
REi     rDOCUMENTATIOniPAGE 

Public reporting burrJen for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searcNng e 
the collection of infonnation. Send comments regarding this burden estimate o,r any other.,aspect of this collection of information, including suggestioru 
Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204; Arington, VA 2220'2-430i and to the Office of Manajemeiit and Budget, Paperwork'R 

i. tLG^UC^liStQHCllLeaveli/ankJ 2. REPORT DATE 

AFRL-SR-AR-TR-04- 

ooe^ 
3. REPORT TYPE AND DATES COVERED 

4. TlTlEAI«DSUBTint 

Sige Ihtersubbarid Detectors for Terahertz Communication and'Serising 

5/1/01 TO 4/30/02 Final 
■     5. FDMDIN6 NUMBERS 

'62601F ' ■ 
4846/RP. 

6. AUTHORIS) 

Dr Grein 

7. PERFORMING ORGANIZATION NAME{S) AND ADORESS(ES) 

University of New Brunswick ■ 
Fredericton NB 
Canada BSB6E2 • • 

8. PE)1F0RMING ORGANIZATION 
REPORT WUMBER 

9. SPGNSORINGIMDNrrORiNG AGENCY NAMEIS) ANDADDRESS(ES) 

Department of the Air Force 
Air Force Office of Sdentific Research 
801 N. Randolph St Rm 732 
Arlington. VA 22203-1977 

10. SPONSORING/MONITOHiNG   - 
AGFHnY REPORT NUMBER 

F4962G-01-1-0356 

It. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION AVAILABILITY STATEMENT 

Di.strihu'tinn Statement A. Approved for public release: distribution is unlimited. 
12b. DISTRIBUTION'CODE 

■ \3. ABStMCT{Maximum200words)   •        '    "• • ". ' .•.■■' 

The.g-tensors; (2nd order) of daublet radical gallium'aTseni& clusters Ga'As' (ix -4- y = 3,-5); wae calculated from first 
principr using trw packages. Geometry optimizat ions and hyp&fme cpupliiig constants are ^Iso rqrnrted, using the. 
B3LYP/6-3-ll-t-g(2df) level ESR results were ccmpared to eperimeritai Ga,'As, data, and previous calculations for Ga, As, 
GaAs,, Ga,As3. New ESR and-structural results are presented for GaAs4 and Ga4As. Our results for Ga,As3', the only' 
Ga-As clusn.x for which experimental HSR data exist,were a better fit to e'qieximental yaltics than previous calculations, 
implying our Ag results for the other G;As'clusters are also of good quality. 

Best Available Copy 

14; SUBJECT TERMS 15. NUMBER OF P.AGES' 

17. SECURITY CLASSIFICATION 
OF RTPORT 

IS. SECURITY CLASSiFICATlON 
nr THIS iv.nE 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

16. PRICE CODE. . 

20. LIMITATION OF ABSTRACT 

0e„5rrfi,..;i:, OsVtjrmr'.™ (V'Smnn R,r 



Final Performance Report 

Fiist-principles. Theory and (^culations of Electronic g^ensor Elements for Param 

Sei-niconductors and Insulatcrs 

AFOSR Grant No. F49620-0M-O356 

Principal Investigator: 

Dr. Friedrich Grein 

.. Department of,Chemistry.   ■ 

University of NewBran'swick. 

Fredericton, NIB 

Canada E3B6E2    ; 

Government Protiram Manass cer: 

Major Dan JohnstOne 

.    AFQSR/NE    . 

Jul\' 26. 20(12 



Geometries, Vertical Excitation Energies, Hyperiine'Coupling Constants and Electronic g-tensor Elements for 

Small Gallium Arsenide Clusters; Ga^As (x + y = 3, 5) 

Scott Brownridge, Friedrich Grein* 

Department of Chemisti7, University of New Brunswick, Fredencton, NB, E3B 6E2, Canada 

Corresponding autlior. Plxinc: (506) 453-4776; FAX: (506) 4534981; c-mail: fritz(??unb.ca 



•    .        . .        • •.■... 2 

Abstract 

• The g-tenSors (2"'' order) of doublet radical gallium arsenide clusters'Ga^As, (x + y = 3, 5), wffe 

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

are also rq^orted, using the B3LYP/6-3I14-g(2df) level ESR results were compared to experimental Ga^ASj 

data, and previous ca:lculatioris for Ga^As, GaAsjj-GaiASj. New ESR and stf uctural'results are presented for 

GaAs4 and Ga4As. Our results for Ga2As3, the only Ga-As cluster- for wiiich experimental ESR data exist,were 

a better fit to experimental values thanprevioas calculations, iinplying our Ag results for the other Ga^As^ 

clusters are also of good quality. 
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1. Introduction. .  . 

To date there have been fewexp«rimental ESR studies on ni-V doublet radicals, namely only on BNB' 

and GajAsj ^ to our knowledge. For triplet or quartet III-V radicals, experimental ESR data have only been 

froundforGaAs^PCHVGaP".(X*S),*GaAs-Al,Ga,.,As,' antisitedrfects(?oainGaP,*As^ainGaAs,'and 

P,„ infiiP'), andGa-vacancies Jnetectrcn-irradatedGaP.' • •  : •      *     ' 

However tliere ha ve been a number of theoretical studies on the electronic states and structures of III.rV 

radicals, in particular for Ga-As containing neutral and ionic doublet radicals.'"" Arratia-Pdrez and 

Hemandez-Acevedo'^ calculated the magnetic Zeeman and hyperfine interactions of GajAsj using the self- 

consistent Dirac scattered wave method (SCF-DSW-Xa) of Yang et aF and a first-order perturbation 

procedure,- which confirmed Weltrier's'ESR spectral determination of a trigonal bipyramidal structure for' 

GajAsj-.'Arratia-Perez and Heraandez-Acevedo have also calculated the inaghetic Zeeman and hyperfine- 

interactions forGaAsj and Ga2As,'^althou^ to'date-there are no experimental ESR-data for'the'se species.' • 

We compare these calculated and expa-imental data to our results, and also use the g-tensor results 

.^as a launching point to the shidy of larger clusters which approach bulk properties, with and without site 

defects. ■;        ■.'••■ ■'.'.''■' ".   •'■'■    •'     ' ■   , ■   ■ 

2. Methods . ■   '    • ' 

Geometry optimizations and hyperfine coupling constant (hfcc) calculations were carried out with the 

GAUSSIAN 98 suite of prografns""at tlieB3L"\'T/6-3 11+G(2df) level.'Starting geometries were thosegiven 

in the literature forOaAs,,"" Ga,As,"'" Ga,As, and Ga,As„'"'" GaAs., and Ga.As," with other possible 

geomelrics also examined. For GaAsj and Gaj.A.v, only sketches ofthe.structure.s.wcre provided." 

The Iheorelical evalnalion ofg-leiisors using perturbation tlrory is described in cL'lail in refs. 26 and 

.27. The .total Ag for a given molecule is comprised of tirst- and secondrordertenns. in this.p.aper,..only second- 

order g-lensor components were calculated, as the lirst-order conlribulions to the total Ag aree.xpecled lo be 
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very small (ca. 100. ppm) in rdation to the second order Ag values. The contribution to Ag (2"'') is due to the 

coupling of an excited state with the ground state, and is proportional to their spin-orbit coupling (SO) and 

. magnetic transition moment (L) matrix elements; and inversely proportional to their energy separation (AE). 

The total second-ordefAgis calculated as a sum-ovef-states expansion, which generally involves strong 

• coupling to only the first few low-lying excited states.""'" 

-. . . . Programs developed earlier.in this group" worked very well for 1"' and Z""* order g-tensor calculations 

(e.g. refs. 27 - 30) but were limited to systems with up to ca. 80 electrons. Ga-As containing clusters, the focus 

of this paper, quickly surpassed this limitation. Also, speed is an issue if the calculation of larger clusters 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 on: the Turbomole package" for bfficieiit integral and SCF calculations; on 

■ the Grimme multif eference CI (MRCI) package," which also gives the ai^gular liftmaitum (L) matrix elefnents' 

■ that we require; arid finally on the Mairian-Hess mean-fieW spin-orbit integrals" as implemented • by 

.     . Schimmelpfennig," and adapted for tiie Grinime MRCI package by Marian and Kleiaschmidt.'' Here the oiie- 

and two-electron spin-oi-bit elements are calculated fi-om an effective one-electron.one-center mean-field 

approximation. Therefore the spin-orbit matrix elements, which in fuWab initio mode require large amounts 

ofcomputertime, can be calculated in much less time but are not as accurate. . .      . 

The electronic charge centroid (ECC) was taken as gauge origin.'* ' ' " 

.    Testresultswiththenewpackagegaveg-shiftswithinlS -20%ofMRCI"values for small molecules' 

containing first- and second-row atom.s (e.g. 'Aio,H-,CO*; LiCO." With the new package, the following TTT-V 

doublet radicals were .studied: GaAs, (97'electroas), Ga,A.s (95 e), Ga'^As, (I6re), Ga,As, (159 e"),'GaA.s., 

(163 c), and Ga.,A;s (157 e).. 

}. Oplinii/eci ^eoniclric'!' 
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. All geometry optimizations were don? at the B3LYP/6-311 +g(2df) level of theory. The results 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. GaAs, ■ ' • ■•   ' . • •      . . 

GaAsj was first examined in 1987,^''-and again in 2000." by Balasubramanian as a triangular Q, 

structure; a 1991 study also caisidered a linear C„, geometry.'* Work by Meier et al in 1991'" examined 

triangular C,,, and linear (D^^, C„^,) geometries. In all cases, the ground state was ^B, with a Cj^ triangular 

geometiy. 

Our results also gave X^Bj inCj, symmetry as the lowest energy state. Alternate possible geoiiletries 

considered here for GaAsywere linrar D„; (X^n^; As-Ga-As: Ga-As = 2.22 "Ajand C„v (X^IIVGa-As-As: Ga- 

. As = 2.48.A, As-As = 2.16 A) structures that were 1.62 aiidO.52 eV, respectivdy, higher in energy than X^B^ 

(Figure 1). This canpares well to the resultsqf Meiere/a/,'-' where X-Rj was lower than the 0^,^(2.39 A) and 

C„, (Ga-As = 2.61 A, As-As = 2.24 A) structures by 1.53 and 0.81 eV; respectively.- •    , ' 

3.2. Ga2As •■   ' - • •     ' 

For Ga, As. Balasubramanian reported an X^B, ground state with C^J symmetry and an angle of 79.9°; 

with a C,. (-A;):structure (Ga-As = 2.283, 2.534 A; Ga-As-Ga = 90.3°y 0.025 eV Wgher in energy (MRCl + 

0, wha-eQ\va.s defined as multireferenceDavidsoncoiTections'totheMRCT energies foi-uncoupledquadaiple 

clusters)." Two otherlo\v1yingsfates,'-B, (2.52 A, 108.2°, AP. =+0.22 eV) and-A, (2.47 A,"'l 18.5°, AE=' 

+0.I9.CV.). wcrcal.so rqiortai inref.l7. Balasubramanian (biinda "B, ground slate in his 1991 study.'" 

, .   ■.   ..  Qur .atteiipts to..rq^ro.duce Balagubramanian's C,,(X'B2) geometry fi-oin ret". 1:7 .(2000] .resulted... 

inslaki in an Ga-.-\s-Cla angle oftY/. 96 degrees | lor the 6-31 1 • g(2dr) basis set, B3 LYP gave (la-.'\s 2.3iS4 A, 



96.3°; MPW1PW91 gave 2.358 A, 93.3°; andMP2 gave 2.365 A, 103.5°] for Ga^As, in close agreement with 

the local spin density (LSD) result of 98.0° from ref. 19 (see Table 1). Our Unear D„^ (X'n„, 2.447 A) and 

C„, (X'll, As'Ga = 2.246 A, Ga-Ga = 2.665 A) structures were 0.09 and 0.84 eV higher in energy, 

respectively, than our X^Bj C2;bent'geometry. InBalasubramanian's 1991 paper with flie^B, ground state,'* 

..the ordering was Q, (X'B,: 2.527.A, 109.5°) 0 eV; D„i, (2.498 A)+0.12 eV; C„v (As-Ga - 2.319 A, Ga-Ga 

= 2.735 A)-tr0..68eV. ... ... ..... . 

3.3. Ga-As, 

The structure of GaiAsj was predicted in 1992 to be a Dj,, trigonal bipyramidwithanX-Aj" ground 

state, using the LSD method." The ESR spectrum Was' obtained one year later, from which'a trigonal- 

bipyi'a'midal structtirewas proposed. ^ MRCI calculations by Liao et al^^ arid HF followed by MP 2 calculations 

by Piquini ef.a/," also resulted in Djj trigonal bipyramidal structures. .■■.■■• 

Our calculations showed the lowest energy structure of GajASj to have an X-A," ground state with Dj,, 

.trigoialbipyramidal geometry, in agreement with the structure proposed from the experimental ESR data^ and 

previous calculations.'^'"'" Alternate possible gcomdriesconsidered'by us, shown in Figure!, Were: a p,, 

• squarepyramid (X:B,), 0.9? eV higher tlian the Dj^ structure; and a Q square pyramid (X^A", twoGa in the 

'base') 0.46 eV'higher in energy.- .  ' .' ''   • •' 

3.4.'Gn A.'^: 

CASSCF and MRtl calcuiatims byLiaoe/fl/," using relatixastic effective core potentials (RECP), 

showed two nearly dcgencrale isomer.s for Ga,As,: a dislorted C,^,trigonal .bipynimid (X'.A,, C, (a) in Figure 

1), and a C.„ edge capped tetrahedron (X^B,, C,, (b) in Figure 1), with the C,, trigonal bipyramid being lower 

in energy byO.OUS eV (MRCI +Q, and.0.03 eV CASSCF). LSD calculations by Lou e./a/gave similar results, 

with an energy separtition ol' {).()] eV.'" 
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For GajAsj, we also found that the lowest energy geometry was not 0,^ as for Ga^Asj, but ralher a 

Q.distortedtrigonalbpyramidhavinga^A, ground state with the equatorial Ga atoms arranged in an isosceles 

triangle; the energy gap between the C^, and D,^ geometries was 0.13 eV (0.1 eV in ref. 19). Other geometries 

■ we investigated (see Figure 1) werea Cj, edge-capped'tetrahedron [X^B,, Cj, (b) in Figure 1] 6 16 eV higher 

in energy^ a Q square pyramid (X^'A", two As in the 'base') 0.64 eV higher in energy; and a Q, square 

pyramid [X'A,, Q, (c) in Figure l], 1.36- eV higher than the Q, distorted trigonal bipyramid [Q, (a)].. 

3.5. GaAs^ 

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

et dl, who carried out'HaftreeVFock S.CF calculations including all electrons and no symmetry constraints 

duririg optiriiization, followed by'sin^e-point MP2 calcufetioris on the minimum energy ccrifigurations." 

However, they did not report any'geomelry details'other than a sketch of the molecule, the symmetry, and a 

table of seleaed bond ordei;s. 

• Our results gave a C,; edge-capped tetrahedron [X'Bj-, Cj; (a) in Figure 1] as the lowest energy 

structure, resembling that'■shown in rfef 15. We calculated C4;'square pyramidal (X'A,) and C,/plartar 

trapezoidal [XfB,, Q, (b)in Figure 1] geajietrie.s to be0.30 and 1.68 eV, respectiydy, liigher in energy tlian 

the C,, edge-capped tetrahedron. ■    ' ■      ' • • ■'     ' 

3.6. GcijAs ' '■   ' ••.•.:• 

Ga^.^s wa.s also included in the stud\' by Piquini et al,'^ and again no deta iled geometrical informat ion 

was givm. Tlie iowcsl energy-slruc-ture we obiained for Ga.As was a C,, planar trapezoidal sti-uctuic (X"A,) 

with the As atom in the cvnter |C,, (a) in Figure 1 ], similar to the structure obtained b\- Piquini a <//." Our 

results showed square pyramidal .(Q„ X-B,),and .C2„.edge-.capp.ed.tetrahedi-al.[X'A2,;C2. (b).in Figure 1] 

geometries to he respectively 0.23 and 0.56 e\' higher in energy than the planar trapezoidal strueiure. 



4. ^yperfine couplii^ constants. 

The atomic charges, spin densities (SD) and hfcc data are given in Table'2. For all six molecules, the 

Ga atoms carry positive charges and all As atoms are" negatively chared, as expected since As is more 

electronegative tlian Ga. The SOMOs are'shownih Figure 2. ' 

4.1. GaAs2   ■ .. ■.-.•. . • .     . ... . 

The SOMO of GaAs, is composed of an in-phase combination of a Ga p^ orbital with As p^ orbitals, 

fomiing a-type antibonding orbitals along each Ga-As bond, as also reported in ref 13. These Ga-As 

antibonding orbitals of the SOMO are ca. parallel to ther-axis, perhaps due to tlie small As-As distance (2.193 

A)whichisslightlyshofterthanthat calculated for As;^ (2.30 A) tod AS2" (2.31 A).''' ■■ • '     '      • 

■TheSDis grfcateronfce As atoms (b; 368 per atom) than on the Ga'atom'(0.262); This isihgbbd 

agreernent with the spin populatioiiS calculated in ref 13, who report 0.338(0.106 isotrofiic, 0.232 anisotropic)' 

per Ga and 0.331 (0.121 isotropic, 0.210 anisotropic) per As atom..The anisotropic spin-dipolar coup.lings 

.(Txx.yy.zz 1" Tablc 2) are much-larger than A^^^ for both Ga and As, and the relative magnitudes of our spin- ■ 

dipolar couplings are.similar to those fi-omref; 13 .(seeTable 2), 

4.2. GaM   ,  ■ ■    ■   ■ ■ ' •' ■ ■        ■ 

• ' The SOMO is formed from an in-phase conibination of a p, orbital from all three atoiTK'according to 

ref 13, but this corresponds to the SOMO-l in our catcul'ations: our SOMO is coinprised of three in-plane p- 

orbitals: p, on'As and the p„ orbitals of Ga lie along the As-Ga bonds such that the negative lobes for all three 

orbitals point toward the center of the molecule. Our geometry differs slightly from that used in ref. 13; thi.s, 

emiki be the cause of the dilTu-enl SO.MOs. and would also affect thcg-tensor calculations (see below). 

, . .   .   Moret-hanhalfoftheSp inGa3Asresideson,theAs(0.515),with0.242per Gaatom. Asimilartr.end.. 

i.s repoiled in ref 1 3, but with more SD on the apical .As atom: 0.694 per As and 0. 153 per Ga, with.larger 



snisotropic than isotropic SD contributions for eadj atom Aj,,, is largest for the Ga atoms, and the spin-dipole 

couplings (Tx,,yy,zz) are smaller for Ga than As, similar to the results fromref. 13.     • 

4 3\ Ga^Asj   '        ■''.'."''      ' ' "' ■ '•       .^.,..   - y.- 

Our resuhs 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 (0.31.4 per Ga, 0.124. per As). Based on the experinental results 

it was estimated that the unpai red electron was mainly confined to p a orbitals on the axial galliumatoms.^ This 

estimation is not supported by the SOMO (as also noted in ref 12), which shows sizeable in-phase 7i-bonding 

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

Our'Ai^; differs from the experimental "Ga2As3(Ar matrix)? result by 13%. Ref. 12 repots calculated 

Ai,„'v'alues 'for only "Ga, even though the natural'abuhdartcfe is 60.4% "Ga'and 39.6% ^'Ga; their Aj,„ Value 

is almost identical to the derived experimental "GajAsj result: The experimental results were derived assuming- 

.ga == &> and A|| = A± = Aj^^ for. As.- This does not appear to be valid, based on results fi-omref. 12 wliere 

anisotropic spin distributions for the As atoms were calculated to be ca. .twice the isotropic spin distribution. 

^.4. GajAs2    ■■■■'., ■ '_.'■• 

Tiie small distortion from D',,, to C,, symmetry makes a significant impact'on the SD and charges of 

the Ga atoms in G'ajAs^, as well as the SOMO'. The SOMO is conposed.of in^hase p^ orbitals on Ga, and the 

As'atom.s, with p./orbitals on Ga, and Ga,'oriented to form Ga,-As and Ga-As antibonds. The SD is fair 

times larger, and the charge is two times smalla; for the Ga, atom (Table 2) than for Ga. and Ga',. the'A„„ 

.Ibr Ga, is much larger than for Ga, and Ga,, and tl>c SD, charge, .'\„,„ and anisotropic (T^^ ^,^, „) hfcc v.alues for 

Ga, arc all similar to tha( for each oflheGa atoms in Ga,As,. 

4.5. CkiAs, 
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The SOMO of GaAs4 lies in the yz-plane from p^ orbitals on all atoiiis; the orbitals on Ga, As, and 

As^ are in-phase, and of opposite phase to those on Asj and AS4. 

The majority of .SD lies on As, and ASj (see Figure 1), with very little on the other three atoms. This 

is reflected in the larger Aji^ values for these atoms (Tafele 2), vi*ic*iare an oniCT Im^CTfor As,- 

and ASj than for Asj and AS4. 

4.6:Ga,As 

The SOMO lies in the plane of the molecule, with p^ orbitals of Ga, and Ga2 oriented to be bonding 

between Ga.-Ga,, with the po orbitals of Ga, and Ga, positiaied to be Ga.-Ga., and Ga^-Ga, antibonding. The 

• Pi orbital on Asis smair arid is oriented to be in phase wththepy otbitals between Ga, and Gaj. 

• ■ Theife is alniiost no SD associated with the As atorh in' Ga4 As, but the largest atomic charge resides on 

As (-0,509). Most of the SD resides on Ga, and Ga,, and is^^. twice the SD for Ga^ and Ga4; whereas the 

charges on Ga, and Ga, is ca._ half that for Gaj and Ga,. This inva-se relationship betvyeen charge andSD was 

observed by Bruna and Grein for alkaii-meial diatonic radical'cations.^''' •      ,     ■ 

5. G-tensors    '        ' 

■ In Table 3, the types of excited' states that couple with four different ground states in- C,,. symmetry 

(X^A,, X^A,, X^B,, X-B,).are listed. Table 4 summarizes our total Ag (2"" order) values and compares them 

to Icnowri eKpenmenta! and theoretical results. To oiir knowledge there'are no -experimefital or calculated ESR 

data for Ga,As,, GaAs,, or Ga'/As. For all Ga^As^, doublet radicals'(x + y = 3, 5) AE, SO, L and Ag value's 

for the first five excited states for each iireducible 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 slates were calculated for 

Ga,Asj, GaAs, and GajAs since significant magnetic coupling with the ground state was still obseryed in the 

higher states of initial 9-root calculations. Tables 5-10 can also be used fpr vertical excitation eneruies which 
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are given in the bckfy of ftie table or as a footnote.      '' 

All C2, molecules have the z-axis along the Cj symmetry axis. GaAs^ and Ga^As are placed in thejz- 

plane. • •       '    . 

5.1. GaAs2 .■■■ ■ -■..'•. 

Table 5 shows that Ag,, for.GaAss is govemed by the .coupling, of. 1.'A, (.4a, -* Ih^,, SOMO-I to 

SOMO) and 2'A, (3a, - 2b,, SOMO-3 to SOMO) with X'B^. 

The Agyj, component is dominated by the coupling with 1 'A^ (2b2 - 2b,), SOMO to LUMO+1. There 

are also strong couplings with 2'A2 and S'A^ but they almost cancel each other: their individual Ag^^ 

contributioris are similar in magtiitude and opposite in sigh. This is a general trend observedfor apair of states ' 

gaierkted by a three operi shell-configuration; "•"■"'' e.g. for H^CO^ the AE, SO and L values for the 1,2'Aj ' 

states (Agyy) wei-e of similar magnitude but their contributions to Ag were of opposite sign.-^* In thecase of 

GaAsj, the AE and SO values for 2= A, and 3'Aj are similar, but the L values differ by ca. 50% (15 % deviation 

in L values in theHiCO'' example^'). This variation of the L values may occur since although the leading 

•configuration for both 2.'Aj and S^A^- is a 4a, - 2b,- excitation (90% and. 85 %, respectively), .there afe small . 

differences iij tlie other configurations contributing to 2^A2 and S^Aj (Table 5). 

The total Ag„ conipohent is an order of magnitude smaller than Ag;; and Ag^^.. Although thestrongest- 

couplings withX-Bj arise from 5'B, and 6^B,,'their Ag contributions almostcancel each other, since both of 

these states derive from a three open shell corifiguration'*'"'"" (3a, - la,, S0M0-=3 to LUMO). Tii this case the 

AE for the two states are very close, but the SO and L values differ by ca: 50%. These differences arise from' 

mix-ing of ihe leading configuration. 

Calculated g-.shifts for GaAs, by Arratia-Pcrez ct al" utilized a first-order perturbation procalure 

based on the'SCF-DSW-X.a- metliod,-' and a geometry.by Lou et «/.''';''' Allliough tlvree g-components are 

expected for C,, .symmetry, ihcy give only Ag and Agi vakics. Assumingthcir Ag, is along As-As (Ag.J and 
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Agx is Ag„, our calculated Ag values tor GaAsj differ signiiBcantly fix)m those calculated in ref. 13, being 

ca. 70000 ppm larger in magnitude There is no experimental ESR data available for GaAsj to gauge the 

accuracy of dther resuk.     ' 

5.2 GOiAs • • ■'■■_, .■ ■ . ■ 

The Ag,, value of GajAsis not dominatedhy coupHngwi^ any one excited state; rather PA, - 4 ^A, 

all make large negative contributions to Ag„, countered to a small extent by 6^A| (Table 6). 

The two largest contributions to Ag^y are negative values fi'om I'^k^ and 4^A2, countered by a positive 

one from S'Aj. As tlie leading configuratbns for 4'A, and S'Aj are the same (3a, - 2b|), the AE and L values 

areSimilar and their Ag contributions are of opposite sigh,'but the SO vaiues differ by ca.'50%. This is due 

to S^Aj being dominated by a three ofien-shell configuratioii (3a, ^ 2b,),'wherfeas 4^A2 is more evenly' 

"comprised of this .(40 %.) and a double excitation from the SOMO-1 to theSOMO and-LUMOl (3a,^ -> 

2b2la,)(37%). ; 

The Ag„ value is dominated by coupling to i^B,, with contributions from 3,5,6^B,. The 5^B, and 6^B, 

states have the $ame leading three open shell configuration, SOMO-1 (3a,) to theLUMO+2 (isj); but again 

the A g. contributions from tliese two states do not cancel""'*'' due to diffaences in the configuration setup. 

As with GaAs,, only Ag,, and Agx values for Ga,As are given in ref 13. Ifweassume tliat thdr Ag,, 

is along Ga-Ga ()'-axis, as'for GaAsj along As-As), then the Agjy conparison is very'poor. If their Ag,, 

corresponds iristead to Ag„, then the result differs froin oiirs by ca. 20%, but isincohsisterit with the GaAs'. 

x,v,z-axis assignments. 

5.3. Ga.As, 

In P3,;symnie(ry(X;A2''), the standard orientation places the G a aloms oFGa^ASj along Uiez-axis, with 

tiic As alonis in ihc .vr-plane; .v and v (and Ag^^ and Ag,,J arc degenerate (-C').Our Ag calculations were done 
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with GaiAsj in Cj, symmetry (X^B,), placing the Ga atoms along the jc-axis iand the As atoms in thsyz-p\me 

with one As atom lying on the z-axis. In this case, the ^A, and ^Bj states correspond to^E'. For checking the 

accuracy of our calculations, we calculated Ag for both ^A, and ^Bj states. The degenerate conponents of Ag 

will alwayis be called Ag,; and Agyy, corresponding to the Dj^ notation.-Cue to the independent selectioii of 

reference configurations and ©ctrapdatipn for ^A, and ^Bi states, sUghtly different values were obtained for 

Ag,, and Agyj,. . . 

The degree of degeneracy of Ag„ and Ag^y can be checked in Table 7. The values are dominated by 

coupling of the ground state with 3-A, and 2^Bj, respectively, corresponding to excitation from the SOMO 

(3b,) to the degenerate LUMO (63,) for Ag„ and LUMO+1 (3b,) for Ag^y. The second largest contribution 

is from 5.^A|, an exdtatibn fran the SOMO to the degenerate LUMO+4 (7a,), and from A'^B^, SOMO to 

LUMO+3 (Sbj). The remaining major excited Statecbuplin^ involve 6,f A, and 5,6%, ejccitations from the 

degpnerate SOMO-2 (1 a,,-Ag,^) and SOMO-1 (2b,, A&z) to the-LUMO+2 (4b!), resulting in three open shell 

configurations. As shown in Table 7 for Ag^^, the AE, SO and L valuesfor fB^ and 6-B2 are veiy similar and 

the Ag values are oppositein sign This behavbur is expectedfof pairs of states generated by a three open shell 

configuration.^'-"-''*This is not as evident in. 6^ A, and7^A|in Ag,„ where the SO and L values are similar, • 

but tlie A E. values differ by. 1.1 eV.      • .       . '        .'    • 

As shown in Table 7, Ag,, was calculated to be an order of magnitude smaller than Ag^y and Ag,^,-' 

with the largest contribution from coupling with the 3'^Aj state, an excitation from SOMO-5 (4a,) to LUMO+2 

(4b,).        ■ ■ •      •■ • .    ■      ■■■• ■■■•••■ 

Ga,As, is the only Ga,As^ doublet radical with published experiinental ESR data; comparison'of our 

rcsultsto the experimental" and publishai thairctical'- g-tcnsordata is given in Table 4. Our results arc in good 

agreement with cxpcrimoit.- being a much clcser fit than the theoretical results from ref. 12. 

5.4. G«,.-I.v, 
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In our calculations Ihe three Ga atoms.pf GBJASJ were placed in ttie ;«-plane and the two'As atoms 

along the X-axis. The distortion from aDj,, trigonal bipyramid to Cj^ symmetry was accomplished .by having 

the Ga,-Ga2 (and Ga^Gaj) distance shorter than Gaj-Gaj [See Figure 1, Cjv (a)]. Ga, lies along the z-axis, Gaj 

and Ga, along ;v. ' '. ' . ' .. v. ,.     .. 

The Agj, value is governed by the ceupling of PB^and S^Bj with the X^A, ground state (Table 8).. 

Theig are numerous contributipns to Agy^, the largest being l^B, (Zb, -* Sa,, SOMO-3 to SOMO) and 

3'B| (Sa, -* 3b,, SOMO to LUMO+2), which almost cancel each other. The overall Ag^^ is relatively small, 

with most of the small negative contributions (2,4,6, M^B,) being negated by positive contributions from 5^B, 

and ll'B,. 

ThfeovetallAg^, is also smaH,duetocancdling contributions from pairs Of states generated by three ' 

"open shell configurations. Contributions to Agj^ fiom 2^A2- and 3^A2-, both having the same configuration, 

almost cancel each other? thdrAE values arealmost identical, and although the SO of 2^A2.is ca. 70% larger 

than that of 3"A2, theL value for2-A2 isc<7. 80% smaller than tliat of 3-A2.The leadiiig configuration for4-A2 

and 5.^A2 is the same (laj'^ 6a,, SOMO-2 toLUM04-l), but the respective Ag's differ vastly in magnitude, 

due probably to sorne mixing of configurations. -.•      '   '       i  .       • • 

'5.5. GaAs^' .        ' . : 

The molecule was oriented such that Ga lies on the z-axis, and Asi-Asj in the ;'z-plane; Asj and AS4 

lie in the xz-plane [Figure 1, C, (a)]. '' ■    "' ' .■  •     • 

For Ag,,, magnetic couptirig was dominated by coupling with 1"A, (Sb, - 63,, SOMO to LUMO). ' 

Large ncgitive contributions fi-om 2,5"A, arc effectively cancelled by 4,9"A, (Table 9). 

In conU'ast to Ag^^, the overall Ag^, and Ag^^ values were small due to cancelling posit ive and negative 

A g components fromniunerous exc i led slates.-For A gyy, large contributions trom 1 "^A. and 2" A, are of q^posite 

(three open shells) and nearly cancel. The next largest contributions arise from 5~A-, and 10"A,, both being 
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positive. However, tlie overall A^ is relatively small and negative due to negative contributions ftom a number 

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

The largest contributions to Ag,„ from PB, and 2%', are again of opposite sign although the two 

states do not derive from the same'configufation. f^ext largest in magnitude are contnbutions from 8'B, and 

1FB,, 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 Ga4As was in the jz-plane, with thez-axis bisecting the Ga^-As-Gaj and Ga4-As- 

Gaj angles .(see Figure l);thie;c-axis was'peipendicular to the molecular plarie. '   '   '■ ■     '•     •■ 

For Ag,;, the magnetic" coupling was domihated by' twG' excited states (1,2^B2); the leading 

configurations for which Were thesame(5ai - Ak)^ andSb, -^ 5a; ):but contributed in an approximately opposite 

manner (l-B^: 62% and 29%; 2-Bj: 29% and 63%, respectively, see Table 10). 

The largest contributions to Ag^^ were from'hi^i-lying excited'states (6,7,8'.B,). All of the states 

■ contn'buting significantly to Ag-^. had negative Ag components with the exception of S^B,, which is one of a 

. pair of states (with 6^B,) from a tkee open shell configuration (4ai.-- 2b,). 

High-lying states also dominate Ag,^, with'the largest negative contributions from-6,7,12,14'A,. Tile 

largest.positive Ag contribution is from 1 PA^, which has the same tliree open shell configuration as 12"A, (3b, 

- 3b|), although neither state is'dominated'by this configuration (42% for 1 ?kj, 60% for 12^ A,). The other 

state with a positive contribution to Ag„ is 4"A,, which has the same leading three open'shd'l configuration as 

6-A, (3b, - 2b|); here the SO values are quite different .and the AE'S differ by ca. 1 eV, and Iwo Ag 

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

6. Summary and Conclusions 
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New programs devdopedfor the calculation of g-tensors, based on multireference CI wavefunctbns, 

have been capable of detaining 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 to smaller molecules for which strong magnetic coupling with the ground state IS observed 

with onfy a few excited states {e.g. refs. 28-30), significant contributions to Ag were often observed .from 

various higher excited states of Ga^As^. This is due in part to the higher eno-gy-density of excited states of 

these molecules, e.g. 14 excited states are within4 eV for GajAs (Ag,^ in Table 10). 

From comparison with experimental ES R data for Ga.Asj ^ (Table4) it is evidait that our new g-tensor 

results are significantly better than the DFT results reported in ref 12, although they coiTectly reproduced the 

■ trends of the experimental results (i.e.A^^^« Ag^y, Ag^J. This siiggests'that our g-tensof results for GaAs^ 

and GajAsarfc also iniprovfed Over pubKshedDFT valiies,''^ and tiiat results for the other clusters are reliable. 

Future work includes using these new programs to investigate the structures and properties Of larger III-V • 

clusters (11 + atoms), and tlie study of paramagnetic defects (heteroatomic,^ anti-site'"'' and holedefects') within 

these larger clusters. Results presented in this paper show that one does not need to consider all valence 

electrons (VE), which decreases calcu lation timesand may allow larger molecules to be calculated before the 

use of RECPs is required. 

Also planned are modiiications to the program code to allow g-tensor calculations for triplet and ' 

quartet multiplicities. AnumberofAB" III-V compounds for which experimental ESRdata are available (e.g. 

GaAs"*,' GaP"") liave quartet ground states. Higher spin states are not restricted to ions, eg.'GaP, has a 'A, 

ground state."' These would be helpful in gauging the quality of our results, since to our knowledge Ga.ASj ^ 

and BNB' are the only III-V doublet radicals with published ESR dita. 
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Table 1. Optiriiized' bond distances (A) and an^es (deg) ban this work [B3LYP/6-311"+G(2^], and 

comparison to literature values, for all Ga^As, (x + y = 3, 5) doublet radicals. 

Molecule, symmetry, ground state Results 

GaAs; ' Cj,, X^Bj This work ■ Ref. 17 (MRCI) Ref 14 (MRCI) 

Ga-As . 2.775 2.80              .. • 2.86     .          . 

As-Ga-As 46.5 45.9 46.6 

Ga,As   .Q„,X^B, Thiswoik  . Ref. 17 (MRCI) .  Ref 19 (LSD) 

Ga-As 2.384 2.407 2.33 

Ga-As-Ga 96.3 79.9 98.0 

G.a,As3   DjH.X^A,"  . . Thiswoik Ref 25 (MRCI) Ref 19 (LSD) 

Ga-Ga                          '            . 4.268 ■      • not reported not reported 

Ga-As 2.594 2.589 2.65 

As-As 2.555 2.563 •   2.62 

GajAs,' . Q^-X'A, This work ' Ref 25 (MRCI) Ref 19 (LSD) 

Ga,-Ga,'Ga,-Ga3° .3.751 3.702 3.72 

Gaj-Gaj 3.979 4.114 ■ 4.57 

Ga|-As, 2.446 2.401 2.41 

Gaj-As,, Gaj-As, 2.671 ■ .   2.725 2.59. 

As,-As, 2.725 2.782 2.70 

Gaj-Ga'i-Gaj 64.0 •67.5 70.0 

AS|-Ga,-As, 67.7 70.8 67.9 

As.-Ga^-As,, Asi-Gaj-As, 61.3 61.4 55.2 



Table 1 continued. 
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GaAs4   Q^X^B^ This woik Ref. 15 

Ga7AS„Ga-As2"'    • 3.116 ;. no data given: 

Ga-Asj, Ga-As4 2.545 Cj^ edge-capped 

ASj'ASj, /\Si~/\S4, /\S2~ASj, AS2~AS4 2.454 tetrahedron 

As,-As2 3.006 

Ga,As   C,„ X^A, This woik Ref. 15 

Ga|-As, Ga2-As° 2.588 no data given: 

Gaj-As, Ga^-As 2.487 Cj^, planar 

Ga,-Ga3, Ga2-Ga4 2.870 ■   trapezoid 

Ga.-Ga^      ■               • 2.599 with As in center 

Ga|-Ga4, Gaj-Gaj •    4.583' 

Ga3-Ga4 4.913 

Ga,-As-Ga2 ■    60.3 

Ga,-As-Ga3, Gaj-As-Ga^ 68.8 .     ■■ 

Ga,-As;Ga4, Gaj-As-Gaj 129.1    . 

Ga3-As-Ga4 162.0    ■ . 

a See Figure 1 for atom labelling scheme. 
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Table 2. Spin densities, atomic charges, and hyperfine coupling constants (MHz) for all Ga^As, (x -t^ y = 3,5) 

doublet radicals. 

Molecule Atom Spin Density Charge" "iso T^JT^nj 
GaASj  Q^ X^Bj Oa 0:26.2 6.226 .. 26 -57/131/-74 

Ref. 10 0.338 0.193 83'' 

As 0.368 -0.113 7 •• -111/-113'/225' 
Ref. 10 0.331 -0.096 125'' 

Ga^As Cj^X'B^ Ga 0.242 0.128 447 -63/-81'/-63' 
Ref. 10 0.153 0.103 • 27^ 

As 0.515 -0.257 -148 -159/304/-145 
Ref. 10 0.694 -0.206 216'' 

-' Ga,As3 D3,, X%" .    Ga 0.369 0.194 1325^ -65 / -65 /129 

Ref9    . .0.314 0.150 .   81" 

As 0.088 -0.129    • •   -23^ -35/-36/71 
■     Ref 9 0.124 -0.100 . •   ■ ■ •          14" 

GajAsj Q^X'A, Gai 0.426 0.175 1735 -85/-71/156 
Ga2; Gkj 0.085 0.276 203 ■■   -21/45'/-24' ■ 
/TLSJ J /^ST 0.202 • •     -0.363 -25 -61'/-56/116' 

GaAs4 'C,,,X'B, Ga -0.038 0.214 -153 4/17/-21 

As,, Asj 0.585 -0.078 -46 -156/308'/-152' 

Asj, AS4 -0.066 -o:o3o 12 -10'/45/-36' 

Ga4As Q^X'A, Ga„Ga2 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 populatiai analysis. 

b Off-diagonal spin-dipolar (anisotropic) coupling terms T',„ T'^^, T',, are indicated by a ' after tlie value. 

c A„„ = 1524 [1936] MHz, A^.^ = 87 [71] MHz from experimental ESR spectra for ^'Ga.Asj ["Ga.ASj].- A,,„ 

= 2012 MlTZ, Ajip = 88 Mliz for "Ga^^As^ in ref 12. 
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dtbe spin-dpolar contribution to hfcc from ref. 13, defined as the expectation value (3JC^ - r'Vr' avera ged over 

the relativistic wave function. 



Table 3. Excited state couplings for the foxir possible ground states in Cjy symmetry. 
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Ground State Ag,^ 

Excited State Coupling 

X'A, 

X^A, 

X'B, 

'B, 

=B, 

X'B, ^A, ^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 theoretical results. 

A&. Ag. A&. 

GaAsjCX'BO 175300 -175120 -18280 

Ref. 13, calc. 95600 -116500 

Ga^As QCB^) -125950 -24850 51030 

Ref. 13, calc. -188500 40100 

Ga^AsjCX^A^'inDjH) -73410" - 6460 

Ref. 2, expt. -82300 - ~0 

Ref 12, calc. -148000 - -16200 

GajAsj (X^A,) -71590     ■ -11150 ■      13270 

GaAs4 (X'Bj) -171030 -7540 -14720 

Ga^As (X'A,) -123540 -21850 -43470 

a Average of Ag^^ and Agyy from Table 7. 
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Table 5. Calculated values of AE, SO, L and Ag (2°'' order) for fixcited states having a large magnetic coupling 

with the ground state of GaAsj (X^Bj), and ^Bj vertical excitation energies'". 

Component AE(eV) SO (cm') L(au) Ag(ppm)' 

Ag„ CA.) 

PA, (4a, -* 2b2, S-1 - S)' 1.47 169.5 1.096 64366 

2'A, (3a, - 2b2, S-3 - S) 2.67 475.1 1.105 99952 

3'A, (lb, - laj,S-2-L) 2.89 165.1 0.149 4333 

4^A, (2b, -* 5a„ S - L+3) 3.97 116.2 0.784 11687 

5'A, (lb, -* la,, S-2 - L) [30%] 4.24 69.2 -0.404 -3357  175300 

Ag,, CA,) 

PA, (2b, -* la,, S - L) 1.26 476.4 -0.897 -172824 

2'A, (4a, - 2b„ S-1 -.L+1) 3.19 98.4 0.872 13686 

3^A, (4a, - 2b„ S-1 - L+1) 3.90 -86.1 1.530 -17199 

4'A, (3a,4a, - 2b,la2, S-3 + S-1 - S + L) 4.37 31.8 0.034 128 

5'A, (4a,^ - 2b,la„ S-1 -* S + L) [26%] 4.71 50.1 0.130 708     -175120 

Ag.. CB,) 

1% (2b, - 2b„ S - L+1) 2.27 -129.3 0.657 -19067 

2^B, (lb, - 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 

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

5'B, (3a, - la„ S-3 - L) 3.61 348.0 0.983 48315 

6'B, (3a, - la,, S-3 -* L) 3.89 190.9 -1.612 -40264 -18280 

a TheX'B, ground state is ...lb2Mb,Ma,^2b2' (13 VE). Vertical excitatim energies for2'B, to 5'B2 are 3.58, 

4.25, 4.35, and 4.76 eV, respectively. 
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b Total contribution for all calculated excited states in boldface. 

cS = SOMO,L = LUMO. 
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Table 6.CalcuIated values of AE, SO, Land Ag (2"'' order) for excited states having a large magnetic coupling 

with the ground state of GazAs (X^Bj), and ^62 vertical excitation energies". 

Component AE(eV) SO (cm') L(au) Ag (ppm)* 

Ag„ CA.) 

PA, (3a, - 2bj, S-1 - SJ 0.17 177.4 -0.069 -36004 

2^A, (2bj - 4a„ S -> L) [58%] 1.97 243.5 -1.019 -64115 

3^A, (lb, - la^, S-2 -* L+1) [33%] 2.72 -60.7 0.735 -8368 

4^A, (3a,^ - 2bj4a„ S-1 - S + L) 2.90 -204.4 0.910 -32678 

5'A, (lb, - la^, S-2 - L+1) 3.38 -30.86 0.306 -1424 

6'A, (3a, - 3b2, S-1 - L+3) [39%] 3.72 84.9 1.271 14761   -125950 

Ag,, CA^) 

PAj (lb, - 4a„ S-2 -» L) 2.32 2.7 0.154 91 

2^A3 (2b2 - la^, S - L+1) 2.57 156.8 -0.477 -14834 

3'Aj (lb, - 4a„ S-2 -^ L) 2.78 41.9 0.014 108 

4^A2 (3a, - 2b„ S-1 -* L+2) [39%] 3.32 158.5 -0.784 -19071 

5'Aj (3a, - 2b„ S-1 - L+2) 3.82 100.8 0.737 9909      -24850 

Ag^CB.) 

l^B, (lb, - 2b2, S-2 - S) 0.33 254.7 0.219 87664 

2^B, (lb,3a, - 2b24a„ S-2 + S-1 - S + L) 2.57 -0.2 0.140 -4 

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

4'B, (lb,3a, - 2b24a„ S-2 + S-1 - S + L) 3.01 41.3 0.051 360 

5'B, (3a, - la^, S-1 - L+2) 3.32 -220.1 1.066 -35932 

6^B, (2b2- 2b„ S - L+2) [40%] 3.74 146.9 -1.052 -21056     51030 

a The X^Bj ground state is ...lbjMb,'3a,'2b2' (11 VE). Vertical excitatim energies for2'B2 to 5'B2 are 2.24, 
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2.65, 3.17, and 3.41 eV, respectively. 

b Total contribution for all calculated excited states in boldface. 

c S = SOMO, L = LUMO. 
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Table 7. Calculated values of AE, SO, Land Ag (2"'' order) for excited states having a large magnetic coupling 

with the ground state of GaiAs, (X^B,), and ^B, vertical excitation energies". 

Component AE(eV)     SO (cm')     L (au)      AgCppm)* 

Ag„ CA.) 

PA, (5a, - 3b„ S-3 - S)' 

2'A, (4a, - 3b„ S-5 - S) 

3'A, (3b, - 6a„ S - L) 

4'A, (3a, - 3b„ S-6 - S) 

5'A, (3b, - 7a„ S - L+4) 

6'A, (la^ - 4b2, S-2 - L+2) 

7'A, (laj - 4bj, S-2 -L+2) 

PB^ (2b2 - 3b„ S-4 - S) 

2^B2 (3b, - 3b2, S - L+1) 

3'Bj (3b, - 4b2, S - L+2) 

4'B2 (3b, - 5b2, S - L+3) 

S'B^ (2b, - 4b2, S-1 - L+2) 

e'Bj (2b, - 4b2, S-1 -* L+2) 

1.98 41.5 -0.037 -398 

2.98 0.4 -0.014 -1 

3.30 342.9 -1.777 -94074 

3.87 0.02 0.003 0 

3.70 246.7 0.634 21549 

3.43 148.1 0.396 8742 

2.29 133.4 -0.368 -10911 -75230 

2.69 -40.5 0.037 -284 

3.28 -355.5 1.761 -97100 

3.50 4.9 0.032 23 

3.67 269.0 0.713 26635 

3.83 101.8 0.316 4287 

3.93 119.2 -0.342 -5280  -71590 
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PAj (la^ - 3b„ S-2 - S) 

2'A, (5a, - 4b2, S-3 - L+2) 

3'Aj (4a, - 4b2, S-5 - L+2) 

4^A2 (3b, - 2a2, S - L+7) 

5'Aj (5a, - 4bj, S-3 - L+2) 

e'Aj (5a, -* 5bj, S-3 - L+3) [50%] 

L58 -0.1 3x10^ 0 

3.64 0.9 6x10' 0 

2.89 71.8 0.401 5083 

4.55 0.3 2x10-^ 0 

3.85 0.7 -0.021 -2 

4.09 194.5 0.084 2041 6460 

a The X^Bj ground state is ...2b/5a,Ma/2b,^3b,' (21 VE). Vertical excitation ena-gies for2^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. 

c 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 large magnetic coupling 

with the ground state ofGa3As2 (X^A,), and ^A, vertical excitation energies". 

Component AE(eV) SO (cm') L(au) Ag (ppm)' 

Ag„ CB,) 

VB, (2b2 - 5a„ S-1 - Sf 0.72 -72.2 0.525 -26906 

2^B2 (la^ - 3b„ S-2 - L+2) 1.87 5.1 0.038 53 

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

4% (la^ - 3b„ S-2 - L+2) 2.52 46.7 -0.653 -6177 

5^Bj (2b2.- 6a„ S-1 - L+1) [52%] 2.94 22.2 -0.921 -3537 

6% (2bj - 6a„ S-1 - L+1) 3.16 72.1 1.605 18664     -71590 

Ag,, CB.) 

l^B, (2b, - 5a„ S-3 - S) 1.15 80.3 0.902 32076 

2^B, (la, - 3b„ S-2 - L) 2.52 41.2 -0.783 -6518 

3'B, (5a, -» 3b„ S - L+2) 2.94 320.5 -0.599 -33328 

4'B, (la^ - 3b2, 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 

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

IPB, (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 



.'^r^ 
!-.l--'\ 

l^AjCla^- 5a„S-2-*S) 

2'A2 (2b2 - 3b„ S-1 - L+2) 

S'Aj (lb, - 3b„ S-1 - L+2) 

4^Aj (la^ - 6a„ S-2 - L+1) 

5'Aj (iBj - 6a„ S-2 - L+1) 

34 

1.00 76.5 0.394 15339 

2.73 253.8 0.252 11927 

2.79 75.3 -1.121 -15409 

3.05 20.8 0.630 2191 

2.92 2.7 -0.415 -200 13270 

a The X^A, ground state is ...4a'^2b,^la2^2b2^5a,' (19 VE). Vertical excitation energies for2 A, to 5 A, are 

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

b Total contribution for all calculated excited states in boldface. 

c S = SOMO, L = LUMO. 
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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 GaAs4 (X^B^), and ^62 vertical excitation energies. 

Component AE 

(eV) 

Ag„ CA.) 

1% (3b2 - 6a„ S - LX 

2^A, (5a, -^ 3h„ S-1 - S) 

3'A, (3bj -* 7a„ S - L+4) 

4'A, (2b2 - 6a„ S-3 - L) 

5'A, (2bj - 6a|, S-3 - L) [64%] 

9'A, (5a, - 4b2, S - L+1) [39%] 

Ag,,eA,) 

FAj (3b, - 6a„ S-2 - L) 

2'Aj (3b, - 6a„ S-2 - L) 

3'A2 (3b2 - 2aj, S - L+5) 

4^Aj (2b, -> 6a„ S-4 - L) 

5'A2 (2b, - 6a„ S-4 - L) 

e'Aj (5a, - 4b„ S-1 - L+3) 

7X (3b, - 7a„ S-2 - L+4) 

9'A2 (la^ - 3b2, S-5 - S) 

lO'A^ (3b, - 7a„ S-2 - L+4) 

IPA2 (5a, - 4b„ S-1 - L+3) [55%] 

n^A^ (3b,3b2 - 6a,5b2, S-2 + S - L + L+2) [28%] 

SO L (au)     Ag (ppm)' 

(cm') 

0.55 390.3 -0.496 -179018 

2.22 -249.0 1.0471 -59761 

2.46 171.5 0.070 2501 

2.82 265.0 0.7923 37977 

2.61 -139.8 0.386 -10558 

4.10 162.8 1.850 37462   -171030 

1.91 -311.7 0.807 -66989 

2.32 162.1 1.378 49104 

3.06 -188.6 0.117 -3699 

3.37 336.6 0.057 -2937 

3.18 129.2 0.794 16423 

2.91 123.4 -0.372 -8027 

3.44 111.3 -0.321 -5292 

3.78 49.5 -0.355 -2363 

4.43 83.0 1.561 14898 

3.67 84.2 -0.494 -5790 

3.66 70.5 0.702 6890         -7540 



^, 

PB, (3b, - 3b2, S-2 - S) 1.90        285.7        0.777      59501 

2'B, (Sbj - 4b„ S - L+3) 2.57        -259.9      1.285      -66074 

3'B, (3b,3bj - 6a,^ S-2 + S - L) 

4% (2b, - 3b2, S-4 - L) 

5'B, (3b, - 4b2, S-2 - L+1) 

6'B, (3b2 - 5b„ S - L+6) [58%] 

8'B, (3b, - 5b2, S-2 - L+2) 

ll'B, (3b,-5b„S-2-L+2) 

2.40 163.7 0.200 6966 

3.10 293.5 0.102 4943 

3.19 -63.2 0.765 -7720 

2.54 -79.2 0.921 -14645 

3.67 -118.9 1.378 -22751 

3.72 114.4 1.319 20686 

36 

a The X^Bj ground state is ...Ia/2b2^3b,^5a,^3b2' (23 VE). Vertical excitatiai energies for2^Bj to 5'Bj are 

1.62, 2.60, 2.54, and 2.63 eV, respectively. 

b Total contribution for all calculated excited states in boldface. 

c 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 ofGa4As (X^A,), and ^A, vertical excitation energies". 

Component AE SO L(au)     AgCppm)' 

(eV)        (cm-') 

Ag„ CBz) 

PBj (5a, - 4b2, S - L+1)' [62%] 

2'B2 (5a, - 4bj, S - L+1) [29%] 

3'B2 (2b2 - 5a„ S-4 - S) 

4'B, (lb, - la^, S-3 - L) 

5'Bj (lb, - laj, S-3 - L) [46%] 

Ag,,eB,) 

\% (5a, - 2b„ S - L+2) 

2'B, (lb, - 5a„ S-3 - S) 

3'B, (3b2 - la^, S-1 - L) 

4^B, (3bj - la^, S-1 - L) 

5^B, (4a, - 2b„ S-2 - L+2) 

6'B, (4a, - 2b„ S-2 - L+2) 

7'B, (5a, - 3b„ S - L+3) 

8'B, (2bj - la^, S-4 - L) 

1.28 223.4 -1.224 -108538 

1.59 -51.6 1.4029 -23187 

2.73 -24.1 1.423 -6406 

2.98 6.6 -0.664 -751 

3.02 -23.0 -0.147 572 -123540 

1.45 -18.1 0.216 -1378 

2.23 47.8 -0.041 -457 

2.03 -1.6 0.148 -61 

2.44 -30.0 0.224 -1405 

2.75 249.0 0.0782 3601 

2.92 -30.7 1.616 -8668 

3.06 -72.1 0.724 -8675 

2.99 -24.6 1.409 -5893 -21850 
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VA^ (5a, - la^, S - L) 

2'Aj (4a, - la^, S-2 - L) 

S'Aj (4a, - la^, S-2 - L) 

4^Aj (3h, - 2b„ S-1 - L+2) 

5'Aj (lb, - 4b2, S-3 - L+1) 

6'Aj (3bj - 2b„ S-1 - L+2) 

7'Aj (5a, - 2a2, S - L+5) [41%] 

iPAj (3bj - 3b„ S-1 - L+3) [42%] 

12'Aj (3b2 - 3b„ S-1 - L+3) [60%] 

14'Aj (2b2 - 2b„ S-4 - L+2) 

1.22 -63.9 0.256 -6838 

2.49 -0.06 0.357 -5 

2.62 12.7 -0.105 -262 

2.42 -43.5 -0.432 3948 

2.93 7.1 -0.049 -62 

3.44 215.6 -0.422 -13477 

3.26 205.7 -0.451 -14511 

3.83 102.7 0.847 11592 

3.96 -63.9 1.277 -10487 

3.98 -39.4 1.652 -8334 -43470 

a The X'A, ground state is ...lb,Ma,'3b/5a,' (17 VE). Vertical excitatim aiergies for 2'A, to 5'A, are 1.66, 

2.79, 2.80, and 3.02 eV, respectively. 

b Total contribution for all calculated excited states in boldface. 

c S = SOMO, L = LUMO. 
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Captions for f^ures: 

Figure 1. Optimized geometries of Ga^ASy (x + y = 3,5) isomers, shown in increasing relative energy fromleft 

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