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* Abstract -
The g-tensors (2 order) of doublet radical gallium arsenide clusters'Ga,As, (x + y =3, 5), were'

calculated from first principles using new packages. Geometry optimizations and hyperfine coupling constants

arealso reported, usiné the BSLYP/6-3 Il+g(2df)level. ESR results were comparedtloeXperlmentalGazAs3 B

* data, and prevrous calculatlons for Ga2As GaAs,, Ga,As,. New ESR and structuraf'results are presented for
: GaAs . and Ga4As Our results for GazASJ, the only Ga-As cluster for wlnch expenmental ESR data exist, were
a better f't to experlmental values than prevrous calculatlons 1mplymD our Ag results for the other Ga As,

clusters are also of good quality.



1. Introduc_tion. ]

To date there have been few ex‘perimental ESR studies on III-V doublet radicals, namely only on BNB'

and GazAsJ to our knowledge For triplet or quartet -V radicals, experimental ESR data have only been

fround. for Ga As (X‘E ) 3 GaP+ (X‘Z) GaAs-Al GaI xAs antisite defects (PGa in GaP* AsGa in GaAs and

- PI,,‘inInP“),’andGa-vaeuncies i electron-irradiated GaP? . .- e, o o e

However thereha ve been a number of theoretical studies onthe electronic states and structures of I11-V .

. JLN

rad1cals, in partlcular for Ga—As contammg neutral and 1omc doublet rad1cals 10-22 Arratla-Perez and

.-

Hemandez-Acevedo calculated the magnetlc Zeeman and hyperf ine interactions of Ga,As, using the self-

consistent Dirac scattered wave method (SCF-DSW-XOL) of Yang et al* and a first-order perturbation

K procedure Wthh conﬁrmed Weltrier’s? ESR spectral detertnination of 4 trigonal b1pyramrda1 structure for™-
S GazAs3 Arrat Ia-Perez and Hemandez-Acevedo have also calculated the magnetlc Zeeman and hyperﬁne

- intera ctions for- GaAs2 and Ga,As,'> although to'datethierfe areno expenmmtal ESR ‘data for' these specles

- We compare these calculated and experlmental data to our results and also use the g—tensor results ‘

. .r.vas a launchmg pomt to the study of larger clusters Wthh approach bulk propemes w1th and wrthout srte '

: defects

2. Methods

Geometry optimizations and hyperfine coupling constant (hfec) caleulations were carried out with the
GAUSSTAN 98 suité of programs® at the B3LYP/6-3 11+G(2df) level. Starting eeometrics were those given
in the literature for GaAs,,'” (.}a:As,”"'" Ga.As, and Gaj,A.s:,""'25 GaAs, and Ga4As;‘§ with other pos‘siblc

geometries also examined. For GaAs, and Ga,As, only sketches of thestructures.were provided.'

The theoretical evaluation of g-tensors using perturbation theory is deseribed in detail in refs. 26 and

..27. Thetotal Ag for a given moleculé is comprised of tirst- and second-orgder tefms. In this:paper,_,only second-

order g-tensor components were caleulated, as the first-order contributions to the total Ag are expected (o be
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very small (ca. 100 ppm) in relation to the second order Ag values. The contribution to A g (2"“’) is dué to the
coupling of an excited state with the ground state, and is proportional to their spin-orbit coupling (SO) and

magnetrc transition moment (L) matrix elements and mversely proportronal to therr energy separatlon (AE).

- coupling to only the first few low- lylng excited states.?*°

.Programs developed earller in th1s group? worked very well for 1** and 2" order g-tensor calculatlons
' (e g refs 27 30) but Were‘hrmted tosystems ‘withup to ca. 80 electrons Ga-As oontamlmg clusters the focus
| of this paper .omckl;l surpassed this lrmltatlon Also, speed .1s an issue 1f- the calculatron of lar.gerﬂclusters is
to be practical. New programs were acquired and modified for our purposes to calculate the g-tensors of these
' 'Ga As clusters They are based ori: the Turbomole package31 for efﬁcrent infegral and SCF calculat1ons on"’
o .the Grimme multrreference CI (MRCI) packa ge wlnch also grves the angular rnomentum (L) matrlx elements
" ‘that -we require; ‘and finally on the Marian-Héss mean-ﬁeld spin-orbit mtegra Is® as implemented by
. S lnnnnelptenmg,“ and adapted for lhe Grrmme MRClpackage by Manan and Klemschmrdt 3 " Here the one- |
) and two electron spm orb1t elements are calculated ﬁom an effectrve one- electron one-center mean ﬁeld
: approxrmatlon Therefore the sprn-orbrt matrl)( elements which in full al; initio mode‘ requlre large amounts
' _of compu ter trme can be calcu‘lated m‘ rnuc.h‘ less time but are notas aecurate o -

o The ele'ct'ronlc charge centrord (EC C) was taken ds gau ge origin.*

: l"est' results with the new packagt: gave g-‘slrifts within15 -.20 % of MRCI”‘ values for small molecu les :

containing first- and second -row atoms(e e AlO, H, CO‘ LiC.).** With the new pacl\a ge. the followmﬂll \
doubletradlmls were studied: GaAs (97 electrons) Ga, As (9\ e), Ga As, (161 e) Ga,As, (1 59 ), GaAs‘

(163 ¢), and Ga,As (137 ¢)..

3. Optimized geometries

The total seoond—order Ag is calculated as a sum—over-states expans 1on wh1ch generally mvolves strong o
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" All géometry optimizations were donigat the B3LYP/6-311+g(2df) level of theory. The résults for the

lowest energy structures are given in Table 1, and compared with those of previous calculations. The various

structures are shown in Figure 1.

. 3.1. Gads,

GaAs2 was ﬁrst examined in 1987 20 and agam in 2000‘7 by Balasubramaman as a triangular Q
structure a 1991 study also consldered a lmear C,ov geometry 6 Work by Meler et al in 1991"‘ exammed
triangular C,, and linear (D, Cm\ ) geometnes In all cases, the ground state was “B, with a C,, triangular

geometry.

Our results'also gave X’B; in sz symmetry as the Towest energy state Altemate pos31ble geometnes'

g consrdered heré for Ga.As2 were lmear D.,,,, (X’Hg, As-Ga-As Ga-As =2. 22 A) and C‘,‘,V (X’H Ga As-As Ga— e
LAS=2, 48 A, As-As=2.16 A) structmee that were 1.62 and0.52 &V -respectively, higher inenergy than XZB

' '(l-rgule 1). This compares well to the 1esults of Meieret al," 1ereX B was lower than the th (2. 39 A) and ‘

va (Ga As = 2 61 A As-As = 2 24 A) structures by 1 53 and 0 81 eV respectlvely

: 32 GazAs

" For Ga As. Balasubramaman repor ted an X°B, ground state. w1th C,, symmetry and an angle of 79. 9°

- witha €, (A!) structure (Ga-As = 2.283, 2.534 A; Ga-As-Ga ="9’,0.3°)j0.025 eV higher in energy (MRCI i

Q, where Q was définéd as multireférence Davidson corrections to the MRCI energies for uncoupled quadruple -

" clusters).'” Tvo ofher lowTying states. ?B, (2.53 A, 108.2°, AF = +0.22 ¢V) and *A, (2.47 A 118.5°. AF =

+0.19 ¢V). were also rgported inref.17. Balasubramanian founda *B, ground state in his 1991 study.'”

. Our ‘a“ttemp_ts to,,r.q)ro_,duce Balagubramanian’s C,, (X°B,) geometr,y from ref. 17.(2000) resulted,_ .-

mstad inan Ga-As-Gaangle of ca. ‘)() degrees [Hor the 6-31 1+ ¢(2d1) basis set, B)[ YP gave (Jd As 2384 A,



96.3% MPW 1PW91 gave 2358 A, 93.3°; and MP2, gave 2.365'A, 103.5°] for Ga,As, inclose agreement w1th
the local spin density (LSD) result of 98.0° from ref. 19 (see Table l‘) ‘Our linear D, (X°I1,; 2.447 A)'and

C., (X II, As- Ga =2.246 A, Ga- Ga = 2 665 A) structures were 009 and 0.84 eV hlgher in energy,

A t"respectrvely, than our X’B sz bent geometry Tn Balasubramaman 51991 paper W1th the 2B ground state e

=2735 A) +0.68 eV.

3.3. Ga.As,

The structure of Ga3A33 was predictedin 1992 to be a D,,, trigonal bipyramid with an X?A," ground

‘ by P1qu1n1 et.al® also resuited in D,, trlgorralblpyramldal structures. - © . T

Our caleulauons showed the lowest gnergy structure of Ga2A53 0 have an X A," gr ound state w1th D,,

" .the ordering was C,, (X’B: 2.527.4, 109.5°) 0-eV; D.; (2.498-4) +0.12 eV; C., (As-Ga =2.319A, Ga-Ga

; state, usmg the LSD method.* The ESR spectrum wa$’ obtained one year later,” from whlch a tr1gonal ‘

' blpyramldal structurewas proposed MRCI calculatrons by Llao et al o and HF fo]lowed by MP 2 calculatxons o

tri gonal blpyramldal geometly, in agreement w1th the structu re propos ed from the experlmental ESR data and

.-‘

prevmus calculatlom 15,1925 Alternate poss1ble geometrlescomldered by us, shown in Fxgure 1, were: a C,

e

‘base’) 0.46 eV'l1ig11er in energy. o

3.4.Ga . As,
CASSCF and MRCT calculation$ by Liao et al ¥ using relativistic effective core potentiats (RFfCP),
showed two nearly degenerate isomers for Ga,As,: a distorted C,, trigonal bipyramid (X°A,, C,, (a) in Figure

1), and a €., edgecapped tetrahedron (X°BB,, C,, (b) in Figure 1), with the C,, trigonal bipyramid being lower

S ..'s'quare p'yramid (}CB,).;,O. 97 eV‘highe.r than the D3h strueture;_ and a C; s__quare.pyramid (X_QA”, two. _Ga in the. .

menargy by 0.005 eV (MRCI+ Q, and.0.03 eV CASSCE). LSD calculations by Louet al gave similar results, . .

with an energy separation of” 0.01 ¢v."
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" For Ga,As,, we also found that the lowest energy geometry was not D;,; as for GazAS3, hut rathera

C,, distortedtrigonal bipyramid having a?A, ground state withthe equatorial Ga atoms arranged inanisosceles

tnangle the energy gap between the C2v and D,, geometries was 0.13eV (0. I eVin ref 19). Other geometries

" we 1nvest1gated (see F1gure l) werea sz edge—capped tetrahedron‘[X’B,, sz (b) in Flgure 1] 0 ‘16 eV hlgher o

“in energy, a'C, square pyrarmd (XA”, two Asin thé ‘base’ )0.64'eV hlgha‘ in energy, anda C2v square " |

.. pyramid [X2A1, C,, (¢)in F 1gure 1], 1 36. eV hrgher than the sz distorted trlgonal blpyramld [C,, (@)]. .

3.5. GaAs4

GaAs, was included in a study of electronic and structural trends in small GaAs clusters by Piquini

o ,et al, who carrred out’ Hartree-Fock SCF calcula’uons including all electrons and no symmetry constramts

0

durmg optrrmzatlon, followed by smgle-pomt MP2 calcuhtlons on the rmnlmum energy conﬁguraﬂons

: However they did not report any geometry detalls other than a skétch of the molecule, the symmetry, and a

table ofselected bord ordexs

. Our results gave a Q edge—capped tetrahedron [XZBZ, C2v (a) in Flgure 1] as the IOWest energy o

a structure, resemblmg that shown in- ref 15 We calculated C‘,v square pyramrdal (XZA) and C,V planar BT

trapezmdal [X B,, C2v (b) in Frgure 1] geometrres to beO 30 andl 68 eV respecnvely, hrgher in energy than

the C,, edge- capped tetmhedron

3.6 Ga,As
Ga,As was also included in the study by Piquini e a/,'® and again no detailed geometrical information
- was given. The lowest encrgy-structure we obtainad for Ga,As was a C,, planar trapezoidal structure (N°A,)

with the As atom in the center [C,, (a) in Figure 1], similar to the structure obtained by Piquini ¢r «l.”” Our

results showed square pyramidal (C,,, X'B,).and C,,.edge-capped .tetrahedral. [X?A,,C,, (b).in Figure 1] .

-

geometries o be respectively 0.23 and 0.56 ¢\" higher in cnergy than the planar trapezoidal structure.



.

4, ﬁyﬁerfme oloupling'cons-tants ‘
The atomic chiar ges,'spin densities (SD) and hfec data are given rn Tahle'2_. Forall six moiecules, the

Ga atoms carry posrtive charges and all As atoms 'are' negatively charged, as expected since As is more
eleotrohegatrvethanGa The SOMOs areshownm Fiéure 2 . |
4.1 .GaAs2 R |

~ The SOMO of GaAs, 18 composed of an m—phase combmatron of a Ga py orbrtal wrth As P, orbltals
formlng o-type armbondmcr orbitals along each Ga-As bond as also reported in ref. 13 These Ga-As
antibonding orbitals of the SOMO areca. parallel to the z-axis, perhaps due to the small As-As distance(2.193
A) whrch is sllghtly shotter than ‘that calculated for As;* (2 30 A) and As, (2 31 A) 4o

The SD is greater on the As atoms (O 368 per atom) than on the Gar atom (O 262) ThlS IS in good -

. agreement with the spin populatlons calcula tedinref. 13, who report 0. 33810.106 1sotroplc 0.232 amsotroprc)

per Ga and 0.3 l (0 121 1sotroplc 0 210 amsotroplc) per As atom.. The amsotroprc spm—dlpolax couphngs

'(T" yy.zz 101 Table 2) are much larger than A,so for both Ga and As and the relatlve magmtudes of our spm-~ o

dlpolar couplmgs are: srmilar to those from ref 13 (see Table 2)

4.7, Ga.As

* The SOMO is formed fro_m an in-phase combination ofap, orbital from all three atorrs according to

" ref. 13, but this corresponds to the SOMO-1 in our calculations: out SOMO is comprised of three in-plane p-

orbitals: p, on'As and the r');, 'orbi.tals of Ga lie along the Aé-Ga bonds such that .the neg'ati.ve lobes for all three
orbitals point toward the center of the mojecule. Our geometry differs slightly from that used in refl 13; this,
could be the cause of the diffaent SOMOs, and would also affect the g-tensor caleultions (see below).

) 'Mo_re than half of the SD in Ga,As rﬁe.‘sides on the As (0.515), with.0.242 per Ga atonn. Asimilartrend, -

is reported inref. 13, but with more SD on the apical As atom: 0.694 per As and 0. 153 per Ga, with. larger
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for Ga, is much larger than for Ga, and Gay, and the SD, charge, A, and anisotropic (T

9 .

anisotropic thanisotropic SD cortributions Aﬁ)vr each atom A, is largést for the Ga aton_ts; and the spin-dipole

couplings (T X,;,yy_u) are smaller'for Ga than As, similar to the results.from ref. 13.

Our, results place the majority of the SD on the Ga atoms (0.369), with only 0.088 per As atom. This °
- agrees with the SD distribution from ref. 12 (0 314 per Ga, 0.124 per As). Basedon the experlmental results

it was estlmated that the unpa1 red electron was mamly confinedtopo orbltals onthe ax1al galhumatoms This

estimation is not supported by the SOMO (as also noted in ref. 12) Wthh shows sizeable m—phase - bondmg

between the equatorial As atoms via p, orbitals, and p, antibonding between Ga and As atoms.

Our "A,,, differs ffom the experlmental °9Ga2As3 (Armatrix} result by 13%. Ref. 12 reports calculated

ISO

o 'A,,0 vaIues for only 71Ga even tho.lgh the natural abundance is 60 4% 6"Ga and 39 6% 7‘Ga theer Value
- is almostidentical to the derived expetimental 7lGazAs3 result: The experunental results were denved assuming-
g = gc, and At % Al = A, fonAsﬁ This does not appear to be \_/alid, based onresults from ref.} 12 whe.re‘

anisotroi)ic spin distributions for the As atoms were caleulated to be ca. twice the'isotrop' ic-'spi'n distribution. '

: 44 GajAsz S

The small distortion from D, to C,\ symmetry makes a slgmf icant impact-on the SD and charges of

~ theGa at_o;n's in Ga,As,, as well. as the SOMO. The SOMO is composed of inphase p, orbitals on Ga, and the '

As atoms, with p, orbitals on Ga, and Ga, oriented to form Ga,-As and Ga,-As antibonds. The SD'is four

times larger, and the charge is two times smaller, for the Ga, atom (Table 2) than for Ga, and Ga The A

150

ANLYYLLL

Ga, are all similar to that for each of the Ga atoms in Ga.As,.

4.3, Gads,

) hice valyes for |
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'I'he SOMO of GaAs lies i in 1 the yz-plane from py orbltals on all atorns; the orblt als on Ga As, and

-As; are 1n-p hase, and of opp osite phase to those on As3 and As,,

The maj orlty of SD lies on As, and As, (see Figure 1), w1th very little on the other three atoms. ThlS

Vst reﬂected in the larger Ad,p values for these atoms (Tahle 2) Wthh are an. order of magmtu de larger for As B

and As2 than for As, and As,,.

4.6. Ga As ’

The SOMO llCS in the plane of the molecule w1th P, orbltals of' Ga, and Ga2 orlented to be bondmg -

between Ga,-Ga,, with the po orbitals of Ga, and Ga; positioned tobe Ga,-Ga, and Ga,-Ga, antibonding. The
'pz orbital on As is small'and is- -oriented to be in phaSe with the: py orbltals betwéen Gal and Ga2

There is almost no SD assomated w1th the As atom in Ga,,As but the largest atormc charge re51des on

As ( -0.509). Most of the SD resides on GaI and Ga,, and is'¢a. twice the SD for Ga, and Ga4, whereas the - * .

charg ges on Gd, and Ga, 1s ca. halfthat for Ga, and Ga4 This nverse relationship betweenchal g andSD was

observed by' Bruna and Grein‘for alkali—metal diatomic 'radical'mt'ions.”

5 G.-',ten.so.r:s S .

“In T:able 3,. the'typ‘es ot eacited' statesthat COU};)IG‘Wllh four dit‘t‘erentgroudd states in C, s.ymmetr.y
(XzA,,. X?A,, X’B,, XB,). ax:e listed. Table 4 summal"i'z'es our total Ag (2™ older) vallies‘:and ¢ompares them
to knowri experimental and theoretical resillts. To otir knowledge there are no ‘experimental or calculated ESR
" data for Ga,As., GaAs.. or Ga;As. For all Ga,As, doublet radicals (x + y = 3, $) AE, SO, L and Ag valugs

for the first five excited states for each irreducible are given in Tables 5 - 10, and results for higher excited
states if they have a strong magnetic coupling with the ground state. Fifteen excited states were caleulated for
 Ga3As,, GaAs, and Ga,As since signilleanl magnetic coupling with the ground state was still observed in the

higher states of initial 9-root caleulations. Tables § - 10 can also be used for vertical excitation energies, which
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. are given in'the body of thie tablé or as a footnote.

All C,, molecules have the z-axis along the C, symmetry axis. GaAs, and Ga,As are placed in the yz-

plane.

5.1 Gads,

Table 5 shows that A g, for GaA52 is governed by the oouphng of. IZA (4a, 2b,, SOMO-1 to
SOMO) and 2°A, (3al 2b,, SOMO-3 to SOMO) wrth X B,.
The A g,, component is dornrnated by the couplmg with le (2b - 2b Ds SOMO to LUMO+]. There

are also strong couplings with 2%A, and 3?A, but they almost cancel each other: their individual Ag,,

contnbu tions are sirtiilar in magmtude and oppos ite in §i' gn This is a' general trend observed fora pa1r of states = -

generated by a three open shell conﬁguranon 83940 o, g for H CO“ the AE SO and'L values for the l 2 A :

states (Ag,,) were of similar magmtude but theirt contrrbutrons 10 A g were of oppesite sign.2® In the-case of :

GaAsz, the AAE andSO values for 2:A2 and 32A2 are similar, but the L values differ by ca. 50% (15 % deviation

m L values in the H CO example“) This varratron of the L values may occur since althOUgh the leadmg o
_ ’conﬁguranon for both 22A and 32A ‘isa 4al - 2b excrtatron (90% and 85 %, respectrvely) there are small .

dtfferences in the other conﬁguratrons contrrbutlng to 2’A and 32A (Table 5)

The total Ag,, component is an order of magnltude smallér than Agm and A g,.. Although thestrongest-

. couplmgs w1th X B arrse from 5 B and 6°B,, therr A g contnbunons almost cancel each other srnce both of
' thése states derive from a threé open shell corifigurati on8390 (3a, - 14,, SOMO-3 to LUMO) T this case the

" AE for the two states are very close, but the SO andL values differ by ¢a; 50%. These differénces arise from

mixing of the leading configuration.

Calculated g-shifts for GaAs, by Arratia-Perez et a/' utilized a first-order perrbation procedure

- based on the SCF-DSW-Xor method,” and a geometry.by Lou et al. b Allhou"h three g:-componenls are

Oxy

e\pu,ted for C, symmdry they give only A g, and Aur vuluu Assumingtheir Ag is along As- /\x(Aw ) and
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" Agiis Ag,,, our calculated Ag values for GaAs, differ significantly from those calculated in"r'ef.' 13, being’
ca. 70000 ppm larger in magnitude. There is no experimental ESR data available for GaAs, to gauge the
accuracy of either result. . - | |

3.2:GaAs.
- The Ag,, value of Ga,As ie not dominated by coupling w1th any one excited state; rather 124, - 424,
all make large negat ive contrlbut ions to Agw countered to a small extent by 6°A, (Table 6)
| The two largest conmbutlons to Agyy are negetlve values from 22A and 42A2, counteretl by 5 bosmye
one from 5°A,. As the leading configurations for 4°A, and 5%A, are the same (33, - 2b,), the AE and L values
“are similar and their Ag comnbutlons are of oppos1te s1gn, “but theé SO values dlffer by ca. 50% This is due
10 52A2 bemg dommated by a three open shell conﬁguratlon (3a, . 7b, Dy whereas 42A is more evenly
'comprlsed of this (40 %, and a double exc:1tat10n from the SOMO-1-to the SOMO and-LUMO+1 (3al
2b,1a,) (37 %) | . |
The Agn value is dommated by couphng to lzBl, w1th contrlbutlons from 3 5 62B The 52B and 62B
.state.s have the same leadmg three open shellconﬁeuratton SOMO-1 (3a )to the LUMO+2 (laz) but agam ,. .
: the A g contrlbut ions from these two states do not cancel" 9.0 due to dlfferences in the conﬁguratlon setup '
As with GaAS,, only Ag and Ag1 value< lor Ga, As are glvenm ref. 13 If we assume that their AgI
'iAs alo'ng Ga-Ga (yTaxis, as"for‘Ga‘As2 alo_ng As-As), then the A.'g‘yy eomparison is__very' poor. If their Ag,’
‘corresponds iristead to Ag,, then the result diflers'ffotn otirs by ca. 20%, but’l is inc'o'n:sist erit with the GaAs,

X,V,z-axis assignments.

5.3. Ga.As,

ln Dy symmelry (X°A,"), thesta ndard ouenlauon placesthe Gaatoms of (quASJ along the z-axis, with

the As atoms in the xy-plane; x and v (and Ag, and Ag, )are degenerate (CEY.Our Ag caleulations were done



13
With'GazAs'3 in C,, symmetry (X?B,), placing the Ga atoms along the x-axis and the As atoms in the yz-plane
with one As atom lying on the z-axis. In this case, the ’A, and ?B, states correspond to ?E’. For checking the

accuracy of'our calculations, we calculated Ag for both %A, and *B, states. The degenerate components of Ag

will alway be called Ag, and Ag,,, corresponding to the D,, notation. Bue fo the independent seféctionof 7Y

reference conﬁguratrms and extrapolation for ?A, and *B, states, slightly different values were obtained for
| Agxx and Ag,,. |

The degree of degeneracy of A g, and A gyy can be checked in Table 7. The values are dommated by
couplrng of the ground state wrth 3’A, and. 2°B,, respectrvely, co1respond1ng to excitation from the SOMO |
(3b)) to the degenerate LUMO (6a,) for Ag,, and LUMO+1 (3b,) for Ag,,. The second largest contribution

is fiom 5%A,, an excitation from the SOMO to the degenerate LUMO+4 (7a), and from 42B2, SOMO to -

' fLUMO+3 (5b2) The remammg ma]a excrted State oouphngs 1nvolve 6, '7“A ‘and 5, 62B2, exertanons from the " = -

. degenerate SOMO-2 (1a2, Agxx) and SOMO-1 (2bl ,Ag,,) to the: LUMO+2 (4by), resultlng in three open shell o

configurations. As shown in Table 7 for A g)y, the AE SO and L values for S:B and 6B, are very similar and
the Ag values are opposrtem si gn Tlns behavrour is expected fot palrs of states generated by a the ee open sheli
conﬁguratlon 283940 Tlns is not as ev1dent in 6°A, and7 A, in Ag“, where the SO and L values are s1m11ar o
but the AE values dxffer by 1.1 eV | | | | o |
As shown in Table 7, Aq . was calcu lated to be an order of magmtude smaller. than A g>.y and. A gu,"

' ufith the largest co ntri bution from coupling with lille 3_’A2 sta_te, an excitation fro.m'SOMO-S (4a,) to LUMO+2
s e . . . :

' GazAsl is the only Ga,As, doublet radical with published ekpernnéntal ESR data; comparison ofour
resultsto the experimental® and published theoretical’® g-tensor data is given in Table 4. Our results arc in good

agreement with experiment.” beinga much closer fit than the theoretical results from ref. 12.

S Gu s,



B ﬁ.and Ga, along y.

14.
In our calculations thé three Ga atox.ns,pf Ga,As, were placed in the yz-plane and the two'As atoms
along the x-axis. The distortion from a D,, trigonal bipyramid to C,, symmetry was accomplished.by having

the Ga,-Ga, (and Ga,-Ga,) dxstance shorter than Ga,-Ga, [See F1gure 1,C,, (a)] . Ga, lies along the z- ax1s Gra2

b WYONT R e et TR \

The Ag,, value is governed by the ceupling of 2B, and 3’B, with the X?A, -ground state (Table 8). ,
There are numerous contrlbu tions to Ag,,, the largest being 1B, (2b, -~ 5a,, SOMO-3 to SOMO) and
. '32B (Sa, - 3b,, SOMO to LUMO+2) which almost cancel each other. The overall Agyy is rela’uvely small
w1th most of the small negatlve contnbut1ons (2 4, 6 142B D bemg ne gat ed by pos1t ive contnbutlons from 5? B
and 11°B,.
' The ovetall Ag,, is also smali, dueto cancelling oontributi'om from pairs of statés generated by three -
'open shell conﬁguratlons Contnbutlons to Aglz ﬁ'om 22A and 3’A2, both havmg ‘thie same conﬁguratlon
almost cancel each other:their AE values arealmost 1dentr:al and although the SO of 22A is ca. 70% larger
.than that 0"33A2, theL valuc fox A, 1s ca. 80% smalle1 than that of 3°A,. The leadma configuration for 4A,
. and 52A is the same (la2 6a,, SOMO 2 to LUMO+1) but the respectlve Ag s dxffer vastly in magmtude

. dueprobably to somemtxmgofcmﬁguratrons : Ca T

"5.5. GaAs,
The molectlle_ was oriénted such that Ga lies on the z-axis, and As,-As, in thAe yz-plane; As; and As,
" lie in the xz-plane [Fignreil, C.. (a)'].. v -

For Ag.., magnétic coupling was dominated by coupling with 12A,"(3b, ~ 6d,, SOMO to LUMO). *
Large negative contributions from 2,5°A, are effectively cancelled by 4,93/\.1 (Table 9).

Incontrastto Ag , the overall Ag and Ag,, values were small due to cancellnw positive and negative
Ag components [romnumerous exciledstates, Fol‘A_gyx,_lal'gc contributions li‘on] ] 3A3 and 2°A, are of opp.ositc

(three open shells) and nearly cancel. The next largest contributions arise from 5°A, and 10°A,, both being
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" posit ive. However, the overall A gyy is felatitlely small and negative due to negative contributions fromz ngtnber

of states (3,4,6,7,9,11A,).

The largest contributions to Ag,,, from 1’B, and 2’B,, are again of oppos1te sign although the two

‘ states do not derive from the same conﬁguratlon Next largest in magmtude are contn'butlons from 8’B and“‘

11?B;, which have the same three open shell configuration. Due to other contributing states, the final Ag,, is

again relatively small.

5.6. Ga,As
In our calculations Ga,As was in the yz-plane, with the z-axis bisecting the Ga,-As-Ga, and Ga,-As-
Gas angles (see Figure 1); the x-axis was perpend1cular to the molecular plane. = ¢ C

For Agxx, the magnetlc couplmg was dommated by~ two exmted states (1,2°By), the leadmg

* configurations for which were the-same(5a, = 4b, and 3b, ~ 5a; ):but corrtnbu ted inan approximately opposite -

manner (1° B 62% and 29%; 2°B,: 29% and 63%, respectively, see Table lO)

The largest contnbut1ons to Agyy were from hlgh lymg excxted states (6 7, 82B ) All of the states:' '
- contnbru tmg s1gn1ﬁcantly to Agw had negatlve Ag components ‘with the exceptlon of SZB,, whlch isone ofa"

.pa1r of states (w1th 62B ) from a three open shell conﬁguratlon (4a1 - 2b -

High- lymsz states also dommate Ag,,, Wlth the hlgest neszatlve contributions from 6,7,12, 14ZA The
largest; posmve A g contrlbutlon is from 1 leZ, Wthh has the same three open shell conﬁgulatlon as 12 A (3b

= 3b)), althou gh feither state is dommated by this confi guration (42% for 1 l A,, 60% for 122A, .). The other

© state with a positive contributidn to Ag,, is 4°A,, which has the same leading three open'shel | configuration as

6°A, (3b, — 2b,); here the SO values are quite different .and the AE’s differ by ca. 1 eV, and two Ag

contributions are opposite in sign but are not similar in magnitude.

6. Summary and Conclusions
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" ‘New programs developed for the calculation of g-tensars, based on multireference CI wavef_unctbns,
have been capable of determing g-tensors for III-V doublet radicals with up to 163 electrons in an efficient

manner, and without the need for RECPs (although this may still be necessary for the study of larger clusters)

In contrast o smaller molecules for wh1ch strong magnetlc couplmg with the ground state is o’oserved' o

with only a few excited states (e.g. refs. 28-30), significant contributions to Ag were oﬁen observed from
various higher excired states of Ga,As,. This is due in part to the higher energy-density of excited.states of
these molecules e.g. 14 excited states are w1thm4 eV for GaJAs (A g‘z in Table 10) .

From companson wrth expenmental ES R data for Ga,As, (Table4) itis evrdent that our new g-tensor

results are significantly better than the DF T results reported in ref. 12, although they correctly reproduced the

‘ trends of the expenmental results (z e A gxx << Agyy, A g.). This suggests'that .our g-tensor results for GaAs2 N
©+and GazAs are also 1mproved over pubhshedDFT values and that results for the other clusters arerel 1able

" Future work' includes using these rlew programs to mvestlgate the structures and propahes of larger TV -

clusters(11+ atoms), and the study of paramagnetic defects (heteroatomic,’ anti-site* and holedefects’) within

© " these larger clusters. 'Results presented' ih this 'p aper shc')w that one does not need to .consider all Valmc'e

electrons (VE) whrch decreases calcu lau on t1mes and may allow lar ger molecules to be calculated before the -

use of RECPs is requrred

Also planned are modifications to the orograln code'to allow g—‘(ens_or calculations for triplet and -
qu%rrtet multiblic i_ties.hA number of AB ~1HI-V compounds for which experimenta_l ESR data are available (e.g
GaAs*? GaP-* “) have c}u artet ground states. Higher spin states are not restricted to ions, e. g':.'GaPJ has a A,
ground state.“"'l‘hese would be hélpful in gaugi.ng the quality of our results, since to our khowledge Ga,As,?

and BNB' are the only 1I1-V doublet radicals with published ESR data.
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Table 1. Optirnized bond distances (A) and angles’ (deg) from this work [B3LYP/6-311+G(2df)], and

comparison to literature values, for all Ga,As, (x +y = 3, 5) doublet radicals.
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Molecule, symmetry, ground state Results .

GaAs, C,, XB, Thiswokk Ref 17(MRCI) - Ref. 14 (MRCI)

Ga-As | . 2.775 2.80 2.86

As-Ga-As 46.5 459 46.6

GaAs C,, X'B, Thiswokk .  Ref 17(MRCI) . Ref. 19 (LSD)

Ga-As 2.384 2.407 2.33

Ga-As-Ga 96.3 79.9 98.0

GaAs, Dy X'A," . Thiswork Ref. 25 (MRC)  ,Ref. 190SD)
- Ga-Ga 4.268 ° net reported not reported

Ga-As 2,594 2,589 265

As-As 2.555 2.563 . 2.62

GaAs, C,. XA " This work Ref 25 (MRCI) ~  Ref 19 (LSD)

Ga,-Ga,, Ga,-Ga,” 3.751 " 3.702 3.72 a

Ga,-Ga, 3.979 4114 4.57

Ga,-As, 2.446 2.401 2.41

Ga,-As,, Ga,-As, 2.671. 2725 2.59,

As,-As, 2735 2.782 2.70

Ga,-Ga-Ga, " 64.0 67.5 70.0

As,-Ga,-As, 67.7 70.8 67.9

As,-Ga,-As,, As,-Ga,-As, 61.3 61.4 55.2



Table 1 continued.

GaAs, C,,X'B,
GaTAS“ Ga'ASZ“ ’
Ga-As,, Ga-As,

As|-As,, As|-As,, As,-As,, As,-As, '

As,-As,

GaAs C,, XA,
Ga,-As, Ga,-As”

Ga;-As, Ga,-As

Ga,-Ga,, Ga,-Ga,

Ga,-Ga,
" Ga,-Ga,, Ga,-Ga,

Ga;-Ga,
Ga,-As-Ga,

Ga,-As-Ga,, Ga,-As-Ga,
Ga,-As-Ga,, Ga,-As-Ga,

Ga,-As-Ga,

This work
3.116 : .
2.545
2.4;54
3.006

This work
2.588
2.487
2870

2599

4.583
4.913

" 60.3

68.8 -
129.1
162.0

)

Ref. 15

no data given: -

C,., cdge-capﬁed

tetrahedron

Ref. 15

no data given:

_C,,, planar
- trapezoid

with As in center

a See Figure 1 for atom labelling scheme.



23

Table 2. Spin densities, atomic charges, and hyperfine couﬁling constants (MI:Iz) for'all GaAs, (x+y=3,5)

doublet radicals.
Molecule Atom  Spin Density’ Charge® Ay, T,/T,/T,’
GaAs, C,,X°B, ~° Ga - 0262 0226 . 26 . -57/131/-74
" Ref. 10 ' 0.338 0.193 . o83
' As 0.368 0.113 - . 7 ~ -111/:113'/225'
Ref. 10 0.331 -0.096 125¢
'Ga,As C,, XB, Ga 0.242 0.128 447 -63/-81'/-63'
Ref.10 - ~ 0153 0.103 : 274
As 0.515 -0.257 -148 -159/304 /-145
Ref. 10 0.694 -0.206 216
| .
| - Ga,As, Dy, X°A," . Ga 0369 0.194 1325° -65/-65/ 129
‘Ref 9 . . L 0.314 0.150- . . . I
- As 0.088 0.129 - - 2% -35/-36/71
Ref9 - -~ I - 0.124, -0.100 ‘ C 14
Ga,As, C,, XA, Ga, 0426  0.175 1735 -85/-71/156
. 'Ga,, Ga, 0.085 0276 . 203 T 21745724
As,, As, 0.202 - - :0363 . 25 -61'/-56 / 116'
| | Gaas, C,, X'B, Ga 0038 0214  -153 T 4717721
| ‘ As,, As, 0.585 -0.078 46 -156/308'/-152'
As,, As, -0.066 -0.030 12 -10'/ 45/ -36'
- GaAs C,, X°A Ga,, Ga, 0.342: 0.083 -122 - -89/177'/ -88'
: Ga,, Ga, 0.169 0.171 153 34 /-43'/ 76
As 0.021 -0.509 0.05 . -13/-7/20

a Atomic charges from a Mulliken population analysis.
b Off-diagonal spin-dipolar (anisotropic) coupling terms T',, T',, T',, are indicated by a ' after the value.

¢ A, =1524[1936] MHz, A, = 87 [71] MHz from experimental ESR spectra for “Ga,As, ["'Ga,As,].? A

150

=2012 Mhz, A, = 88 Mhz for "'Ga,”As, in ref. 12.
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d The spin-dipolar coritribution tohfec fromref. 13, defined as the expectation value (3x”- r)/r’ avera ged over

the relativistic wave function.



Table 3. Excited state coup lings for the four possible ground states in C,, symmetry.
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Excited State Coupling
Ground State Ag., Ag, Ag,,
XA, °B, g, . 24,
X2A2: B, B, A,
X?B, 27, A, ’B,
X’B, 24, 2A, B,
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Table 4. Calculated g-tensor data (Ag in ppm) for Ga,As, (x +y= 3, 5), and comparison with experimental

and other thearetical results.

Ag,, Ag, Ag,
. GaAs, (X°B;) 175300 -175120 -18280
Ref, 13, calc. 95600 -116500
Ga,As (X*B,) -125950 -24850 51030
Ref. 13, calc. -188500 40100
Ga,As, (X*A," in D,,) 73410° . 6460
Ref. 2, expt. -82300 . ~0
Ref. 12, calc. -148000 - -16200
Ga,As, (X*A,) 71590 -11150 13270
GaAs, (X’B,) -171030 -7540 -14720
Ga,As (X?A,) -123540 -21850 43470

a Averageof Ag, and Ag, from Table7.
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Table 5. Calculated values of AE, SO, L and Ag (2 order) for excited states having a lar ge magnetic coupling

with the ground state of GaAs, (X’B,), and ’B, vertical excitation energies®.

Component AE(V) SO(em') L(au) Ag(ppm)
Ag, CA)

12A, (4a, - 2b,, S-1 - SY 147 - 169.5 1.096 64366

2°A, (32, » 2b,, S-3 ~ S) 2.67 475.1 1.105 99952

3?A, (1b, ~ la,, S-2 - L) 2.89 165.1 0.149 4333

42A, (2b, - 5a,, S - L+3) 3.97 116.2 0784 11687

5?A, (1b, - la,, S-2 - L) [30%] 4.24 69.2 -0.404 -3357 175300
Ag,, CA) -

12A, (2b, ~ 1a, S~ L) 1.26 476.4 0.897  -172824

2’A, (43.1 - 2b,, S-1 - L+1) 3.19 98.4 . 0.872 13686

34, (4a, - 2b,, S-1 ~ L+1) 3.90 -86.1 1530 -17199

£2A, (3a,4a, ~ 2b,1a,, S-3 +S-1~ S + L) 4.37 31.8 0.034 128

5%A, (4a,2 - 2b,1a,, S-1 ~ S + L) [26%] 4.71 50.1 0.130 708 -175120
Ag,. (B)

1B, (2b, - 2b,, S - L+1) 227 -129.3 0.657  -19067

2’B, (1b, = 2b,, S-2 =+ S) 2.55 36.5 -0.042 -307

3'B, (4a, - la,, S-1 ~ L) 2.62 81.2 0.033  -526

4B, (4a, ~ la,, S-1 - L) [57%] 3.13 250.8 -0.149  -6072

5’B, (3a, ~ 1a,,S-3 - L) 3.61 348.0 0.983 48315

6’B, (3a, -~ 1a,,S-3 ~ L) 3.89 190.9 -1.612 -40264 -18280

a The X*B, ground state is ...1b,’1b,?4a,”2b,"' (13 VE). Vertical excitation energies for 2B, to 5B, are 3.58

ki

4.25,4.35, and 4.76 eV, respectively.




b Total coﬁtribution for all calc_ulated excited states in bqldfape.

¢ S =SOMO, L =LUMO.
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Table 6.Calculated values of AE, SO, Land Ag (2™ order) for excited states having a lar ge magnetic coupling

with the ground state of Ga,As (X’B,), and B, vertical excitation ener gies®.

Component AE(V) SO (cm™) L (au) Ag(ppm)’

Ag, CA)

1?A, (33, ~ 2b,, S-1 = S¥ 0.17 177.4 0069 -36004

2?A, (2b, - 4a,, S ~ L) [58%] 1.97 243.5 -1.019  -64115

32A, (1b, ~ la,, S-2 = L+1) [33%] 2.72 -60.7 0.735  -8368

4A, (3a,2 - 2byda,, S-1 = S+ L) 2.90 -204.4 0.910  -32678

52A, (1b, ~ la,, S-2 - L+1) 3.38 -30.86 0306  -1424

6°A, (3a, ~ 3b,, S-1 ~ L+3) [39%)] 3.72 84.9 1271 14761 -125950
Ag,, CA,)

1A, (b, - 4a,, S-2 ~ L) 2.32 2.7 0.154 91

22A, (2b, ~ la,, S = L+1) 2.57 156.8 -0.477  -14834

32A, (1b, ~ 4a,, S-2 ~ L) 2.78 419 0.014 108

#A, (3a, ~ 2b,, S-1 ~ L+2) [39%)] 3.32 158.5 -0.784  -19071

5?A, (3a, - 2b,, S-1 -~ L+2) 3.82 100.8 0.737 9909  -24850
Ag,.(B) -

1B, (1b, ~ 2b,, S-2 ~ S) 0.33 254.7 0219 87664

2B, (I1b,3a, ~ 2bda,, S-2+8S-1 - S+L) 257 -0.2 0.140 -4

3B, (3a, - la,, S-1 ~ L+2) 2.66 122.2 0.904 21148

4B, (1b3a, - 2bda,, S-2+S-1 - S+L) 3.0 413 0.051 360

5B, (3a, ~ la,, S-1 ~ L+2) 332 -220.1 1.066  -35932

6B, (2b, ~ 2b,, S — L+2) [40%] 3.74 146.9 -1.052 21056 51030

a The X*B, ground state is ...1b,°1b,?3a,%2b,' (11 VE). Vertical excitation energies for 2?B, to 5?B, are 2.24,



2.65, 3.17, and 3.41 eV, respectively.

b Total contribution for all calculated excited states in boldface.

¢ S =SOMO, L = LUMO.
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Table 7. Calculated values of AE, SO, L and Ag (2" order) for excited states having a lar ge magnetic coupling

with the ground state of Ga,As, (X’B,), and ’B, vertical excitation energies®.

Component AE(eV) SO(em') L(au) Ag(ppm)
Ag,. CA)

1A, (5a, - 3b,, §-3 S 1.98 415 0.037 -398

2A, (4, - 3b,, S-5 ~ S) 2.98 0.4 0014 -1

3?A, (3b, - 6a,, S - L) | 3.30 342.9 1777 -94074
4, (3a, ~ 3b,, 56 = S) 3.87 0.02 0.003 0

5?A, (3b, - 7a,, S ~ L+4) 3.70 246.7 0.634 21549
6’A, (1a, ~ 4b,, S-2 = L+2) 343 148.1 0.396 8742

7*A, (1a, = 4b,, S-2 ~L+2) 2.29 1334 -0.368  -10911 -75230
Ag,, CB,)

1B, (2b, - 3b,, S-4 ~ S) 2.69 -40.5 0037 -284

2%B, (3b, - 3b,, § ~ L+1) 3.28 3555 1761 -97100
3?B, (3b, - 4b,, § ~ L+2) 3.50 4.9 0.032 23

4’B, (3b, = 5b,, S » L+3) 3.67 269.0 0.713 26635
5B, (2b, - 4b,, S-1 ~ L+2) 3.83 101.8 0.316 4287

6B, (2b, ~ 4b,, S-1 ~ L+2) 3.93 119.2 0342 -5280 -71590
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Ag.. CA)

1A, (la, ~ 3b,, S22~ S) 1.58 -0.1 3x10° 0

2’A, (5a, ~ 4b,, S-3 -~ L+2) 3.64 0.9 6x10° 0

A, (4a, - 4b,, S-5 ~ L+2) 2.89 71.8 0.401 5083

44, (3b, - 2a,, S - L+7) 4.55 0.3 2x10* 0

5?A, (Sa, - 4b,, S-3 ~ L+2) 3.85 0.7 0021 -2

6%A, (5a, ~ Sb,, S-3 ~ L+3) [50%] 409 1945 0.084 2041 6460

a The X*B, ground state is ...2b,25a,%1a,°2b,%3b,' (21 VE). Vertical excitation energies for 2’B, to 5°B, are

1.58, 3.85, 4.54, and 4.50 eV, respectively.

b Total contribution for all calculated excited states in boldface.

¢ S=SOMO, L =LUMO.
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Table 8. Calculated values of AE, SO, L and Ag (2™ order) for excited states having a lar ge magnetic coupling

with the ground state of Ga,As, (X?A,), and 2A, vertical excitation energies®.

Component AE(€V) SO(em') L(au) Ag(ppm)

Ag,, (B)

1’B, (2b, - 5a,, S-1 - S) 0.72 -72.2 0.525 -26906

2B, (1a, - 3b,, S-2 ~ L+2) 1.87 5.1 0.038 53

3B, (5a, - 3b,, S ~ L) [48%] 2.94 221.4 -1.402  -53718

4B, (1a, ~ 3b,, S-2 - L+2) 2.52 46.7 0.653  -6177

5’B, (2b,.~ 6a,, S-1 ~ L+1) [52%] 2.94 22.2 -0.921  -3537

6B, (2b, ~ 6a,, S-1 ~ L+1) 3.16 72.1 1.605 18664 -71590
Ag,, (B,

1B, (2b, ~ 5a,,8-3 - §) 115 80.3 0.902 32076

2’B, (la, ~ 3b,, S-2~ L) 2.52 41.2 -0.783  -6518

3B, (53, - 3b,, S - L+2) 2.94 320.5 0599 -33328

4B, (1a, - 3b,, S-2 ~ L) 2.58 15.3 -0.506  -1530

5?B, (2b, - 6a,, S-3 ~ L+1) 3.90 24.8 0.567 1840

6B, (4a, - 3b,, S-4 ~ L+2) 2.50 -79.7 0.511  -8297

11°B, (5a, — 4b,, S — L+3) 4.34 71.2 0.955 7981

14’B, (3a, ~ 3b,, S-5 ~ L+2) [26%)] 4.20 73.5 -0.732  -6536 -11150




Agzz (1A2)

12A, (la, - 5a,, S-2 ~ S)

2A, (2b, - 3b,, S-1 ~ L+2)
34, (2b, - 3b,, S-1 ~ L+2)

44, (1a, ~ 6a,, S-2 ~ L+1)

1.00
2.73
2.79
3.05

2.92

76.5

253.8

75.3

20.8

2.7

0.394

0.252

-1.121

0.630

-0.415

34

15339
11927
-15409
2191

200 13270

5’A, (1a, - 6a,, S-2 ~ L+1)

a The X?A, ground state is ...4a'?2b,*1a,72b,?5a,' (19 VE). Vertical excitation energies for 2*A, to 52A, are

1.68, 2.18, 2.56, and 2.90 eV, respectively.

b Total contribution for all calculated excited states in boldface.

¢ S =SOMO, L =LUMO.



35

Table 9. Calculated values of AE, SO, L and Ag (2" order) for excited states having a large magnetic coupling

with the ground state of GaAs, (X*B,), and ?B, vertical excitation energies.

Component AE SO L (au) Ag(ppm)
(eV) (cm™)
Ag., CA)
1?A, (3b, -~ 6a,, S~ LY 0.55 390.3 -~ -0.496 -179018
2’A, (5a, - 3b,, S-1- 8) 222 -249.0 1.0471 -59761
3%, (3b, - 7a,, S ~ L+4) 246 1715 0070 2501
4?A, (2b, ~ 6a,, S-3 ~ L) 282 2650  0.7923 37977
5%A, (2b, - 6a,, S-3 ~ L) [64%)] 261  -139.8 0386  -10558
9’A, (53, = 4b,, S ~ L+1) [39%] 4.10 162.8 1.850 37462 -171030
Ag,, CA,)
1A, (3b, ~ 6a,, S-2 ~ L) 191  -311.7  0.807  -66989
22A, (3b, ~ 6a,, S-2 ~ L) 232 1621 1378 49104
3%A, (3b, ~ 2a,, S ~ L+5) 3.06 -188.6 0.117  -3699
4A, (2b, - 6a,, S-4 - L) 337 3366 0057 -2937
5%A, (2b, - 6a,, S-4 ~ L) 3.18 129.2 0.794 16423
6A, (52, - 4b,, S-1 ~ L+3) 291 1234 0372 -8027
7*A, (3b, = 7a,, S-2 ~ L+4) 3.44 111.3 -0.321  -5292
9A, (1a, ~ 3b,, S-5 - S) 378 495 -0.355  -2363
10°A, (3b, - 7a,, S-2 ~ L+4) 443 83.0 1.561 14898
11°A, (5a, = 4b,, S-1 - L+3) [55%)] 3.67 84.2 -0.494  -5790

13’A, (3b,3b, - 6a,5b,, S-2+ S~ L + L+2) [28%] 3.66  70.5 0.702 6890  -7540




Agzz (2Bl)

1B, (3b, ~ 3b,, S-2 - S)

2B, (3b, - 4b,, S ~ L+3)

37B, (3b,3b, ~ 6a,%, S-2 + S~ L)
4B, (2b, - 3b,, S-4 - L)

5?B, (3b, - 4b,, S-2 — L+1)

6°B, (3b, = 5b,, S ~ L+6) [58%]
8B, (3b, ~ 5by, S-2 = L+2)

112B, (3b, ~ 5b,, S-2 - L+2)

1.90

2.57

2.40

3.10

3.19

2.54

3.67

3.72

285.7

-259.9

163.7

293.5

-63.2

-79.2

-118.9

114.4

0.777

1.285

0.200

0.102

0.765

0.921

1.378

1.319

36

59501

-66074

6966

4943

-7720

-14645

-22751

20686 -14720

a The X’B, ground state is ...1a,”2b,?3b,?5a,°3b,' (23 VE). Vertical excitation energies for 2?B, to 5°B, are

1.62, 2.60, 2.54, and 2.63 €V, respectively.

b Total contribution for all calculated excited states in boldface.

¢ S =SOMO, L = LUMO.
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Table 10. Calculated values of AE, SO, L and Ag (2" order) for excited states having a large magnetic

coupling with the ground state of Ga,As (X*A,), and *A, vertical excitation ener gies®.

Component AE SO L (au) Ag(ppm)
V) (cm™)
Ag., (B)
1B, (5a, - 4b,, § ~ L+1) [62%] 128 2234  -1224 -108538
2?B, (5a, = 4b,, S - L+1) [29%] 1.59 -51.6 1.4029 -23187
3B, (2b, ~ 5a,, 5-4 ~ S) 273 241 1423 -6406
4B, (b, - 1a,, S-3 - L) 208 6.6 0664 751
5B, (Ib, ~ 1a,, S-3 ~ L) [46%] 302 230  -0.147 572 -123540
Ag,, CB)
1B, (5a, ~ 2b,, S — L+2) 145  -181 0216 -1378
2B, (1b, - 5a,, -3 = S) 223 478  -0.041 -457
3B, (3b, - la,, S-1~ L) 203 -16 0148 61
4’B, (3b, » la,, S-1~ L) 244 -30.0 0.224 -1405
5’B, (4a, = 2b,, S-2 ~ L+2) 2.75 249.0 0.0782 3601
6'B, (4a, - 2b,, S-2 - L+2) 202 307 1616  -8668
7B, (5a, - 3b,, S ~ L+3) 306 <721 0724 -8675
8B, (2b, - 1a,, S-4 - L) 299 246 1409 5893  -21850




(3

Ag,. CA)

1A, (53, - 1a,, S~ L)

2°A, (43, ~ 1a,, 8-2 ~ L)

3°A, (43, ~ 13, 8-2 - L)

#A, (3b, - 2b,, S-1 ~ L+2)

52, (1b, = 4b,, §-3 - L+1)

62A, (3b, - 2b,, S-1 - L+2)

TA, (5a, = 2a,, S ~ L+5) [41%]
112A, (3b, — 3b,, S-1 - L+3) [42%]
12?A, (3b, ~ 3b,, S-1 ~ L+3) [60%]

14?A, (2b, ~ 2b,, S-4 - L+2)

1.22

2.49

2.62

242

2.93

3.44

3.26

3.83

3.96

3.98

-63.9
-0.06
12.7
-43.5
7.1
215.6
205.7

102.7

-63.9

-39.4

0.256

0.357

-0.105

-0.432

-0.049

-0.422

-0.451

0.847

1.277

1.652

38

-6838

5

-262

3948

-62

-13477

-14511

11592

-10487

-8334 -43470

a The X?A, ground stateis ...1b,*4a,?3b,?5a,"' (17 VE). Vertical excitation energies for 2%A, to 5A, are 1.66,

2.79, 2.80, and 3.02 eV, respectively.

b Total contribution for all calculated excited states in boldface.

¢ S =SOMO, L =LUMO.
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Captions for figures:

. Figure 1. Optimized geometries of Ga As, (x +y = 3, 5) isomers, shown in increasingrelative energy fromleft

to right. Bond lengths and angles given in Table 1.
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