramidal structures.

3.1.2. GaAs.For GaAs, Balasubramanian reported afBX Our calculations showed the lowest-energy structure ¢f Ga
ground state witfC,, symmetry (see Table 1) andGa (X?A") Ass to have an XA;" ground state witlDs, trigonal bipyramidal
structure 0.025 eV higher in energy (multireference singles and geometry 8), in agreement with the structure proposed from
doubles configuration interaction (MRSDCI) resufté)Two the experimental EPR d&tand previous calculatiori4:18.19

" : : >
low-lying excited states wittT,, symmetry/B, (2.52 A, 108.2, Alternate possible geometries considered by us, shown in

asrga—:—s%zrtzepeo\ge?jnicrfééf(igj A, 118.5, AE = +0.19 eV), Figure 1, were two edge-capped tetrahel(&s, X2A’, +0.08

Our optimizedC,, (X2B,) éeometry £) has a GaAs—Ga evz) and10 (Ca, X%As, +0.28 eV): aCs square pzyramidll
angle of ca. 96[for the 6-31H-G(2df) basis set, B3LYP gave g\(/ hiéh—g?.i?\Gei\éﬁésr:gafzv square pyramid.2 (X*Ba), 0.97
Ga—As 2.384 A, 96.3; MPW1PW91 gave 2.358 A, 9%3and ' . .
MP2 gave 2.365 A, 103%, in close agreement with the local 3.1.4. GaAs. The lowest-energy GAs; isomer reported in
spin-density (LSD) result of 98:0ffom ref 14 (see Table 1).  '€fS 14 and 18 was @, distorted trigonal bipyramid (%,
However, a slightly lower energy was obtainedlasymmetry 14 in Figure 1). The isomet5 (Cy, edge-cappeq tetra.hedron,
(4, X2A"), 0.02 eV lower tharb. Our linearDeun 6 (2.501 A, X?B;) was reported by L(_)u etal. to be 0.01 gV h|gher_ in energy
X2I1,) andC.., 7 (X2I1, As—Ga= 2.286 A, Ga-Ga= 2.714 than14 (LSD results)t* Liao et al. found an isomer similar to
A) were both saddle-point structures, 0.16 and 0.88 eV higher 15, but with the Ga Ga; (notation according to Figure 1) atoms
in energy, respectively, thah of 15 switching positions with AgAs;, to lie 0.005 eV

3.1.3. GaAs,. The geometry of Ga\s; was predicted in 1992~ (MRSDCI; 0.03 eV, CASSCF (complete active space self-
to be aDan trigonal bipyramid with an XA," ground state, using ~ consistent field)) above isomé#d, having &2B; ground staté®
the LSD method# The EPR spectrum was obtained one year  The distortion from &3y trigonal bipyramid taC,, symmetry
later, from which a trigonal bipyramidal structure was propdsed. (14) was accomplished by having the G&& (and Ga—Ga)
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TABLE 2: Spin Densities (SD), Atomic Charges, and Hyperfine Coupling Constants fof°Ga and "As (MHz) for All Ga yAsy (X
+ y = 3, 5) Doublet Radicals within 0.2 eV of the Lowest-Energy Structures

calc s- and p-Sb

molecule atom charge spin density Aiso Tl Ty T2 %s %p
GaAs (1) Ga 0.226 0.262 26 —57/131+-74 0.2 32
ref 23 0.193 0.338 524 -85
As —0.113 0.368 7 —111+~113/225 <0.1 34

ref 23 —0.096 0.331 229 60°

GaAs (4) Ga 0.089 0.443 702 22/F-116/—-112 6 55
Ga 0.178 0.048 93 —26/42/-16 0.8 10
As —0.267 0.508 —133 312/-155/-158 0.9 46

GaAs (5) Ga 0.128 0.242 447 —63/—81/144 4 35

ref 23 0.103 0.153 9 —47
As —0.257 0.515 —148 —159/304+-145 1 45

ref 23 —0.206 0.694 124 —567

GaAs; (8) Ga 0.194 0.369 1325 —65/—65/129 11 31

expth 1524 87

ref 16 0.150 0.314 1583 64
As —0.129 0.088 -23 —35/~36/71 0.2 11

Expth 64.7 —

ref 16 —0.100 0.124 88 14«

GaAs; (9) Ga 0.137 0.085 9 —32/70/-37 <0.1 17
Ga 0.147 0.441 1091 —86/170~83 9 42
Asy, As, —0.161 0.068 —4 58/—33/-25 <0.1 8
Asg 0.036 0.339 —69 218/—-112/-104 0.5 32

GaAs; (13) Ga, Ga 0.140 0.094 125 —23/-26/49 1 12
Ga 0.195 0.223 19 —62/123/-61 0.1 30
As, —0.210 0.338 80 —115/215/-100 0.5 32
As, —0.265 0.252 -7 136/—74/-62 <0.1 20

GaAs; (14) Ga 0.175 0.426 1735 —85/~71/156 14 38
Ga, Ga 0.276 0.085 203 —21/48/-24 2 11
Asy, As, —0.363 0.202 —25 —61/-56/116 0.2 17

GaAs; (15 Ga 0.276 0.183 -3 —28/81+53 <0.1 20
Ga,Ga 0.098 0.038 -17 —21/35/~15 0.1 8
Asy,As, —0.236 0.371 87 —106/109/215 0.6 32

GaAs (19 Ga 0.214 —0.038 —153 4/17+21 1 5
Asy, As, —0.078 0.585 —46 —156/308/—152 0.3 46
Asg, Ass —0.030 —0.066 12 —10/45/-36 0.1 6

GaAs (21) Ga, Ga 0.083 0.342 —122 —89/177/-88 1 43
Ga, Ga 0.171 0.169 153 —34/-43/76 1 19
As —0.509 —0.021 0.05 —13/—~7/20 <0.1 3

2 Spin densities and atomic charges from a Mulliken population analysis (this Wark), T,y , T,; are diagonalized values, indicated by a prime
after the value® Approximate percent contribution per ato¥)(to the s- Pisg*(molecule)Ass*(atom)] and p-characteAji,*(molecule)Aqi* (atom)]
of the total SD?® 9 Derived fromA(5%Ga)= —118 MHz,A1(**Ga) = 138 MHz 23 usingAiso = 1/3(A; + 2A7) andAgip = 1/3(A — Ar).2° € Derived
from Ay(°As) = 349 MHz, Ao("*As) = 168 MHz2 f Derived fromA;(®*Ga) = —85 MHz, A¢(°%Ga) = 55 MHz23 9 Derived fromAy("5As) = 11
MHz, Ar("°As) = 180 MHz? "Ref 2, in Ar matrix.Aiso("*Ga) = 1936 MHz, Agip("*Ga) = 71 MHz from EPR spectra fofGaAs; (Ar matrix) .
From ourAiso(®°Ga), we obtainAis("*Ga)= 1684 MHz.' Derived fromA(®%Ga)= 1711 MHz,A1(®**Ga) = 1519 MHz!¢ i For "*As, it was assumed
that Ay — A — Aso? ¥ Derived fromA ("°As) = 116 MHz, As("°As) = 75 MHz 16

distance shorter than GaGa; (see Table 1). Galies along
the z-axis, Ga and Ga alongy.

Our lowest-energy structure wafaedge-capped tetrahedron
(13), lower thanl4 by 0.02 eV. Structur&é3was not mentioned
in ref 14, 18, or 19, but simulated annealing results by Vasiliev
et al% suggested 3 to be the lowest-energy isomer for &a
As,. Other geometries we investigated wer€a edge-capped
tetrahedron (XB,, 15) 0.18 eV higher in energy thatB; a Cs
square pyramid (32", 16), +0.66 eV; and &, square pyramid
(X2A1, 17), +1.38 eV.

3.1.5. GaAs GaAs, was included in a study of electronic
and structural trends in small GaAs clusters by Piquini et al.,
who carried out HartreeFock optimizations including all

C,, planar trapezoidal (38, 20) geometries to be 0.30 and
1.68 eV, respectively, higher in energy tha8

3.1.6. GaAs.GaAs was also included in the study by Piquini
et al.2? and again no detailed geometrical information was given.
The lowest-energy structure we obtained fo&awas aC,,
planar trapezoidal structure {X;) with the As atom in the
center Cy,, 21), similar to Piquini et at® Our results showed
square-pyramidalGy,, X°B;, 22) and C,, edge-capped tetra-
hedral (XA,, 23) geometries to be respectively 0.23 and 0.56
eV higher in energy thag@l.

3.2. Hyperfine Coupling Constants. Hyperfine coupling
calculations were performed on the lowest-energy structures of
each radical, and on structures up to 0.2 eV higher. The atomic

electrons and no symmetry constraints, followed by single-point charges, Mulliken spin densities (SD), and HFCC dat#6a

MP2 calculations on the minimum energy configuratidhs.

and’®As are given in Table 2. For all the molecules in Table 2,

However, they did not report any geometry details other than a the Ga atoms carry positive charges and the As atoms are
sketch of the molecule, the symmetry, and a table of averagednegatively charged, as expected since As is more electronegative

bond orders for only the lowest-energy structure.
Our results gave €,, edge-capped tetrahedron?g¢, 18in

than Ga.
The Mulliken spin density is the sum of s- and p-spin densities

Figure 1) as the lowest-energy structure, resembling that shownand does not allow for the separation of the two components,

in ref 19. We calculate@,, square pyramidal (38, 19) and

which are, in the nonrelativistic treatment, responsible for the
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Aiso and Agjp contributions, respectively. However, since the

SOMOs (singly occupied molecular orbitals) are comprised of
mainly p orbitals, the s-density in the SOMO, and consequently
in the total wave function, is expected to be very small, such

J. Phys. Chem. A, Vol. 107, No. 39, 200873

for 1. In 4, almost all the SD is on the Gand As atoms, which
comprise the short (2.305 A) bond; only about 10% p-character
is on Ga. The calculated p-SDs are in reasonable agreement
with the Mulliken SDs.

that the Mulliken value can be taken as a good measure of the Our data for5 correspond to about 35% p-character at each

p-density.

Table 2 shows thafs,(°%Ga) does not exceed 1735 MHz.
Compared to the atomiliso(6°Ga) of 12 210 MHz, as given by
Weltnef® (corresponding to 100% s-density); this indicates a

Ga and 45% at the As atom. Arratia-Perez et al. report for Ga
a smaller SD of 0.153 (0.057 isotropic, 0.096 anisotropic), and
for As a larger SD of 0.694 (0.130 isotropic, 0.564 anisotrofsic).
For5, with a?B, GS, the SOMO has zero s-SD at the As atom,

maximal s-density on any of the Ga atoms not exceeding 14% and therefore (in the nonrelativistic descriptidqa)(As) is solely

(usually much less). Similarly, the largest positie,("°As) is
87 MHz, indicating a very low s-density of 0.6% when
compared with the atomidise("As) of 14 660 MHz2° Due to
such low s-densities, a rationalization Af, values is quite
difficult.

The situation is different for the anisotropic contributidig
Ty, and T, which are relatively large in comparison with
Weltner's atomic values, as is also indicated by the Mulliken
spin densities which are essentially of p-type. For example, for
GaAs; (13), the Mulliken SDs are 0.094 for Gand Ga, 0.223
for Ga, 0.338 for Ag, and 0.252 for As The largest component
(the prime stands for diagonalized values) for, @ad Ga is
T,z (49 MHz), and for Gait is Tyy (123 MHz). Compared to
the atomicAgip[*°Ga(4p)] = 408 MHz28 the p/ spin density
for Gg and Ga is 12%, and the p SD for Ga is 30%. Using
Adgip[*As(4p)] = 667 MHz26 the g/ SD for As, is 32%, and
the p/ SD for As, is 20%. These percentages are roughly
proportional to the SD values predicted by the Mulliken analysis
(which however lumps all p contributions together).

due to spin polarization.

3.2.3. GaAs; (8). Our calculatedAsy(9Ga) = 1325 MHz
and Agip(%°Ga) = 65 MHz are in good agreement with the
respective magnetic parameters derived from the experimental
values of 1524 and 87 MHzMost of the SD(p) lies on the Ga
atoms, in agreement with the Mulliken SD and the SD
distribution from ref 16 (see Table 2). In the analysis of the
experimental EPR spectra, the assumption was made that for
As A = Ag = A, leading toAiso("°As) = 64.7 MHz (and
implying Adip("®As) = 0).2 This has to be contrasted to oiAs
result of—23 MHz for Aiso and 36 MHz forAgp. The?A," GS
does not allow the:# SOMO to have s-orbitals located on the
As atoms. Thereforeiso(As) results solely from spin polariza-
tion and is negative, as was proposed earlier by Van Zee, Li,
and Weltne

3.2.4. GaAs; (9). This isomer lies, according to our calcula-
tions, 0.08 eV above structur® The As, and T; values
calculated for this isomer differ strongly from that 8fand
confirm the latter to be the experimental structure. The majority

The s and p spin densities, as derived from the calculated of the SD in9 is on Ga (py, ca. 42%) and As(pX, ca. 32%),

Aiso and the largest component &fip, using the atomic values
given by Weltner® are listed in the last two columns of Table
2.

3.2.1. GaAs (1). From our calculated\s, and Tj; values in
Table 2, the SD (p-type) is equally distributed over each Ga
and As atom, with essentially zero s-density. Our Mulliken SDs

with respective Mulliken SDs of 0.441 and 0.339.

3.2.5. GaAs (13, 14, 15). For GaAs,, three structures lie
within 0.2 eV, with13 the lowest,14 calculated to be 0.02 eV
higher, and15 0.18 eV higher. Thereford3 and 14 are
contenders for the equilibrium form of Gs, and should be
distinguishable by their HFCC values. Fb8, the largestAiso

are in reasonable agreement with the p-SDs obtained for theis 125 MHz (on Gg Ga), and forl4it is 1735 MHz (on Ga),

anisotropic terms. Due to symmetry, the ®OMO has zero
s-SD at the Ga atom, and the Hartrdeock value ofAs(Ga)

is exactly zero. The small value actually obtained is due to spin
polarization.

Arratia-Peez et al. calculatedy, and Ag values, assuming
Ax = Ay = Ag and A, = A, for 1.2 From an approximate
decomposition of the hyperfine tensors into Fermi, spin-dipolar,
and orbital contributions, they estimated the isotropic and
anisotropic spin populations. They report for Ga a SD of 0.338
(0.106 isotropic, 0.232 anisotropic) and for As 0.331 (0.121
isotropic, 0.210 anisotropic).

In their relativistic treatment, both,;sand p,, atomic spinors

contribute to the isotropic component, and therefore a compari-

son with our nonrelativistic numbers is misleading.

3.2.2. GaAs @4, 5). According to our calculations, isomets
and5 differ by only 0.02 eV, so it is not clear which isomer
will be found experimentally. From the calculated HFCCs, it

about 14 times larger. The largeAt, of 15is 87 MHz (on
As;, Asp), with anisotropic components up to 215 MHz.

3.2.6. GaAs(18). For GaAg (18) in Cy, symmetry, allAiso's
are small (implying little s-density), whereas the components
of Agip for As; and As are relatively large. Accordingly, the
majority of SD lies on Ag and As (46%), with very little
contribution from the other three atoms, in good agreement with
the Mulliken values.

3.2.7. GaAs (21). Again, Ao is small, and for the Ga atoms
Aiso and Agjp values are of similar magnitude. Most of the
Mulliken SD resides on Gaand Ga (0.342), as reflected in
the large Agp component of these atoms. The very small
Mulliken SD on As (-0.021) agrees with smakiis("°As)
values, corresponding to a maximal p-density of about 3%.

3.3.g-Tensors.For molecules withC,, symmetry, the three
components ofAg (in the orderx, y, 2) arise from coupling
with 2B,, 2B;, and?A, excited states if the GS A (14, 21),

should be easy to deduce the structure of the eventually observedrom coupling with?A,, 2A;, and?B; states if the GS i3B; (8,

species, ad has anAis,(5°Ga) of 702 MHz, whereas that &
is 447 MHz. TheAso("°As) values are very similar, and a
distinction based them, as well 8g;, values, would be difficult.
As with GaAs (1), the SD of bottd and5 is mainly p-type.
However, Table 2 shows th&, for Ga in 4 is much larger
than that obtained fat, implying the s-density on G46%) to
be larger than encountered before. Pag for each Ga irb is
also relatively large, with an s-density of about 4%. AlSgs
for Ga; and As in4 and As in5 are larger than values obtained

from X2A," in Dap), and from coupling witfA 4, 2A,, and?B;
states if the GS 2B, (1, 5, 15, 18). For molecules withCs
symmetry and XA' (4, 9, 13), Aguw and Agyy result from
coupling with?A" states, anc\g,,from coupling with?A’ states.
With the atoms placed in they-plane, thex andy components
of Ag mix, and a matrix diagonalization is required.

Table 3 summarizes our totalg (second-order) values and
compares them to known experimental and theoretical results.
Experimentalg-tensor results are available only for 8as,2
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TABLE 3: Calculated g-Tensor Data (Ag in ppm) for
GaAsy (x + y = 3, 5) and Comparison with Experimental
and Other Theoretical Results

molecule AQxx Agyy AGz [Agl
GaAs (1) 175 300 —175120 -—18280 —6035
ref 23, calé 95600 95 600 —116500 24900
GaAs (4) 28 370 —11285 —78000 —20305
GaAs (5) —125950 —24850 51 030 —33260
ref23,calé —188500 —188500 40100 —112 300
GaAs; (8) —-73410 -73410 6460 —46 790
ref 2, expt —82300 —82300 -0 —54 870
ref16,calc  —148000 —148000 —16200 —104070
GaAs; (9) —63625  —3540 —101270 —56 145
GaAs; (13) 135055 —15070 104 970 74985
GaAs; (14 —71590 —11150 13270 —23155
GaAs; (15 180375 257 660 58 025 165 355
GaAs (18) —171030 —7540 —14720 —64430
GaAs (21) —123540 —21850 —43470 —62955

aRef 23 reports values fohg) = Ag,; and Agn = Ay = AQyy.
b Average ofAgy andAgyy, from C,, symmetry.c Average of the three
Ag components.

whereas theoretical results have been reported foAGA®
GaAs, and GaAs.2
Initially, nine excited states were calculated for each irreduc-

Brownridge and Grein

state (largel8O0] L0 was still observed in the higher states,
the number of excited states was increased. This will be outlined
in the individual cases.

For an analysis of thg-tensor results, in Table AE, [$QO0)
(L) andAg values are given for the two excited states having
the strongest magnetic coupling with the ground state, for each
irreducible representation. In Supporting Information tables, such
information is extended to include the first five excited states
and those additional states having a large magnetic coupling
(>1000 ppm) with the ground state.

Table 3 shows that mogiAg| values are on the order of
100 000 ppm. Such large numbers are mainly due to the large
spin—orbit matrix elements for Ga and As. The atomic spin
orbit constants are 464 crhfor Ga and 1201 cmt for As.39
Molecular SO coupling constants are on the order of-28@0
cm~1. Combining in the second-order perturbation expression
(BAIILIAE), [5O0= 200 cnt! with L= 1 au andAE = 1
eV, leads to aAg contribution of about £) 100 000 ppm,
changing the free electrog of 2.002319 by £) 0.1.

3.3.1. GaAs(1). It is seen thangy, andAgyy are both large,
of similar magnitude but opposite sign, where&gy, only has
about a tenth of that magnitude. Table 4 shows thg for

ible representation and used in the sum-over-states expansionGaAs is governed by the coupling of?A; (4a — 2b,

However, when significant magnetic coupling with the ground

SOMO-1 to SOMO) and 2A; (3a — 2b,, SOMO-3 to

TABLE 4: Calculated Values of AE, (8O L[] and Ag (second order) for Two Excited States of Each Irreducible
Representation Having the Largest Magnetic Couplings with the Ground State for G@As, (x + y = 3, 5), Given in the Order

Agxx, Agyy, Agzz

state AE (eV) BOdcm™) L (au) Ag (ppm) state AE (eV) BSOdcm™Y) [LJ(au) Ag (ppm)
GaAs, (1)
12A; 1.47 170 1.10 64 366 A, 2.67 475 1.11 99 952
12A, 1.26 476 —0.90 —172 824 3A, 3.90 —86 1.53 —17 199
5%B; 3.61 348 0.98 48 315 B, 3.89 191 —-1.61 —40 264
GaAs (4)2
12A" 0.40 —156 —-0.21 42 478 A" 3.27 —147 0.57 —13133
12A" 0.40 192 0.14 33996 2R 3.27 236 —1.09 —40 168
FA’ 2.06 198 —0.67 —32718 BA’ 2.66 220 —0.89 —37334
GagAs (5)
12A, 0.17 177 —-0.07 —36 004 2A; 1.97 243 —-1.02 —64 115
22A, 2.57 157 —0.48 —14 834 ZA, 3.32 159 —0.78 —19 071
1°B; 0.33 255 0.22 87 664 B, 3.32 —220 1.07 —35932
GayAss (8)
FPA; 3.30 343 —1.78 —94 074 BA, 3.70 247 0.63 21549
2°B, 3.28 —356 1.76 —97 100 4B, 3.67 269 0.71 26 635
A, 2.89 72 0.40 5083 ., 4.09 195 0.08 2041
GaAss (9)2
52A" 3.02 181 —0.68 —20852 A" 3.71 111 —0.74 —11141
22A" 2.67 41 —0.63 —4922 BA" 3.02 —297 0.52 —26 129
22A! 1.95 230 —1.09 —65 848 7y 2.56 274 —0.59 —32219
GasAs; (13)2
12A" 0.62 228 0.83 155983 2R 1.91 —148 0.88 —34778
12A" 0.62 158 0.10 12 691 23" 1.91 —183 0.60 —29048
22A! 1.44 148 0.76 40103 A’ 2.22 308 0.78 54 851
GasAs; (14)
1°B, 0.72 —72 0.53 —26 906 3B, 2.94 221 —1.40 —53718
1°B; 1.15 80 0.90 32076 B, 2.94 321 —0.60 —33328
12A; 1.00 77 0.39 15339 23, 2.79 75 —-1.12 —15 409
GazAs; (15)
1?A; 1.21 202 0.99 83378 R, 1.97 370 0.97 93 261
1?A, 0.74 383 0.97 256 975 1A, 4.22 —68 1.16 —9479
1°B; 0.92 127 0.86 60 313 1B, 4.26 —117 0.70 —9812
GaAs (19
12A; 0.55 390 —0.50 —179 018 2A; 2.22 —249 1.05 —59761
12A, 1.91 —312 0.81 —66 989 2A, 2.32 162 1.38 49 104
1°B; 1.90 286 0.78 59 501 B, 2.57 —260 1.29 —66 074
GaAs (21)
1°B, 1.28 223 —-1.22 —108 538 2B, 1.59 —52 1.40 —23187
6°B; 2.92 —-31 1.61 —8668 7B; 3.06 —72 0.72 —8675
6%A, 3.44 216 —0.42 —13477 7A; 3.26 206 —0.45 —14 511

aUndiagonalizedAgyx and Agyy (Cs symmetry).
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SOMO) with X2B,, both contributing positively, as expected
for DOMO (doubly occupied molecular orbitaty> SOMO
contributions.

The Agyy component is dominated by the coupling withAL
(2b, — 2b;, SOMO to LUMO+1). Following the rules for
SOMO— LUMO (lowest unoccupied molecular orbital) excita-
tions, this term is negative. Since the GS of Gahas no
occupied gorbital, DOMO— SOMO type single excitations
(with positive Ag) are not possible. Strong couplings with the
three-open-shell states?&2, and 3A, almost cancel each
other: their individualAg,y, contributions are similar in mag-
nitude but opposite in sign (due to thkCs having opposite

J. Phys. Chem. A, Vol. 107, No. 39, 200875

to Agw countered to a small extent by (only 1?A; and
22A; are given in Table 4). The?A; state has a very low
excitation energy of 0.17 eV, whose strong contributior\tp
is countered by a smallvalue 0.07 au). Contrary to
expectations, this excited state, of DOMO SOMO type,
makes a negative contribution £ (the rule may not apply if
|[LOis small).

The two largest contributions g,y are negative values from
22A, and 4A,, countered by a positive one from/. As the
leading configurations for®\, and 3A, are the same (3a—
2y), the AE and |OL[ values are similar, but thesOCvalues
differ by ca. 50%. This is due tc?A; having more mixing with

sign). This is a general trend observed for a pair of states additional configurations, in particular with a double excitation

generated by the same three-open-shell configuratiéfrlin
the case of GaAsthe AE and[BOvalues for 2A, and 3A;
are similar, but thdl.Ovalues differ by ca. 50% (and have
opposite sign). This variation of thi (values occurs since
although the leading configuration for botA2 and 3A; is a
4 — 2b; excitation (90% and 85%, respectively), there are
differences in the other configurations contributing #6.2and
3?A,.

For the totalAg,; component the strongest couplings with
X2B, arise from 8B, and 6B, but theirAg contributions almost

from the SOMG-1 to the SOMO and LUM@-1 (3a2 — 2h,-
1a). As there are no occupied-arbitals in the GS, singly
excited?A, states can be obtained only by SOM® LUMO
type excitations, giving negativ&g’s.

The Ag,; value is dominated by coupling to’B;, with a
positive contribution due to its DOM©> SOMO (1h — 2by)
excitation. There are smaller contributions from 3?Bs6 The
5%B; and 6B; states have the same leading three-open-shell
configuration, SOMG-1 (3a) to the LUMO+2 (1g), but again
the Ag contributions from these two states do not cancel due to

cancel each other, since both of these states derive from thedifferences in the configuration setup.

same three-open-shell configuration {3a 1&, SOMO-3 to
LUMO). The AFE's for the two states are very close, but the
larger[$Ovalue of 5B, is compensated by?B; having a larger
LO(in magnitude).

Arratia-Peez et aP? calculatedg-shifts for GaAs utilizing
a fully relativistic first-order perturbation procedure based on
the SCF-DSW-Xt method?? These authors assumeédyy =
Agyy = Agp andAg,, = Ag (see also section 3.2.1). As Table
3 shows, our results differ from theirs, both in magnitude (factor
of 2—6) and sign Agyy). There are no experimental EPR data
available for GaAsto gauge the accuracy of either result.

3.3.2. GaAs (4).For GaAs with structure4 (Cs symmetry),
Agy and Agyy are relatively small, whereadg;,; is in the

As with GaAs, only Ag, and Agp values for GaAs (5) are
given in ref 23. Their results foAgy = Agw = Agyy are
significantly different from ouAgx« andAgyy values (by factors
of 1.5-7.5), but theirAg,; (= Agy) value is in reasonable
agreement with ours.

Comparing the G#s structures4 and 5, the out-of-plane
componentsAgyx of 5, Ag,, of 4) differ by about 50 000 ppm,
whereas the GaGa componentsAg,y of 5, Agy of 4) are of
similar magnitude but opposite in sign. On the basis of these
results, and the ones given in the hyperfine section, an easy
distinction between the two isomers should be possible.

3.3.4. GaAs; (8). This molecule ha®z, symmetry (XA,"),
but our Ag calculations were done in the Abelian groGp,

100000 ppm range. Twenty roots were calculated, since (x2g,). In this case, th@A; and?2B; states correspond fE'.

significant magnetic coupling was observed in the higher
and?A" states of an initial 9-root calculation.

The undiagonalized\gy is dominated by coupling to?A"
(1d'" — 5d, SOMO-2 — SOMO), giving, as expected, a
positive contribution. However, significant (000 ppm) nega-
tive contributions arise from coupling with a number of other
states (A" given in Table 4, others given in Table 2S of the
Supporting Information), lowering the totalgy (undiagonal-
ized) to 23 280 ppm.

The undiagonalizegly component is composed of a number
of states contributing positively and negatively in an almost
equal manner, resulting in a small overall total for 20 roots.

The Ag,;value is dominated by large negative contributions
from FA’ (4d — 6d, SOMO-1 — LUMO) and FA’ (5d —
6d, SOMO— LUMO), which constitute 90% of the totalg,..
Smaller but important 1000 ppm) positive and negative
contributions arise from coupling with a number of other states
(values given in Table 2S), addirgB000 ppm to the undiago-
nalized Ag,

3.3.3. GaAs (). Structure5 of GaAs lies 0.02 eV above
structured, discussed before. It is a possible contender for the
equilibrium structure. Contrary to thgptensor results fod, 5
has a largeAgyy, WhereasAgyy and Ag,, differ by a factor of
1.5-2 (in magnitude) from those of structude

The Agy value of GaAs (5) is dominated by coupling with
four states, 4A;—42A1, all making large negative contributions

For checking the accuracy of our calculations, we calculated
Ag for both2A; and?B; states. Due to the independent selection
of reference configurations and extrapolation 48r and 2B,
states, slightly different values were obtainedAay, andAgyy,

and the average will be given. Table 4 and the Supporting
Information tables list results fokg,, and Agyy separately.

For GaAss, experimentaf-tensor results are availabl@he
degenerate component agrees within 10% with our result,
whereas the parallel componemtd,,) could not be measured
and was assumed to k€D ppm in the experiment, but calculated
to be 6460 ppm. It is seen from Table 3 that theoretical literature
values, ref 16, differ widely from our and the experimental
results.

The values ofAgyx and Agyy are dominated by coupling of
the ground state with?8; and ZB,, respectively, corresponding
to excitation from the SOMO (3b to the degenerate LUMO
(6a) for Agy and LUMO+1 (3by) for Agyy (negative contribu-
tions, as expected). The second largest contribution is ffdm 5
an excitation from the SOMO to the degenerate LUWM(7a),
and from 4B,, SOMO to LUMO+3 (5by) (positive contribu-
tion). The remaining major excited-state couplings involve
6,72A; and 5,6B,, excitations from the degenerate SOMQ
(12, Agxw) and SOMG-1 (2, Agyy) to the LUMO+2 (4by),
resulting in three-open-shell configurations. TRE and (500
values for 3B, and 6B, are very similar, but thélL.s have
opposite sign, as reflected in thelig contribution.
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TABLE 5: Vertical Excitation Energies (eV) and Leading Configurations for the First Five States of GgAs, (x + y = 3, 5)

state 1 2 3 4 5
GaAs; (1) ...1b?21b24a%2b;! (13 VER

A, 1.47 (4a— 2by) 2.67 (33— 2by) 2.89 (1h — 1a) 3.97 (2b — 5a) 4.24 (1h — 1a)
A, 1.26 (2b — 1a) 3.19 (4a— 2by) 3.90 (4a— 2by) 4.37 (3ada — 2bla)  4.71 (482 — 2by1a)
2B, 2.27 (2 — 2by) 2.55 (1h — 2by) 2.62 (42— 1a) 3.13 (42— 1a) 3.61 (32— 1a)
2B, 0.00 (GS) 3.58 (2b— 3by) 4.25 (1h4a — 2pla)  4.35 (4a2b, — 1a2b)  4.76 (1h — 2by)
GaAs (4) ..1d24a25a(11 VE)

N 0.00 (GS) 0.40 (4a— 5d) 2.06 (44— 64) 2.30 (44— 64) 2.66 (54— 64)
A" 0.40 (14 — 54) 2.43 (14 — 64) 2.57 (44— 2d) 2.62 (14 — 6d) 2.90 (1444 — 53d6d)
GagAs (5) ...1b?1b?3a22b,* (11 VE)

A, 0.17 (33— 2by) 1.97 (2b — 4a) 2.72 (1h — 1a) 2.90 (33— 2bpda)  3.38 (1h— 1a)
A, 2.32 (1h — 4a) 2.57 (2b — 1a) 2.78 (1h — 4a) 3.32 (3a— 2hy) 3.82 (32— 2by)
2B, 0.33 (1h — 2by) 2.57 (1h3a — 2bda)  2.66 (33— 1a) 3.01 (1h3a — 2bp4a) 3.32 (33— 1a)
2B, 0.00 (GS) 2.24 (3a— 4a) 2.65 (3a— 4a) 3.17 (1b3a — 2pla)  3.41 (2b— 3by)
GagAss (8) ...2b?5a%1822b;23by* (21 VE)

Ay 1.98 (5a63h,) 2.98 (4a— 3by) 3.30 (3h — 6a) 3.87 (3a— 3hy) 3.70 (3h — 7a)
A, 1.58 (1a— 3by) 3.64 (52— 4b,) 2.89 (4a— 4b,) 4.55 (34 — 2a) 3.85 (52— 4b,)
2B, 0.00 (GS) 1.58 (2b— 3by) 3.85 (2 — 4by) 4.54 (3 — 4by) 4.50 (2b — 4by)
2B, 2.69 (2 — 3hy) 3.28 (3h — 3hy) 3.50 (3h — 4by) 3.67 (3 — 5hy) 3.83 (2 — 4by)
GaAss (9) ...74234'2841 (21VE)

N 0.00 (GS) 1.95 (8a— 94) 2.25 (74— 84) 2.56 (64— 84) 3.38 (34 — 54d)
A" 1.36 (34 — 84) 2.67 (34 — 94) 3.07 (38 — 94) 2.85 (24 — 84) 3.02 (84— 44d")
GasAs; (13)  ...6823d'27d (19 VE)

N 0.00 (GS) 1.44 (Ba— 74) 1.77 (74— 84) 2.22 (54— 74) 2.57 (34 — 44")
N 0.62 (34 — 74) 1.15 (24 — 74) 1.91 (74— 4d’) 2.31 (34 — 84) 2.56 (34 — 84)
GasAs, (14) ...4a22b?18,22b,?5a! (19 VE)

A, 0.00 (GS) 1.68 (4a— 5a) 2.18 (2b — 3hy) 2.56 (2 — 3hy) 2.90 (2 — 3hy)
A, 1.00 (1a— 5a) 2.73 (2b — 3by) 2.79 (2b — 3hy) 3.05 (1a— 6a) 2.92 (la— 6a)
2B, 1.15 (2h — 5a) 2.52 (la— 3by) 2.94 (5a— 3by) 2.58 (1a— 3by) 3.90 (2 — 6a)
2B, 0.72 (2b — 5a) 1.87 (1a— 3by) 2.94 (5a— 3b,) 2.52 (1a— 3by) 2.94 (2 — 6a)
GasAs; (15) .5a22y?18,21b,22b," (19 VE)

A, 1.21 (52— 2by) 1.97 (42— 2by) 2.15 (1a— 3by) 2.44 (1a— 3by) 2.48 (32— 2by)
A, 0.74 (la— 2b,) 2.42 (52— 3by) 2.90 (1a2b, — 2b;3by)  2.96 (5a— 3by) 3.17 (2h — 6a)
2B, 0.92 (2 — 2by) 1.96 (2b — 3by) 3.06 (2h2— 2b,3b)  3.28 (la— 6a) 3.51 (la— 6a)
2B, 0.00 (GS) 1.98 (2b— 3by) 2.47 (2h — 3by) 3.13 (2 — 3hy) 3.28 (5ala — 2b,3by)
GaAs; (18) ...1a%2b,30,%5a,23b," (23 VE)

A, 0.55 (3b — 6ay) 2.22 (52— 3by) 2.46 (3b — 7a) 2.82 (2b — 6ay) 2.61 (2b — 6ay)
A, 1.91 (3h — 6a) 2.32 (3 — 6a) 3.06 (3b — 2a) 3.37 (2h — 6a) 3.18 (2 — 6a)
2B, 1.90 (3h — 3hy) 2.57 (3 — 4by) 2.40 (303b, — 6a?)  3.10 (2h — 3by) 3.19 (3h — 4by)
2B, 0.00 (GS) 1.62 (3p— 4by) 2.60 (5a— 6ay) 2.54 (2 — 3hy) 2.63 (263hy)
GasAs (21) ...1h%4a?30%5a1 (17 VE)

A, 0.00 (GS) 1.66 (4a— 5a) 2.79 (3b — 4by) 2.80 (3 — 4by) 3.02 (1h — 2hy)
2A, 1.22 (5a — 1a) 2.49 (43— 1a) 2.62 (42— 1a) 2.42 (3 — 2by) 2.93 (1h — 4by)
2B, 1.45 (52— 2by) 2.23 (1h — 5a) 2.03 (3b — 1a) 2.44 (3b — 1a) 2.75 (4a— 2by)
2B, 1.28 (53— 4by) 1.59 (3b — 5a) 2.73 (2b — 5a) 2.98 (1h — 1a) 3.02 (1h — 1a)

aVE = valence electrons.

The Ag,,was calculated to be an order of magnitude smaller significant magnetic coupling was observed in the higher

thanAgyx andAgyy, with the largest contribution from coupling
with the FA, state, an excitation from SOMEb (4a) to
LUMO+-2 (4kp). In D3, symmetry, only?A;" states will couple
with the?A," GS for theAg,; component. Since the valence s-
and p-orbitals of GgAsz cannot form @' MOs, as was pointed
out by Van Zee et ak DOMO — SOMO and SOMGO- virtual
MO singly excited?A;" states are not possible in the valence
region, leading to a small overall value fig,, Although in
C,, symmetry the lowestA, state results from a DOMG~
SOMO (1a — 3by) excitation, the 1aMO does not correlate
with an a" MO in Dz, symmetry, and therefore tH& [Jand
[BO0 matrix elements are extremely small, prohibiting a

contribution of 2A; to Ag,-

3.3.5. GaAs; (9). Despite good agreement of experimentally
observed with calculated EPR parameters for stru@afeGa,-

and?A" states of an initial 9-root calculation.

The largest contributions to the undiagonaliz&gd. arise
from coupling of A" and 2A" with the X?A’" GS. With the
exception of A" (3d'6 — a, SOMO—-1 — SOMO), all other
significant couplings (values given in the Supporting Informa-
tion, Table 5S) with the ground state are negative.

The undiagonalizedyy component is dominated by the
coupling of BA" (8d — 4d', SOMO— LUMO+1) with the
GS. Coupling from other states making positive and additional
negative contributions tag,y effectively cancel each other out.

The overallAg,, is composed mainly of coupling of?&'’

(3d' — 9d, SOMO-1 — LUMO) and £A' (2d' — 84,

Asz, we calculated these parameters also for struc@u(€s other.

SOMO—4 — SOMO) with the GS. As withAgyy, positive and
negative contributions from a number of other states cancel each

symmetry), which is only 0.08 eV higher in energy. This relates  3.3.6. GaAs, (13). This lowest-energy isomer of G&s; has
to our goal of obtaining properties for all isomers that lie within two largeAg componentsX andz), both being in the 100 000
0.2 eV of the lowest-energy structure. Table 3 shows that the ppm range, and a smaller onkg,) of —15 000 ppm. Twenty
g-tensor components differ widely from those calculatedfor ~ roots were calculated fdr3 since significant magnetic coupling
and from the experimental values, confirmi®gto be the was observed in the high&k’ and?A" states of an initial 9-root
observed structure. Twenty roots were calculated $ors calculation.
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TABLE 6: Summary of EPR Results for 89Ga,"®As, (x + y = 3, 5) (all hyperfine coupling constants in MHz)

molecule atom Aiso Tod Ty T,2 Oxx Oyy o [y

GaAs (1) Ga 26 —-57 131 —74 2.177619 1.827199 1.984039 1.996286
As 7 —111 —-113 225

GaAs (4) Ga 702 227 —-116 —-112 2.030689 1.991034 1.924319 1.982014
Ga 93 —26 42 —-16
As —-133 312 —155 —158

GaAs (5) Ga 447 —63 —81 144 1.876369 1.977469 2.053349 1.969062
As —148 —159 304 —145

GaAss; (8) Ga 1325 —65 —65 129 1.928909 1.928909 2.008779 1.955532
As —23 —-35 —36 71

GaAs; (9) Ga 9 —-32 70 —37 1.938694 1.998779 1.901049 1.946174
Ga 1091 —86 170 —-83
Asy, As, —4 58 -33 —25
As3 —69 218 —-112 —-104

GaAss (expt.f Ga 1524 —8m —87 174 1.920019 1.920019 2.002319 1.947452
As —23 64.F

GaAs; (13) Ga, Ga 125 —23 —26 49 2.137374 1.987249 2.107289 2.077304
Ga 19 —62 123 —61
As; 80 —-115 215 —100
As, -7 136 =74 —62

GaAs; (14) Ga 1735 -85 71 156 1.930729 1.990819 2.015589 1.979046
Ga, Ga 203 -21 45 —24
Asy, As, —-25 —61 —56 116

GaAs; (15) Ga -3 —28 81 —53 2.182694 2.259979 2.060344 2.167672
Ga, Ga —-17 —21 35 —-15
As,, As, 87 —106 —109 215

GaAs, (18) Ga —153 4 17 —21 1.831289 1.994779 1.987599 1.937889
Asy, As, —46 —156 308 —152
Asz, Asy 12 —-10 45 —36

GaAs (21) Ga, Ga —122 —89 177 —88 1.878779 1.980469 1.958849 1.939366
Ga, Gay 153 —34 —43 76
As 0.05 —-13 -7 20

2 See footnotd in Table 2.> Average of the threg-tensor component§.Ref 2.9 A, reported as 87 MHz in ref Z.See footnotg in Table 2.

The undiagonalizedkx component is dominated by the The overallAg,;is also small, due to canceling contributions
coupling of A" (3d' — 7d, SOMO-1 — SOMO) with the from pairs of states generated by three-open-shell configurations.
ground state, but other states make large positive and negativeContributions toAg,,from 22A, and 3A,, both having the same
contributions toAgyx (values given in the Supporting Informa-  configuration, almost cancel each other: th&E values are
tion, Table 6S). nearly identical, and although tiB8Oof 22A, is ca. 70% larger

The largest components Af,y, 12A” and 3A", are relatively than that of 3A,, the L.Ovalue for 2A; is ca. 80% smaller
small and of opposite sign, with a sum ef16 357 ppm. than that of 3A, (and of opposite sign). The leading configu-
Although there are a number of other contributing states, the ration for £A, and BA, is the same (La— 6a, SOMO-2 to

total undiagonalized\gyy is small (-18 080 ppm) since the  LUMO+1), but the respectivAg’s differ vastly in magnitude,
positive and negativAg components from these other excited due to mixing of configurations.

states nearly cancel each other out. _ 3.3.8. GaAs (15). Structurel5 of GaAs; lies 0.18 eV above
The Ag;,is dominated by coupling of the GS wit#&R" (6a the lowest-energy structut, so it is an unlikely competitor
— 7d, SOMO-3 — SOMO) and 4A’ (54 — 74, SOMO-4 for the equilibrium structure. It has two very large components,
— SOMO). Large positive contributions fron?A and 6A’ Age and Ag, both being positive, and a smaller but still
are canceled by 3,7,8,9%. _ _ positive Ag,, From suchg-tensors, structur&5 can be easily
3.3.7. GaAs, (14). Our calculations show thdt4 lies only  gistinguished from both isomefs8 and14. Twenty roots were
0.02 eV above 3. According to Table 3, these two compounds  cg|culated for15 since significant magnetic coupling was

can be easily distinguished experimentally by tigtensors observed in the high@A1, 2A,, and?B; states of an initial 9-root
(and HFCC, discussed above). Although thg,, components calculation.
are similar for13 and 14, both Ag.x and Ag,; are much larger The Ay, component is composed mainly of positive coup-

for 13than14 (see Table 3). Fifteen roots were calculated for >
14, as significant magnetic coupling was observed in the higher TQZszfslél\l/lgi qzst)z(’)hs/lgl)\/lv(\?i;t?thes)(@)é\j(gséngtﬁé; fg%e

2B, states of an initial 9-root calculation. i inas from 3.4.6.28 ttoctivel led b
The Agy value is governed by the coupling of, and 3B, g?:' I;ﬁdcilé&mgs rom 2,4,6,59, are etiectively canceled by
1 1.

with the X2A; ground state (Table 4), both making large negative ) ) ) )
contributions toAgxx. The Ag,y component is dominated by coupling witPAL (12
There are numerous contributionsAgyy, the largest being 2P SOMO-2 = SOMO). The net contribution of higher
12B, (2by — 5a, SOMO-3 to SOMO) and 2B, (5a — 3by states, making large positive and negative contributiorsotg,
SOMO to LUMO+2), which almost cancel each other. The IS only —80 ppm.
overall Agyy is relatively small, with most of the other small Similarly, the Ag,; component is governed by the coupling
negative contributions (2,4,6,34) being negated by the  with 12B; (2b, — 2b,, SOMO-1— SOMO). A number of states
positive contributions from2B; and 1£B; (values given inthe  contribute positively and negatively 1%g,, with a net contribu-
Supporting Information, Table 7S). tion of about—4500 ppm.
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3.3.9. GaA5(18). For GaAs, one very large negativé\(xy)
and two small negativeAg,y, Ag,; components were found.
The Ga atom lies on theaxis, and As—As; in the yzplane;

Asz and Ag lie in the xzplane. Fifteen roots were calculated
for 18 since significant magnetic coupling was observed in the
higher2A, 2A,, and?B; states of an initial 9-root calculation.

The Agy« component is dominated by coupling withAL (3b,

— 63, SOMO to LUMO). Large negative contributions from
2,5°A; are effectively canceled by £A;.

In contrast taAgxy, the overallAgyy andAg,, values are small
due to canceling positive and negatidg components from
numerous excited states. Fdg,y, large contributions from?2A,
and 2A, are of opposite sign (three open shells) and nearly
cancel. The next largest contributions arise fra#and 16A,,
both being positive, effectively canceled by negative contribu-
tions from a number of states (values given in the Supporting
Information, Table 9S).

The largest contributions tag,, from 12B; and 2B, are
again of opposite sign (one being of DOM© SOMO type,
the other SOMG— virtual MO). Next largest in magnitude are
contributions from 88; and 12B;, which have the same three-
open-shell configuration. Due to other contributing states, the
final Ag,,is again relatively small.

3.3.10. GaAs 21). For this planaiCy, structure of GAAs,
all three Ag components are negative (as was the case for
GaAgs), with Agy being large, and the other two much smaller.
Fifteen roots were calculated f@&1, as significant magnetic
coupling was observed in the hightB; and?A, states of an
initial 9-root calculation.

For Agyx the magnetic coupling is dominated by two excited
states (1,2B>), both having the same two leading configurations
(5a — 4b, and 3h — 5a) but opposite composition {B,:
62% and 29%; ZB,: 29% and 63%, respectively). Both states
contribute negatively, despite the dominant configuratior?Bg 2
being of DOMO— SOMO type.

The largest contributions &gy, are from high-lying excited
states (6,7,8;). All of the states contributing significantly to
Agyy had negativeAg components with the exception oft,
which is one of a pair of states (witl#®;) from a three-open-
shell configuration (4a— 2by).

High-lying states also dominaf&g,, with the largest negative
contributions from 6,7,12,2A,. The largest positiveAg
contribution arises from £A,, which has the same three-open-
shell configuration as #2, (3, — 3by), although neither state
is dominated by this configuration (42% for 2&,, 60% for
122A,). The other state with a positive contribution Ag,; is
42A\,, which has the same leading three-open-shell configuration
as 6A; (3b, — 2by); here thel$Olvalues are quite different
and theAFE's differ by ca. 1 eV. The twa\g contributions are
opposite in sign but very dissimilar in magnitude (see Supporting
Information, Table 10S).

4. Vertical Excitation Energies

The first five vertical excitation energies for each irreducible
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ground-state geometry, resulting in poor comparison with our
vertical excitation energies. They will not be discussed any
further.

For GaAs, Meier et al. reported an adiabatic excitation energy
of 0.65 eV for 2A;,11in good agreement with the experimental
(photoelectron spectroscopy) value of 0.698.077 eV*2 This
is significantly different from our vertical value of 1.47 eV,
due to the much shorter G&s bond length of 2.49 A in the
adiabatic 2A; state, compared to the ground stiteThe
adiabatic value of ref 11 is in agreement with Balasubramanian’s
result for A; of 0.71 eV13 The geometry of the 2B, state
reported in ref 13, with a GaAs bond length of 2.76 A and an
angle of 51.4, is close to our ground-state geometry (2.775 A,
46.5), and the adiabatic energy of 2.08 eV is comparable with
our vertical excitation energy of 2.27 eV. ThéAL state (2.90
A, 46.5°) from ref 13 lies 1.09 eV above the ground state, close
to our vertical excitation energy of 1.26 eV.

For GaAs (5), Balasubramanian reports adiabatic values of
0.19 and 0.22 eV for2A; (Ga—As = 2.47 A, angle= 118.5)
and 2B, (2.52 A, 108.2),13 similar to our respective vertical
excitation energies of 0.17 and 0.33 eV. For both excited states,
the optimized geometry is close to that of the ground state (2.407
A, 79.9 (ref 13); 2.384 A, 96.3 (this work)).

5. Summary and Conclusions

The main purpose of this paper was the study of EPR
parameters for gallium arsenide clusters up to five atoms. Since
not all geometries were known, and some were uncertain, in
the first step all geometries were optimized for a number of
possible structures.

For GaAs, the lowest-energy structure h&s, symmetry,
in agreement with previous repofs.15 For GaAs, aCy, and
a Cs structure are in competition, with the first one found 0.025
eV below the second one by Balasubramarifaand the
opposite ordering, with a 0.02 eV gap, found by us. Fos-Ga
Asz we concur with the previous experimertaind theoreti-
cal416-18 evidence for ag, structure, although we find G
structure to lie only 0.08 eV above th#;, one. For GgAs,,
the accepted structure wéas,,,1*18 whereas we find aCs
structure, not previously considered, to be 0.02 eV lower in
energy. For GaAsand GaAs, no published geometry param-
eters could be found. In a paper by Piquini et aCz edge-
capped structure was proposed for Gag/and aC,, trapezoidal
one for GaAs (no details of the geometry were givéfi)ln
comparing them with other possibilities, we confirmed both of
them to be the respective lowest-energy structures.

Properties were calculated for all structures lying up to 0.2
eV above the lowest-energy one; HFCC aptensor results
are summarized in Table 6.

With both Ga and As having p-occupations, the SOMO of
the cluster molecules is of p-type, and therefore only relatively
smallAiso's, proportional to the s-spin density, but largey's,
related to the p-density, are expected. Using the atomic values
of Aiso for 100% s-occupation as a yardstick, a 1% s-occupation,

representation and the corresponding leading configurations aretypical for the cluster molecules, givég(6°Ga) = 122 MHz

given in Table 5 for all GAs, (x + y = 3, 5) isomers within

and Aiso("°As) = 147 MHz. Similarly, for a typical 30%

0.2 eV of the lowest-energy structure. These isomers exhibit a p-occupationAgi, values of about 136 MHz fdi°Ga and 222

high density of excited states, with all calculated excited states
(up to 20 roots) lying within 5.5 eV of the ground state.
No theoretical or experimental vertical excitation energies

MHz for 7As are expected and have been found. Ovesal,
andAgip values are of similar magnitude, corresponding to highly
anisotropic EPR spectra.

are found in the literature, but calculated adiabatic values are On the other hand, components of tishift (deviation from

reported for GaAg!11315GgAs 2 GapAs;, and GaAs,.*8 For
GaAs; and GaAs,, the geometries of the adiabatic excited
states reported in ref 18 are significantly different from the

the electroni@e) are relatively large. Using explicit sum-over-
states expansions of second-order perturbation theory, values
for the spin-orbit matrix elements on the order of 26800
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cmtand low-lying excited states of about 1 eV leadjtshifts
of about 100 000 ppm, corresponding to changes imgtfeetor
by £0.1. First-order perturbation contributions have not been

calculated and are expected to be relatively small, on the order

of several hundred ppm.

From our findings for HFCCs, we confirm the EPR spectral
assignment of G#s; to correspond to th®3, structure, with
the calculatedAiso(59Ga) lying about 13% below the experi-
mental value. For the two structures of /8a that are within
0.02 eV of each other, the highe%t(5°Ga) values differ by a
factor of 2. On the basis of this and other calculated values, a
distinction by EPR should be easy. For s, also having
two structures 0.02 eV apart, the largégt(®°Ga) is 125 MHz
for one and 1735 MHz for the other, again providing sufficient
information for determining the correct structure based on EPR
spectroscopy. Only one low-energy structure was found for
GaAg and GaAs, so the HFCCs obtained serve as prediction
for future EPR studies.

A similar situation applies to the calculatgetensors. Due
to sufficiently large differences in thg.components, a distinc-
tion between the competing structures of.&& should be
possible. The calculateg-shifts for GaAs; lie within about
10% of the observed ones, again confirming the experimental
assignment of ®3p, structure. For the two isomers of gdes,,
close in energy, calculategshifts differ both in magnitude and
sign, allowing for their distinction by EPR spectroscopy.

At this time, the calculation of hyperfine parameters is well
established, and in most situations reliable HFCCs can be
obtained by using density functional methods. Betensors,
however, density functional methods are still somewhat unreli-
able, and in many cases poor results are obtaihédso, for
different functionals, the results can vary widely. On the other

hand, the present study and many previous ones (e.g., refs 25

27—29, 35) have shown that explicit second-order perturbation

J. Phys. Chem. A, Vol. 107, No. 39, 200879

9), GaAs, (13, 14, 15), GaAs (18), and GaAs (21) are
available free of charge via the Internet at http://pubs.acs.
org.
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