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Spectroscopy of the low-lying states of the group IlI-V diatomics, AlIP, GaP,
InP, and GaAs via anion photodetachment spectroscopy

Harry Gomez, Travis R. Taylor,? Yuexing Zhao,? and Daniel M. Neumark®
Department of Chemistry, University of California and Chemical Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, California 94720

(Received 17 July 2002; accepted 22 August 2002

The low-lying electronic states of AlIP, GaP, InP, and GaAs have been probed using anion
photoelectron spectroscopy and zero electronic kinetic energy spectroscopy. We observe transitions
from the aniorS " and low-lying?I1 states to the triplet®g ~ and®II state$ and singlet {11,

13+ and!A state$ manifolds of the neutral species. The spectra of the triplet manifolds are
particularly complex, with overlapping spin—orbit and vibrational progressions. Spin—orbit
splittings, term energies, and vibrational frequencies are reported and compared to previous
electronic structure calculations on the anions and neutrals, as well as to those parameters
determined previously for the isovalent homonuclear diatomigs Sie,, and Sp. © 2002
American Institute of Physics[DOI: 10.1063/1.1514050

I. INTRODUCTION to characterize the electronic structure of either the anion or
neutral in much detail.

The importance of 1ll-V compounds in semiconductor  Much of the previous theoretical work on IlI-V diatom-
devices has stimulated great interest in clusters of groufes has focused on GaA$;?!but electronic structure calcu-
lI-V elements. While much of this work has focused on |ations on AIP?22 GaP*?® and InP® have also been re-
quantum confinement effects in very large clustérshe  ported. These studies considered bond lengths, vibrational
electronic structure of the smallest molecular subunit, thﬁrrequencies, and energetics of the ground and low-lying elec-
diatomic, is not well characterized. In this paper we presenfronic states in both the anionic and neutral species, and in
systematic experimental studies that map out the low-lyingsome cases spin—orbit splittings were calculated. Figure 1
electronic states of the XPXP (X=AlGaln) and shows a qualitative picture of the anion and neutral elec-
GaAs /GaAs diatomic systems, using anion photoelectronyonic state energies for the four species considered here that
(PE) for all four species and zero electron kinetic energyemerges from these studies. The anion h&&a ground
(ZEKE) spectroscopy for GaAs _ _ _state and a low-lyingI1 excited state. The neutrals are pre-

Several experimental and theoretical studies of Ill-V di-gjcted to have a triplet manifold comprised of%~ ground
atomics have been reported. Boron nitri@) has received gia1e ancfIT excited state, and a higher-lying singlet mani-
the most experimental attention of all the 1lI-V diatomics. It tq4 comprised of the'll, 13", and*A states. The calcu-
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has been shown to have*dl ground state and the triplet 5104 gplittings between states in a given manifold are quite
states have been well studied by optical spectroséOby. gy For example, the calculated spacings betweefSthe
Photoelectron spectroscopy of BNielded the relative en- . 4317 states and th&T and!s * states for AIP are 0.11 and
elrget|cs of the tnplftA?gd S|dngile;rman|folds of I%(ijIFl’)hoto— 0.13 eV, respectively, while the spacing between the singlet
€ ecltrondst?ectra 0 in n q er:e reporlte q IUtan and the triplet manifold is calculated to be 0.43%\This
analyze 1 12y us as pa”lg a study of largegiylan NEy energy level diagram is similar to that previously determined
clusterstt*?|emireet al® used resonant two-photon ioniza- for anionic and neutral $i Ge,, and Sg, the homonuclear

tion spectroscopy to determin%lmolegular constants for they, -an specie¥,?° although some of the state orderings
spin—orbit components of the excited state of GaAs, are predicted to be different in the homonuclear molecules.

while a laser-induced fluorescence study by Ebben and ter Negative ion photodetachment offers a unique opporiu-

4 3 :
Meuler® showed AN to have &Il ground state. Li nity to map out the anion and neutral electronic states of the

t al*>®have studi veral diatomi tems using matri ) : . :
e al. haves u.d ed se era d alomic systems using mairiy,, 7, diatomics, because the neutral triplet and singlet states
absorption experiments, finding vibrational fundamentals for

Gax and InX (X=P,As,Sb), and determining the zero-field can be acgessed from the.ground and low-lying anion states.
splitting of the s~ ground states of InAs and In$b.Jin The selection rules governing phqtoelectron spectroscppy are
et al. measured the first photoelectron spectrum of GaAs more relaxgd_ than jthose for optical spectroscopy, with the
from which they were able to extract an electron affinity of Major restr_|c.;t|on being that only one-electron photodetach-
2.1+0.1 eV, but due to their low resolution they were unableMent transitions are obse_rved, i.e., those neutral st:_:\tes_ that
result from removal of a single electron from a negative ion
molecular orbital with no additional rearrangement of the

dCurrent address: Lam Research, 47131 Bayside Parkway, Fremo i ; ; ; ;
CA 04538, Yemaining electrons. As discussed in previous work o Si

YAuthor to whom correspondence should be address. Electronic maiI.G_SZ' and Sp, not all possible neutratanion transitions in
dan@radon.cchem.berkeley.edu Fig. 1 are one-electron allowed, most notably the"
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) — 'A (6°) disc of GaP, InP, or GaA&rystallode Ing. is ablated with
the second harmoni532 nm of a pulsed Nd: YAG laser.
The laser pulses are typically 5.0—-7.5 mJ/pulse before focus-
ot DMGE) ing onto the target with a 50 cm lens. The resulting plasma is
1 . Ti(c'7") entrained in a supersonic beam of helium and passes through
a 1 3/4 in. long liquid nitrogen cooled clustering channel
XY described elsewher8. The gas pulse exits the clustering
channel and passes through a skimmer into a differentially
0° pumped region. Negative ions in the beam are extracted per-
? 1 T (o' pendicular to their flow direction by a pulsed electric field
and injected into a linear reflection TOF mass
2 spectrometet>*® affording a mass resolutiom/Am of
. 5 (6°) 2000. Due to the natural isotope abundance of gallium
0 (G&%Ga', 100.0:66.4 each cluster stoichiometry has a
mass distribution. In each case the most intense mass peak
corresponding to G8As’® and G&%P®! was studied.
lons of the desired mass are selectively photodetached
with photons having wavelengths of 355 {8493 eV}, 416
)4 }zH(Gznﬁa) nm (2.977 e\J,.and 498 pn.(2.490 eV. The 355 nm wave-
XY % length is obtained b_y tripling the fundamentgl of a pulsed
Y 5 (6'r) Nd:YAG laser. The first and second Stokes lines generated
2

by passing the third harmoni855 nm through a high pres-
FIG. 1. Energy level diagram for XY/XY (X =Al, Ga, In and Y=P, A9 syre Raman cell filled with hydrogeB25 psig produce the

as derived fromab initio calculations. 416 and 498 nm light, respectively. The electron kinetic en-
ergy (eKE) distribution is determined by TOF analysis in a

1m field-free flight tube. The energy resolution is 8—10 meV

3 — e .
«°%" transition between the anion and neutral ground £ 0.65 eV eKE and degrades as (eREjt higher eKE. The

state€’-3! Nonetheless, as shown in the work presented. . - o : .
L . data in electron kinetic energy is converted to electron bind-
here, negative ion photodetachment can determine the ener-

getics, vibrational frequencies, and spin—orbit splittings forIng energy(eBE) by subtracting it from the photon energy.

nearly all of the states shown in Fig. 1. As a result, in addi-fA‘II data are plotted in eBE as described by Elj.where EA

. I . : is the adiabatic electron affinitg° is the internal energy of
tion to obtaining a complete picture of the low-lying elec- . : .

. . the neutral, an&t" is the internal energy of the anion.
tronic states for each species, one also can follow trends in

the diatomic electronic structure with elemental composition, eBE=hv—eKE=EA+E°~E". @
in particular the transition from Hund’s casa) to case(c) The angular dependence of the photodetachment inten-
coupling as one moves down the group Il and group Vsity for polarized light and randomly oriented molecules is
columns of the periodic table. given by Eq.(2)*'

do O
Il. EXPERIMENT 40~ 4 LT A(EKE)-Pa(coso)], @)

The operation of the anion PE and ZEKE spectrometergvhered is the angle between the electric vector of the photon
is similar in principle. Both experiments generate negativeand the direction of electron ejectiom, is the total pho-
ions with a laser ablation/pulsed-molecular beam sourcdodetachment cross section g@KE) is the asymmetry pa-
mass-select them by time-of-fligiTOF), and photodetach rameter ¢1<p<2). Each neutral-anion photodetach-
them with a pulsed laser. However, the electron detectiomnent transition has a characteristic asymmetry parameter that
schemes are very different, providing much higher resolutiortan sometimes be used to distinguish peaks of overlapping
(2-3 cm}) for ZEKE than in PE spectroscopyPES  electronic transitions. The asymmetry parameter of a peak
(65—80 cm'Y). Although the ZEKE technique has superior can be calculatéd using Eq.(3)
resolution one can only obtain photoelectron angular distri-
butions from PES. 11;-2q8(eKE) =

loo—looe

-, 3
210t 1900
A. Photoelectron spectrometer

In th . h | S ¢l wherely- andl oq- are the intensities of the peak taken at the
n the anion photoelectron spectrometet, cluster an- larization angleg=0° and 90°. The laser polarization can

. ) . 0
lons are geni?;edlm a laser abla_tlon/pu:jsed mtallepular bﬁa&e rotated with respect to the direction of electron detection
source. For clusters a rotating and translating pe eby using a half-wave plate.

made of 50%—-80% aluminum powder-200 mésidrich),
10%-30% red phosphoruldrich), and 5%-20% KBr
(Fisher Scientifig is ablated with the second harmori&g32
nm) of a pulsed Nd: yttrium—aluminum—garn@AG) laser. In the ZEKE spectrometéf;**anions are generated in a
For the other clusters a rotating and translating single crystadimilar manner to that described above, except the ablation/

B. ZEKE spectrometer
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to the triplet(left side and singlet(right side manifolds of
neutral XP (X=Al,Ga,ln) and GaAs as discussed in Sec. |
and shown in Fig. 1.
R R e R Eaaaans s s e AALARA i ssans sanss naa Inspection of the PE spectra in Fig. 2 shows that the
GaP triplet manifolds for the XP series shift toward lower eBE
as the size of X increases from Al to In, while the singlet
manifolds remain around the same energy. In addition, the
InP triplet manifolds for all four molecules are significantly more
congested than the singlet manifolds. The singlet manifolds
show two groups of peaks for all species except for AlP,
GaAsl where only three peaks are observed with similar spacing.
The triplet manifolds show a fairly complex evolution as the
atoms become heavier. In the AlBpectrum, several peaks
""""" A L are evidently partially resolved triplets; this pattern is not
¢BE (eV) evident in the other PE spectra but more peaks appear in
FIG. 2. Composite plots of the anion photoelectron spectra of xptotal, suggesting that the triplet components are more spread
(X=Al,Ga,In) and GaAs taken at the polarization anglegef~54°. See  out and appear as individual peaks.
text for further description. Figures 3 and 4 show expanded views of the triplet
manifolds of XP (X= Al,Ga,In) and GaAs taken at polariza-
molecular beam source employs a rotating and translatinfon angles of¢=0° (top) and 6=90° (centej, and a wave-
rod instead of a disk. The anions pass thtwag2 mmskim- length of 498 nm. The bottom panels show simulations
mer, are collinearly accelerated to 1 keV, and are then sepavhich are discussed in Sec. IV. The GaAPE spectrum
rated into clusters according to their massesiil m TOF  taken atd=90° is superimposed on the ZEKE spectrum. The
tube. peaks in the ZEKE spectrum are much narrower then in the
After they enter the detector region, the anion of interespg spectra and every peak in the PE spectrum also appears in

is photodetached by an excimer-pumped dye laser. Once thge 7EKE spectrum with similar intensity except for peaks
photoelectrons are produced, a time delay between 200 a " andA’. Comparison of th@=0° and#=90° PE spectra

350 ns is applied before they are extracted coaxially by a dc _ . . .
electric field of approximately 3 VV/cm. During this time de- and inspection of the anisotropy paramet@rior each peak

lay, electrons with velocity components perpendicular to the(t0p panel ShO_WS. a cpnsuderable variation in the photoelec-
molecular beam drift out of the extraction zone. Hence, onlyfon angular distribution among the peaks. Most notably, the
electrons with trajectories parallel to the molecular beam ofingle featureA, Ag, or A; dominates they=0° PE spectra
zero kinetic energy are extracted. The amount of energy thefpr all four species but is much less prominent, if visible at
acquire during the extraction depends on their location in thell, in the #=90° spectra. Moreover, anisotropy parameters
extraction field, and thus their initial kinetic energies. A for peaks at lower and higher eBE than peeakre different.
gated TOF detection scheme is used to selectively collect theence, it appears that the triplet manifolds are composed of

near zero kinetic energy electrons. The resolution of thishree distinct neutral-anion electronic photodetachment

spectrometer in the absence of rotational broadening is 2—3ansitions.
—1
cm - Figures 5 and 6 show expanded views of the singlet

. The electron signal is normalized to laser power a}nd iorhqanifolds of XP (¥=Al,Ga,In) and GaAs taken at polariza-
signal, and averaged over 1200 laser shots per point. Tr}?on angles of6=0° (top) and 6=90° (centey, with simu-

dyes used to obtain the ZEKE spectrum of GaAgere Cou- . .

marin 440, Coumarin 460, Coumarin 480, Coumarin 540,Iatlons shown in the bottom panels. The photodetachment
Rhodamine 590, and Rhodamine 610. The dye laser waveYa@velength is 416 nm for InP and 355 nm for the other
length is calibrated by measuring the absorption spectra of afiatomics. The GaAs PE spectrum is superimposed on the

AlP

iodine cell or a Fe—neon cathode lamp. ZEKE spectrum. Again, anisotropy parameters for each peak
are shown in the top panel. There appear to be two distinct
IIl. RESULTS major progressions, labelédandB, in each spectrum, with

the peaks in progressioB more intense ap=0° and the

o o « ; peaks in progressioA more intense at=90°. Hence, at
taken at a laser polarization angle &£ ~57° [the “magic least two electronic photodetach ('t i tributi
angle,” whereP,(cos6)=0] are plotted in Fig. 2. Each spec- east two electronic photodetachment transitions contribution

trum is composed of two data sets, indicated by a break if® €ach singlet manifold. The GaP spectrum shows two ad-
the plot around~2.4 eV. The data at lower eBgeft side ditional bands,C and D, at higher and lower eBE, respec-
were taken at a wavelength of 498 nm for all the diatomicsively, than the two intense progressions. There is some evi-
while the data at higher eB&ight side were collected at a dence for additional, low intensity, high and low energy
wavelength of 416 nm for InP and 355 nm for the other features in the spectra of the other diatomics, but no indi-
diatomics. The two groups of peaks correspond to transitiongidual peaks can be resolved.

Anion PE spectra of XP(X=Al,Ga,In) and GaAs
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FIG. 3. Anion photoelectron spectra of AIRand GaP triplet manifold taken at 498 nm and laser polarization angle8-090° andé=0°. Experimental
B parameters at the same photon energy are plotted in the top panel. FC simulationg-ef0thepectrum of AIP and the 90° spectrum of GaP are shown

in the bottom panel.

IV. ANALYSIS tion to the!S ™ (...30%1#%) state is forbidden by the one-
electron selection rule.
More quantitative assignments and analyses were carried
out by simulating vibrational and electronic structure seen in
Figure 1 is extremely useful for making a detailed as-the, PE and ZEKE spectra. Elgctronic term energie.s were
signment of the PE and ZEKE spectra. All of the lll—V di- Varied to best match the experimental spectra. Within each
gfectronic band, intensities of individual vibrational transi-
electronic states shown in Fig.11;2022-2541-44ycent for tions are assumed proportional to their FC factors,

INP where the'S and 1A states reverse their ord@rFor  [{»'|»")|%, where|v') and|+") are neutral and anion har-
each energy level, the caés term symbol and highest mo- monic oscillator wave functions, respectively. The vibra-
lecular orbital occupancy is shown on the right, and the proiional frequencies are taken directly from the spectra, and the
jection Q) of the total angular momentum on the internuclearchange in bond length upon photodetachment is varied to
axis is shown on the left. All one-electron allowed transitionsreproduce the length of the vibrational progression in the
from both low-lying anion states are shown in Fig. 1. Basedexperimental spectrum. The anion vibrational temperature
on our previous work on the silicon and germanium dimerswas also varied in order to reproduce hot bands in the spec-
we expect to observe a transition from Hund's cémeto  trum originating from vibrationally excited anions. Typical
case(c) coupling as the atoms become heavier, leading, fowvibrational temperatures used in this work range from 350 to
example, to an observable splitting of thH, state into its 550 K. The resulting stick spectrum was then convoluted
*Ty, and 3, components. Figure 1 shows the one-with a Gaussian function of width comparable to our experi-
electron photodetachment transitions from the anion groun¢hental resolution, usually 8—15 meV.

25t (...o'w*) and low-lying®Il (...o%7°) states. All neu- We begin our analysis by considering the singlet mani-
tral states are accessible from the anion ground state exceifids for all four species. These are considerably easier
those with the(...30°17%) electronic configuration; neutral tg analyze than the triplet manifolds and provide informa-
states with this configuration include the grou~ and  tion that facilitates analysis of the more complex triplet
excited'A states. From the aniofil state, only the transi-  manifolds.

A. General

atomics are calculated to have the same energy ordering
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FIG. 4. Anion photoelectron spectra of InRind GaAs triplet manifold taken at 498 nm and laser polarization angleg-090° andd=0°. Experimental
B parameters at the same photon energy are plotted in the top panel. FC simulatioefab® spectrum is shown in the bottom panel. Experimental and
simulated ZEKE spectra of GaPs are shown as dotted lines and in the center and bottom panel.

B. Singlet manifolds 0.46, 0.56, and 0.83 eV, and vibrational frequencies of 487,
528, and 374 cmt, respectively. The anion and neutral cal-
1. AlP culations are summarized in Table I. If both calculations are

The anisotropy parameters for the AIP singlet manifoldcorrect, then both bands originate from the arfairi” state,
suggest that peaksandA are from one electronic photode- Since this state should be the most populated in the ion beam,
tachment band“A”), and peaksB, B’, andB” are from and bands A" and “B” would be assigned to the Tl
another(“ B”). Peaksa and A are separated by 516 cth —23 " and!s *«23* photodetachment transitions, respec-
peaksA andB are separated by 475 ¢th and peaks, B’, tively. The observed vibrational spacing of banB,™ 540
andB” are separated by 540 crh The low intensity of peak cm™?, is very close to the calculated frequency for "
asuggests it is a hot band electronic transition with origin atstate, 528 cm', consistent with this assignment. This assign-
A, while the equal spacing of peaBsB’, andB” suggests a ment also yields a splitting of 0.058 eV between the neutral

vibrational progression witl as the origin. I and!> " states, only slightly smaller than the calculated
With reference to Fig. 1, the neutrdll and'S " states splitting of 0.10 eV.

are accessible via one-electron transitions from the anion
23, * state, whereas the neutrdll and*A states are acces-
sible from the aniorfIl state. The observation of only two
strong bands in the singlet manifold of the AIFPE spec-

If, on the other hand, both bands originated from the
anion 21 state, then bandsA” and “ B” would be transi-
tions to the neutratll and*A states, respectively. This al-

trum thus suggests that both originate from a single <’;1nior5'5rr1alte asggnment is in more conflict with theory; the
state IT-"A splitting would be much smaller than the calculated

Electronic structure calculatiofison AIP~ predict a splitting of 0.37 eV, and the vibrational frequency of the
23+ ground state with a vibrational frequency of 551 ¢ State(540 cm ) would be much larger than the calculated
and a2l excited state with a term value of 0.08 eV and avalue of 374 cm®. For these reasons, the first assignment is
vibrational frequency of 465 cnt. The only calculation on  preferred, indicating the anion has’®* ground state with
the excited singlet states of AIP was done by Maierl?®  vibrational frequency 516 cnt (the spacing between peaks
who found the'll, 3", 1A states to have term energies of a andA).
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FIG. 5. Anion photoelectron spectra of Alrand GaP singlet manifold taken at 498 nm and laser polarization angles=80° andf=0°. Experimental
B parameters at the same photon energy are plotted in the top panel. FC simulatiowefa@® (9=0° for AIP) spectrum is shown in the bottom panel.

2. GaP splitting of 0.133 eV is, however, somewhat larger than the

The 8 parameters plotted in the top panel of Fig. 5 showc@lculated splitting, 0.049 ev _ _
that the peaks can be divided into four bands. The two most ' Nere are wo additional weak bands in the %‘?P singlet
intense progressions consist of pedkeh andA” andb, B (L R B L s
andB’. The threeA peaks are spaced by 400 cipeaksB theylA state (278 cm 1).%° This state is also one—g}ectro?’/]
andB’ are spaced by 435 cm, while b andB are spaced by )

445 cm *. The spacings and intensities of the peaks indicat@cceSSible, from tk,‘,én excl;ited zanion S‘."’?te and we assign
that A and B are the vibrational origins of two electronic pelaksC, C’, andC” to the A« Hztransmor_\.' Peak® and
bands, whileb is a vibrational hot band. D’ must then be due to thHI—>2II transition, the only

The photoelectron angular distributions are similar toremaining one-electron transition that can contribute to the

those for the AIP singlet manifold, in that the relative inten-Singleét manifold. The spacing between these peaks, 400
sity of the A progression is higher &1=90° than at§=0°

cm %, matches the vibrational frequency of tHé state, but
(even more so for GaPsuggesting the same assignment init is also close to the calculated frequency of the arfiin

71 . . . . ’
which the A and B bands correspond to tHdT— 23+ and ~ State, 371 Cmb' Thus’l't IS not O.bVIC.)UShIf peik]t?hlandD
I+ 25+ photodetachment transitions, respectively, This@Present a vibrational progression in the neuftfistate or

. 2 . . . . .
assignment is consistent with electronic structure calcula'Ehe anion“ll state. This point is discussed further in the

tions, the results of which are summarized in Table 11.context of the GaP triplet manifold.

Archibong finds that GaP has a3 " ground state with a

vibrational frequency of 445 ciit, and a2I1 excited state S /NP and GaAs

with a term value of 0.064 eV and a vibrational frequency of  The InP and GaAs singlet manifolds in Fig. 6 each show
371 cm L the hot band frequency we observe, 445 ¢nis  two vibrational progressions with photoelectron angular dis-
clearly in better agreement with tf& * state. In addition, tributions similar to those seen in the AIP and GaP singlet
the experimental vibrational frequencies of 402 and 433manifolds, so we assign bandsA™ and “B” to the II
cm L for thelll and!S " states, respectively, implied by our 23" and!S *«23* photodetachment transitions, respec-
assignment, are in good agreement with the calculatetively. In the InP~ spectrum, peaké andA’ are spaced by
frequencie€® 387 and 439 cm'. The '3 ' —I resulting 319 cm', while peaksB, B’, andB" are spaced by 350
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FIG. 6. Anion photoelectron spectra of InRand GaAS singlet manifold taken at 355 ni@16 nm for InP and laser polarization angles é&=90° and
#=0°. Experimentajs parameters at the same photon energy are plotted in the top panel. FC simulatiod-e®®iespectrum is shown in the bottom panel.
Experimental and simulated ZEKE spectra of Gafse shown as dotted lines in the lower two panels.

m L these correspond to the vibrational frequencies of thdeature of interest in the InP singlet manifold is that in the 0°
I and 3" states, respectively, and the splitting betweenspectrum, there are two partially resolved pegieaksC and
the two singlet states is 0.131 eV. These values can be conG’, Fig. 6), each lying at 9 meV lower eBE than peaksnd
pared to the calculation by Manret al?® summarized in  A’. We believe these aréll—Z?Il,, transitions, which
Table IIl. Note that Manna predicts tHe\ state to lie be- would place the aniorfIl,, state 9 meV above thé&s ™"
tween the'll and!S " states; we cannot verify this since no ground state. This point is discussed further in our analysis
transitions to thé A state are seen in our spectrum. Anotherof the InP triplet manifold.

TABLE I. Comparison of experimental and theoretical molecular constants df AlP.

Method X2zt AT X35~ A%, °I, il a'll bix* c'A EA (eV)
GGA/DNP’ - 0.000
MRDCI 0.00 0.11 0.54 0.67
2.455 2.260 2.228 2.117
Experiment 0.000 0.082 0.000 0.108 0.117 0.128 0.516 0.574 -+ 2.043
516 467 379 457 o o 470 541 - o
2.163 2.27% 2.40 2.26 s o 2.22 2.10

3For each entry, the first row gives the term enefigyeV), the second row gives the vibrational frequefiicycm 1), and the third row gives the bond length
(in A). Experimental term energies and frequencies have uncertaintie®.6f.0 eV and+15 cm %, respectively.

From Ref. 51.

‘From Ref. 22.

YFrom Ref. 23.
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TABLE Il. Comparison of experimental and theoretical molecular constants of GaP.
Method X2+ A2lg, A2y, X33 - A3Il, S, M1 alll bis* cla EA (eV)
GGA/DNP 0.000
251
MRDCI® 0.00 0.089 0.098 0.103 0.695 0.744 1.094
266 358 357 359 387 439 278
e e 2.498 2.260 2.258 2.257 2.229 2.105 2.478
ccso)¢ 0.000 0.064 0.000 0.116 oo e 0.739 1.86
447 37¢% 297 357 445 e
2.163 2.291 2.473 2.263 . 2.126 e
Experiment 0.000 0.048 0.062 0.000 0.099 0.116 0.134 0.612 0.746 0.946 1.988
445 386 283.6 415 402 433 285
2.163 2.29¢ 2.45 2.24 2.25 2.11 2.35

3For each entry, the first row gives the term enefigyeV), the second row gives the vibrational frequeticycm™?), and the third row gives the bond length
(in A). Experimental term energies and frequencies from this work have uncertaintie®.@f0 eV and+15 cm 2, respectively.

b

From Ref. 51.

‘From Ref. 25.

YFrom Ref. 24.

®B3LYP Frequencycm 2).

Experimental value from Ref. 16.

The ZEKE spectrum of GaAsshows that peaka, A’, ration, 0.082 eV. All other calculations overestimate this
and A” form a progression with a frequency of 287.0 splitting by a factor of 2/~1°
+0.5cm ! and peaka is a hot band transition, giving an
anion frequency of 298:00.5 cmi L. PeaksB, B’, andB”
form another progression with a frequency of 292.5
+0.5cm 1, where pealb is a hot band transition with the
same anion frequency of 298.0 ¢ The two bands thus As noted in Sec. lll, the photoelectron angular distribu-
originate from the same anion state, as expected. Based dions for all the triplet manifolds indicated that each was
our assignment, the vibrational frequency of the arfign composed of three distinct electronic photodetachment tran-
state is 298.0 cAt, and the neutralll and 'S ™" are states sitions. Figure 1 shows that there are three one-electron tran-
split by 0.114-0.001 eV. We see no significant contribu- sitions from the aniodS * and?Il states to the neutral trip-
tions of transitions from excited anion electronic states.  let states: the SI1—23*%, S3[1—2[1, and 33 «2I1

Our results can be compared to theory with reference teransitions. Our analysis of the singlet manifolds indicates
Table IV. Balasubramaniarf$ calculation of 303 cm' for  that all four diatomics hav83 ™ anion ground states, so if
the 2> " ground state frequency is in closer agreement withthe energy ordering in Fig. 1 is correct, then tHé—23 "
our measurement than Meier’s vatef 248 cm ! multiref-  band will occur at the highest eBE, and ff®~ 21T at the
erence double configuration interactigMRDCI). Manna lowest. These considerations are a reasonable starting point
and Da$’ have the closest calculatéfl '3, * energy sepa- for our analysis of the triplet manifolds. The anion vibra-

C. Triplet manifolds

TABLE Ill. Comparison of experimental and theoretical molecular constants ¢ InP.

EA
Method X23*F A%y, Al X%, X33, AC, 1, Mo, M, alll cis* b 1A (eV)
MRDCIP 0 0.005 0.262 0.296 0319 0.323 0921  1.153 1.053 -
e . e 251 249 290 289 290 289 327 305 261
2.70 2.70 2.51 2.50 2.51 2.51 2.46 2.38 2.68 -
B3LYP® 0.00 0.00 1.057 1.594
338 265 343
2.382 2.526 2.326
QCISDT)®  0.00 0.00 0.691 1.105
340 255 329
Experiment  0.000 0.009 0.087 0.000 0.151 0.187 0.210 0.224 0.669  0.800 --- 1.845
335 245 “e 255 285 = “e 319 350 e
2.43 2.51 2.70 2.51 2.49 2.39

3For each entry, the first row gives the term enefigyeV), the second row gives the vibrational frequeriicycm 1), and the third row gives the bond length
(in A). Experimental term energies and frequencies have uncertaintie®.6f.0 eV and+15 cm %, respectively.

bFrom Ref. 26.

‘GaussliaN 98 calculation using Los Alamos effective core potential basigIséNL2DZ).
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TABLE IV. Comparison of experimental and theoretical molecular constants of GaAs.

EA
Method X5 AL, Ay, X X3, A, Gl Gl G- alll bt clA (eV)
MRDCI® 0.0 002 -+ 000 - 017 - 0.74 0.90 094 151
248 212 202 260 - 278 277 210
2.333 2471 - 2598 - 2381 - 2.350 2.249 2503 -
CASSCE  0.00 0099 - 000 - 0227 -~ 0.798 0.963 0976 1.4
303 216 - 215 - 236 - o = 277 279 214
2.268 2426 - 260 - 2.38 2.34 2.23 2.58
MRDCI : 000 0.009 0091 0151 0217 0221 07789  0.861 1.087-
180 181 234 240 234 231 265 297 189 ---
. 2673 2667 2396 238 2380 2401 2.356 2.218 2.649-
Experiment  0.000 0052 0119 0000  0.00530.00 0133 0157 0176 0.717 0831 - 1.949
208+05 242 = 21313 20890 263 : = 287+05 292505 - =

2.268 2.426 2.517 2.548 2.318 - 2.328 2.218

3For each entry, the first row gives the term enefigyeV), the second row gives the vibrational frequeticycm™2), and the third row gives the bond length
(in A). Experimental term energies and frequencies from this work have uncertaintie®.@f0 eV and+15 cmi %, respectively, except as noted.

From Refs. 17 and 18.

‘From Ref. 19.

YFrom Ref. 20.

°From Ref. 21.

Experimental values from Ref. 13.

tional frequencies determined through observation of hot There are several more stringent tests of this assignment.
bands in the singlet manifolds are also useful in analyzingraking peakb as a hot band yields an anion vibrational fre-

the triplet manifolds. quency of~515 cm !, essentially identical to the anid® "
frequency determined from the AIP singlet manifold. Assum-
1. AIP ing peakc is a vibrational hot band, then bandC* origi-

The triplet manifolds of the AIP PE spectra taken at nates from an anionic electronic state with frequency 460—
498 nm and polarization angles #=90° and#=0° are 470 cm?, in good agreement with the calculated anion
shown in Fig. 3. From th@ parameters in the top panel we frequency of 465 cm" for the anion®ll state’” The anion
identify three distinct bands:A,” “ B,” and “C.” In band  frequencies thus support the proposed assignment for two of
“A" peaks A and A’ are separated by-460 cmt. The the three bands.
peaks that make up band:” peaksb, B, B’, andB”, all The partially resolved triplet structure of band™ is
appear as partially resolved triplets with an average separ&onsistent with &[1—2X* transition, with the triplets cor-
tion of 9—10 meV. The spacing between pe&kand B is responding to transitions to t@=2, 1, and O fine structure
around 515 cm?, while the spacing between peaRsB’, components of the neutr3ll state. Although no calculations
and B” is around 460 cm'. Peaksc, C, andC’ are very Of this fine structure have been reported, the 9—10 meV split-
weak; the spacing betweenand C is ~470 cm %, while  ting we observe is comparable to the 7-8 meV splitting in
peaksC andC’ are separated by380 cm . the analogousll,, state of Sj.?8 The spacing between peaks

The general considerations outlined above suggest th& B’, andB” of 460 cm * is close to the calculated vibra-
band “B” be assigned to thdll23* transition, band A"  tional frequency of 449 cm' for the AIP3II state?®
to the 3I1+2II transition, and band C” to the 33, =« 211 In band “A,” the spacing between peaksandA’ is also
transition. Although no clear evidence for transitions from460 cni?, consistent with its assignment as a transition to
the 211 state in AIP was seen in the singlet manifold, this the *I1 state in AIP. However, if these peaks are from the
state is predicted to lie only 0.08 eV above #%* ground  °I1+2II transition, one can have as many as six fine struc-
state?? so some population of this state in the laser ablatiorfure contributions to each peak, namely transitions to the
source is expected. According to this assignment, bad « °I1,, ®II;, and®II, states from each of thgpresumably
results from detachment fromeamolecular orbital, whereas closely spaced aniofil;, and?Il,, fine structure states. If
bands ‘B” and “ C” result from detachment from the same  all six transitions were active, one might not expect to re-
orbital. The observation that the anisotropy parameters o$olve them because of differing fine structure splittings in the
bands ‘B” and “ C” are similar but very different from that anion and neutral, but one would expect the pealksidA’
for band “A” is qualitatively consistent with our assignment to be at least as broad as the peaks in baBd This, how-
of the three bands. We note the triplet manifolds of the PEever, is not the case. A possible explanation is that the neutral
spectra of S and G¢ showed three photodetachment de-fine structure states are not accessed with equal intensity
tachment transitions with similar polarization dependenciesvhen theo electron of the aniorfIl state is detached. In
as bands A'-* C’ and analogous assignments were fact, the photoelectron spectra of Gend Sp show a
made?8-3° strong AQ==+1/2 propensity rule for SII1—2II
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transitions?”2°3|f this rule holds for AIP", then photode- erably less than the calculated vibrational frequencies for any
tachment from the aniofill, state would yield the neutral GaP or GaP stategsee Table ), and is more reasonably
311, and3I1, states, while the’ll,,, state would yield the assigned to the spin—orbit splitting in the neuttll state.
3[1, and3Il, states. As long as the anion and neutral fineWe therefore expect eacHI(»')—-?"(»") transition to
structure splitting are similar, one would expect four over-yield a triplet of peaks with this characteristic spacing. The
lapped transitions covering a narrower energy range that thebserved spin—orbit splitting 617 meV is about twice the
triplets in band ‘B,” consistent with our observations. value calculated by Manrfd. The most straightforward as-

Peaksc, C, andC’ are assigned to th& ~«2[I band. signment of these peaks is to ta as the °II,(v’
As mentioned above, the-C spacing is consistent with this =0)-23 " (¥"=0) transition,B, andB; as the transitions to
assignment, as is th@—C’ spacing of 379 cm', which is  the3II; and®II,(»' =0) levels, respectively, ard; andB)
close to the calculated frequency of 359 Crifior the neutral — as the®Il,(»' =1)-23"(»"=0) and®Il,(v'=1)-22 " (v"
33, ~ state?® Figures 3 and 5 show the simulation of both the =0) transitions, respectively. This assignment yields a vibra-
triplet and singlet manifolds of the AlPphotoelectron spec- tional frequency of 415 cit for the °I1 state, which dis-
trum. The parameters used in this simulation are listed iragrees with the calculated vibrational frequeité of 358
Table I, where they can be readily compared to previouslyem .
determined theoretical values. Since the PE spectra are sen- Peaksc, C, andC’ at low eBE consist of partially re-
sitive only to changes in the bond length upon photodetachsolved doublets split by 12—14 meV. The doublet splitting
ment, the calculated anion bond lengths for the two aniortould represent the spin—orbit splitting in thH state into
states were assumed to be correct, and the neutral boris I, and?Il,, components, and this doublet structure is
lengths were varied to reproduce the experimental spectrunconsistent with assignment of these peaks to3the —2I1

In the singlet manifold, the vibrational frequency of the band. Peaks’, ¢, andC are separated by approximately 370
I state is taken to be the same as the spacing betweem *. This spacing agrees with the calculated frequency for
peaksA andB in Fig. 5, so that pealB has a contribution the ?IT anion state, suggesting these three peaks @re
from the transition to théIl (v=1) level. In the triplet < ”"=n) hot band transitions originating from tK&l5, 1/,
manifold, only a small change in bond length upon photodestates. The simulations presented below, using*the ex-
tachment is needed to reproduce the short vibrational properimental frequency determined by éf al. of 286 cm %,
gression associated with bané\,” whereas more substantial suggest that peak is the vibrational origin of the’S, ~
changes are needed to reproduce the longer progressions as2I] band.
sociated with bandsB” and “ C.” These trends are consis- Peaksa andA are separated by 386 cih) while peaksA
tent with the calculated bond lengths, further supporting ouandA’ are separated by405 cm L. The relative intensities
assignment of the photodetachment transitions. In additiorsf these peaks suggest that petks the origin of the elec-
we find good agreement between experimental and theoretironic transition, anda is a hot band of the same electronic
cal term values for both the anion and neutral states. Finallytransition. Thea—A splitting is close to the calculated vibra-
although we do not directly observe the~—2%* photode-  tional frequency of the anioRIT state, 371 cri’, and the
tachment transition, the adiabatic electron affinity of AIP,A—A’ splitting is similar to the frequency obtained from the
which corresponds to the energy difference between thgeries of peaksB” (415 cm1). These observations support
v=0 levels of these two states, can be extracted our datgur assignment of peales A andA’ to the3IT«2I1 transi-
using the assignments in Table | via tion. The finer structure of peak (A, andA; center pangl

EA=eBEC)+(eBEB)—eBHA)), (4) depends on the individual spin—orbit splittings of thé and
311 states. From theB” series of peaks we have determined
bands, withB taken to be the energy of the transition to thethe splitting in the’IT state to be 17-18 meV, and from the

31, fine structure component. Equatiéf) yields EA(AIP) “ C” series of peaks it appears the splitting in tHé state is
—2.043+0.020 eV. close to the theoretical vatdef 1.90 14 meV. If we assumed GaP will exhibit the same behavior

eV, of Ge, and S showing a s.trongA.Q=i1/2 propensity,
we should expect four transitions in a range of energy of
about 21 meV. Simulation of these four states convoluted
2. GaP with our experimental resolution results in two peaks sepa-
The triplet manifolds of the GaPPE spectra ab=0° rated by approximately 17—18 meV, close to thg-A; of
and 90° in Fig. 3 share many similarities with the AIP ~15 meV.
triplet manifolds and a similar assignment should apply.  Simulations of the GaP singlet and triplet manifold are
However, the spin—orbit splittings in tH&l and?I1 states of shown in Figs. 3 and 5 and the parameters used in these
GaP and GaP should be larger than in the corresponding simulations are given in Table II. The best simultaneous fit of
AlP states. With this in mind, peakB, ,; andB; , are as-  the two manifolds leads to an assignment of pBekin the
signed to the’lI-23* transition, peaks, A andA’ to the  singlet spectrum to the origin of thHI<—?2I1 band. The
311211 transition, and peaks' —C' to the3S ~«2II tran- triplet spectrum is the hardest to fit of all those reported in
sition. We now examine each of these assignments in morthis paper; the contribution from hot bands is larger, and the
detail. peak spacing due to vibrational progressions and spin—orbit
The five peak®,—B, are approximately equally spaced interactions are comparable. The discrepancy between the
by 16—18 meV, or 130—145 cr. This splitting is consid- experimental and calculatédl vibrational frequencies, 415

where A, B, and C are the vibrational origins of the three
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versus 358 cm?, is somewhat troubling, but the experimen- on the anion and few states on the neutral. Geometries and
tal value is needed to fit bandsA™ and “ B.” In any case, frequencies were obtained using B3LYP
this is the best fitting of the singlet and triplet manifolds that(Becke-3-parameter-Lee—Yang—P4tf® exchange correla-

we have been able to construct. We can determine the eletion functional and quadratic configuration interaction with
tron affinity of GaP in a manner similar to AIP, finding a double and triple excitation(QCISID(T)), using the

value of 1.988:0.020 eV. LANL2DZ (Los Alamos ECPF basis set in both calcula-
tions. Calculations were performed usirgaUSSIAN 98'°
3. InP electronic structure package, and the results are summarized

in Table Ill. The calculated anion frequencies are very close
to that determined from the weak hot bamah the PE spec-
trum.

Based on the above considerations, a full simulation of
he singlet and triplet manifolds is shown in Figs. 4 and 6
using the parameters in Table Ill. The FC simulation was
performed assuming Manna’s calculated bond lengths for the
eutralX *3 1 andA Il states are correét.From those we

Anion photoelectron spectra of the triplet manifold of
InP taken at 416 nm and a polarization anglegef0° (top)
and #=90° are shown in Fig. 4. Th&=0° spectrum is
dominated by peald;; the intensity of this peak drops off
considerably at 90°, where it is one component of a partiall
resolved doublet with the other component labeRg.
PeaksB,—B, and several peaks at higher eBE are the mos

rominent features at 90°. In addition there is a pro ressioﬁ . | . . .
P prog etermine the anion and singlet bond lengths given in Table

c—C" at 90° that is absent at 0°. Il The simulati d v all the f in th
Following our analysis of AIP and GaP, we assign peaké - The simulation reproduces nearly all the features in the

Ao, & A,, andA’ to the 3[1-2IT transition, peaks,—B, experimental spectra in both manifolds and shows, for ex-

and higher to the’lI-23* transition, andc—C” to the ample, that the peaks to high eBE of pedéks-B, are tran-

35 ~_2[] transition. However, several features of interest ap_3|t|ons to vibrationally excited levels of the neutfal state.

pear in the InP triplet manifold that were not seen for the

lighter molecules. The spacings between peBksB, are 4. GaAs

34, 23, and 14 meV. This uneven spacing is in contrast to the The GaAs triplet manifoldFig. 4) is generally similar to
equally spaced triplets in AIP and GaP that were assigned tthe InP triplet manifold and analogous assignments should
the 2H2,l,0 spin—orbit multiplet. The InP pattern reflects that hold. The ZEKE spectrum, which resembles the 90° spec-
expected for Hund’s cade) coupling, in which the splitting trum much more than the 0° spectrum, supports our overall
of the 31, component tc’ll,, and3Il,_ states becomes assignment scheme in the following sense. Pe&ksA,,
significant, suggesting that peaRs—B, be assigned to tran- and A’, which should correspond t&ll—?2I1 transitions,
sitions to the®Il,, %11, °M,,, and®,_ states. Manna disappear in both the ZEKE spectrum and the PE spectrum at
et al?® have calculated the splittings between these states 0°. In the isovalent homonuclear moleculas Shese tran-

be 34, 23, and 4 meV, in partial agreement with our valuessitions would involve detachment from @&, molecular or-

PeaksA; andB; form a doublet separated by 9 meV in bital and are therefore not seen in the anion ZEKE spectrum
the #=90° spectrum. This is the same splitting in severalbecause detachment from such an orbital cannot result in an
doublets of the InP singlet manifolig. 6). Our assignment =0 (swave electron***°*While this ZEKE transition is not
of these doublets to transitions originating from the nearlystrictly forbidden from heteronuclear GaAswe might ex-
degenerate anioRlly, and 23" states is consistent with pect it to have a smals-wave partial cross section near
assigning peald\; to the 3II1,(»v=0)«—2I15,(»=0) transi- threshold and hence be very weak.
tion. PeakA’ appears to comprise more than one transition;  Looking at the peak positions in more det&l,—B, are
likely candidates are thell,(v=0)—2II4,(»=0) and spaced by 33, 24, and 19 meV, similar to the spacings for the
3I1,(v=1)«"2I14,(»=0) transitions. Based on our spin- analogous peaks in InP, and we assign these to the
orbit splittings determined above, and the calculated fre-3H2,1,0+,0_(v’=O)H22+(v”=0) transitions. The peaks at
quency of 290 cm?® for the °I1 state?® these transitions higher eBE are assigned to transition to higher vibrational
should occur at 34 and 36 meV, respectively, higher eBHevels in the®ll state. Manna and D#spredicted the split-
than peakh;. Peaka may be a vibrational hot band of peak ting in the®II state to be 60, 66, 4, aimost twice the deter-
A, yielding a vibrational frequency of 245 crhfor the?II;,  mined values(except for the 8-/0— splitting). Our values
state. Finally, peald,, which lies at 0.042 eV lower eBE are comparable with experimental splittings for the analo-
than peald\;, could originate from the aniofil,;, state, and gous®II state in Gg.?° The hot band; yields a vibrational
would correspond to th&l1,«2I1,,, vibrational origin if the ~ frequency of 298 cm' for the anior?S, * state, in agreement
anion 21, ,—2I15, splitting were 78 meV. with our assignment of the singlet manifold.

The spacing of peaks and C is around~330 cmi?, PeaksAq, A;, andA’ appear to have the same assign-
while that for peaksC, C’, andC” is around~260 cmi’’,  ments as for InP. However, thd1,,-23" splitting (be-
matching the experimental neutral ground state frequency diveen peaksA; andB;) is 52 meV, noticeably larger than
258 cm L1® We thus assign peaR to the origin of the’S  the value of 9 meV found for InP. The assignment of peak
— 214, transition. Using our assignment we can determineA, to the 11, 2I1,,, transition implies a spin—orbit split-
the electron affinity of InP in a similar manner to GaP andting of 0.067 eV in the aniofIl state, close to the InP
AlP, finding a value of 1.8450.020 eV. splitting.

In the absence of any prior experimental or theoretical ~Peaksc, C, andC’ are assigned to th& ~—2I1 transi-
information on InP, we performed electronic calculations tion similar to InP. The spacing between peakand C is
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around 242 cmt, consistent with this band originating from guish clearly between different electronic photodetachment
a different anion electronic state than banB.™ This fre-  transitions, even if they were overlapped, and difference in
quency is slightly higher than that calculated by peak spacings facilitated identification of the vibrational ori-

Balasubramanid® of 216 cm . The spacing between peaks gin for each photodetachment transition.

CandC’ (~220 cm) is consistent with the experimental The triplet manifolds are more problematic to assign.
neutral frequency of 213 cnt determined by Lemiret al®®  The identification and assignment of tAH 25" transi-
We thus assign peak as the origin of this band. tions (the “B” peaks) was generally straightforward because

FC simulations of the singlet and triplet bands were genyf their polarization dependence and multiplet pattern from
erated using the parameters in Table IV. In this case, all bondyin_orbit splitting in the’Il state. Our reasoning in Sec.
length changes are referenced to the experimental bong/g makes us confident that the assignment of tha *

o .
length for the?S. state, 2.517 A, obtained from the rota- heaks to thé/Il 211 transitions is correct, but this assign-
tionally resolved laser-induced fluorescence spectrum Of ant does raise a few questions. In particularga0°, at
13 3 — . . . - . 1
'I(jjat;Al\S'IVTPe 20+ Istate IS n?/:/rig,o(;ved bIUt IS mcIt;er_d mf least one peak associated with this transition dominates the
1a94‘;i0 Ogro C?/mp (_atentiss. e fn andeectrorf1 at;]n'tytﬁ PE spectrum, while in the singlet manifolds, electronic hot
: ) €V using the same procedure as 1or the oIef ., 4q originating from théll state, are either small or in-

. - _2 . . . . .
?Aztcz:rgllgjl.a-trehdezszplittﬁgsrt;“;tllggl;?sJErg?nc:Iﬁg%;egnaggtevll/'th distinguishable from the noise, regardless of the laser polar-
i ' (i]zation angle.

The electron affinities calculated by Balasubramanian an The high intensity of the A" peaks is due to in part o a

Meier et al. of 1.4+ 0.02 eV second-order configuration in- ller ch ; trv for tABL< 21T transii
teraction and 1.51 eWMRDCI), respectively, are too low. >Ma'er change Inzge+ome ry for thel —*I1 transition com-
pared to the’I1—23" transitions for all four specietee

However, Louet al. report a much closer value of 1.89 eV =

employing the more empirical discrete Fourier transitionT""bl,es -1V, rgesultlzng Ina r_n_uch narrower Franck—Condon
method using the local density functior&aDF) 2. profile for the*IT1+~II transition. In addition, photodetach-
ment from the?> " state accesses all tif levels of the®Il
state with approximately equal intensity, whereas only one or

V. DISCUSSION two transitions to thesé€) levels from the aniorfIl state

The analysis in Sec. IV is fairly involved, and an evalu- Occur with appreciable intensity, further concentrating the
ation of its strong and weak points is in order. In general I1+2II transition in a smaller number of peaks. These ef-
assignment of the singlet manifolds was straightforward andiects may not be the whole story, however. The relative in-
showed that all the anions ha¥& * ground states. In the tensity of the “A” peaks is reduced in photoelectron spectra
case of GaP and InP, the energy of the low-lyfi§ state  of the triplet manifolds of GaP and GaAs at lower wave-
was obtained through the observation of electronic hot bandengths, suggesting that non-Franck—Condon effects possibly
in the singlet manifold. The combination of photoelectrondue to the presence of an excited anion electronic state near
energy and angular distributions made it possible to distin498 nm are distorting the intensity profile.
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