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He(I) photoelectron spectra of the entire series of short-lived gallium monohalides produced in new solid-state reactions are
presented. In addition, a high-resolution He (1) photoelectron spectrum of monomeric gallium trichloride is obtained. Hartree~
Fock-Slater calculations are used as an aid in the interpretation of the experimental results.

1. Introduction

Photoelectron spectroscopy (PES) has been used
extensively as a suitable method for obtaining infor-
mation about the electronic structure of neutral and
ionic states of small molecules in the gas phase. The
study of short-lived or transient species by PES is a
challenging task which is complicated by the inherent
insensitivity and aselectivity of the technique. De-
spite such problems a large variety of PE studies has
been carried out in which short-lived species have
been produced using microwave discharges, high
temperature evaporation, rapid gas phase reactions
and laser dissociation methods. In addition it has been
shown that “solid-state” reactions can provide a suc-
cessful approach to the study of short-lived and re-
active molecules as indicated by work on group III
and group IV halides [1,2].

Focusing our attention on group III halides it
should be realized that despite their short-lived and
rather elusive character the gallium and indium mo-
nohalides have nonetheless appreciable technologi-
cal importance. They play a vital role in the devel-
opment of new semiconductor devices in high-
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frequency and opto-electronic applications. In chem-
ical vapour deposition techniques such as the Effer
process [3] gallium and indium monohalides act as
gas phase transporters of semiconductor material. The
spectroscopy of the monohalides can therefore be of
relevance for the development of laser diagnostic tools
to optimize and control chemical vapour deposition
techniques [4,5].

Several PE studies of group III monohalides have
been reported. Of the transient boron and alumin-
ium monohalides, BF [6] and AIF [7] were pro-
duced using high-temperature gas phase reactions.
The PE spectrum of the transient species InF has been
obtained recently [2]. The other indium monohal-
ides as well as the corresponding thallium com-
pounds are stable and could be studied by evapora-
tion from the solid [8-10]. Throughout these studies
the PE spectra of the group III monohalides were
consistent with a predominantly ionic chemical bond
scheme.

Gallium monohalides have been the subject of a
large range of spectroscopic studies. Several optical
absorption and emission studies were concerned with
the ground and low-lying excited states of the neutral
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species [11-18], leading to information about the
energetics, vibrational frequencies, rotational con-
stants, equilibrium bond lengths and dissociation
energies. Detailed microwave spectroscopy studies
have been carried out for all the ground state gallium
monohalides [19-26]. Recently the development of
emission and absorption spectroscopy of the mono-
halides as an analytical tool to quantitatively deter-
mine halide concentrations has drawn great interest
{27-34]. Due to the transient nature of the gallium
monohalides studies on ionic states have been lim-
ited. One investigation concerned with optical emis-
sion between low-lying ionic states has been reported
recently [35].

In the present paper the He (I) photoelectron spec-
tra of the entire series of gallium monohalides are
presented. Appropriate “solid-state” reactions have
proved to be particularly successful to produce GaF
in the gas phase in the virtual absence of other gas
phase products. The PE spectra of GaCl, GaBr and
Gal were mixed with signals arising from the corre-
sponding trihalides which were produced in the re-
actions as well. In addition, a high-resolution PE
spectrum of the gallium trichloride in its unstable
monomeric form was obtained.

2, Experimental

The spectra of the gallium monohalides were mea-
sured on a home-built photoelectron spectrometer
[36]. In the design of this spectrometer much atten-
tion has been given to features which are crucial in
the study of short-lived and reactive species such as
modularity, fast pumping and possibilities for easy
disassembly, cleaning of critical parts of the system
and reassembly. The spectrometer consists of two
vacuum chambers, viz. the ionization chamber and
the analyzer chamber, which are connected by a nar-
row slit (0.5 10 mm). A helium dc discharge lamp
which produces mainly (~98%) He(Io.) radiation of
21.218 eV is mounted on the ionization chamber. The
photoelectrons pass from the ionization chamber
through the slit into the analyzer chamber where a
hemispherical kinetic energy analyzer is mounted.
The photoelectrons are detected by a Mullard B419L
channeltron electron multiplier. To ensure proper
vacuum conditions, both chambers are pumped sep-

arately. To counteract the adverse effects associated
with the reactivity of the short-lived species towards
the spectrometer system, two measures were taken.
First, all critical surfaces of the spectrometer, includ-
ing the ionization chamber itself, were coated with
colloidal graphite (DAG 580, Acheson Colloids Co.).
Secondly, the drift in the PE spectra caused by the
remaining local charge-up owing to the deposition of
material on critical parts was suppressed by the use
of a computer lock procedure [37].

Several production methods of group III mohohal-
ides have been reported in previous studies. Gallium
monofluoride has been obtained as a reaction prod-
uct from mixing gallium metal with AlF; [38] or
CaF, [18] and heating to ~1000°C. Also, passing
HF over heated (~800°C) gallium resulted in the
formation of GaF [39]. The GaX (X=Br, Cland I)
species have been produced by mixing the metal with
halogen containing compounds and subsequent heat-
ing, i.e. InX; (~350°C) [19], PbX, (~300°C)
[23,25], GaCl; (~1100°C) [12], by reacting heated
gallium with a gas flow, i.e. of CCl, (=~ 1500°C) [26]
or Br, (=1000°C) [24] or by using gas discharge
methods with Br, [15],1, [16] or GaBr; [17]. Most
of these methods suffer from one or more disadvan-
tages when used in combination with PES. To maxi-
mize the yield of the desired reaction product a stoi-
chiometric gas phase mixture is required which is
difficult to realize when starting from the solid. Also,
in PES all components present in a gas phase mixture
are detected which can often lead to undesired spec-
tral overlap problems. Moreover, from the experi-
mental point of view low temperature production
methods are preferred.

In the recent past, “solid-state” reactions have been
applied successfully in PES [1,2]. In the present study
two reactions were exploited. First, the reaction of Ga
with lead dihalides was tested. Secondly, in view of
the successful production of InF {2] the same reac-
tion was repeated in the gallium case:

Ga+AgX->GaX+Ag.

The latter approach proved especially well suited for
generating GaF in the virtual absence of other gas
phase components.

A special oven system, designed to implement solid-
state reactions, was mounted inside the ionization
chamber, thereby ensuring short transport distances
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of reaction products to the ionization region. Details
of this oven system have been published before [2].

The following chemicals were obtained commer-
cially: gallium metal ingots (Ventron, > 99.99%), sil-
ver (1) fluoride powder (Ventron, >99%), silver(I)
iodide (BDH Chemicals Ltd.), lead(II) bromide
(Johnson Matthey Chem. Ltd., >98%), lead(II)
chloride and lead (II) iodide (BDH Chemicals Ltd.,
99%), potassium chloride and potassium bromide
(J.T. Baker, analyzed grade) and silver(I) nitrate
(Johnson Matthey Chem. Ltd.). Silver(I) chloride
and silver(I) bromide were prepared by precipita-
tion from solution and washing. The noble gases ar-
gon (Matheson, >99.999%) and krypton (Mathe-
son, >99.95%) were added to provide computer lock
signals and for calibration.

The oven was filled with a mixture of gailium metal
and silver(I) halide (molar ratio 1:1) or lead(II)
halide (molar ratio 2:1). The oven power settings at
which the gallium monohalide spectra appeared were
between 15 and 45 Watt, corresponding to tempera-
tures in the range of 700 to 900°C. The inner ioni-
zation chamber [2], in which the oven exits and
which is mounted on the helium lamp, was heated
separately. In the gallium chloride case, when this in-
ner ionization chamber was kept at low temperature,
the PE spectrum of the gallium trichloride monomer
appeared. At higher temperatures increased gailium
monochloride signals were observed. All spectra were
obtained in the multiscan mode with total measuring

times ranging between 20 and 60 min. Calibration of -

the spectra was performed using Kr (both He(Ia) and
He(IB)) and N, (GaF), Ar, HCl and N, (GaCl and
GaCl;), Ar and GaBr; (GaBr) and Ar and Gal,
(Gal). The resolution of the spectra could be main-
tained between 30 and 50 meV.

3. Computational

To aid in the assignment, Hartree-Fock-Slater
(HFS) LCAO calculations were performed on the
gallium monohalides. Several features incorporated
in these calculations have proven to give reliable ion-
ization energies (IEs) and chemical bond structure
information of relatively complicated molecules. The
non-local HF exchange potential has been replaced
by a local Xa exchange potential {40]. The molecu-

lar orbitals are expanded in atomic orbitals. The HFS
equations are solved by the method of Baerends et al.
[41] combined with an efficient numerical integra-
tion algorithm {42]. A Slater type basis set was used
with single zeta core functions for orthogonalization
and triple zeta quality valence functions. The cores
were kept frozen up to Ga 3p, F 1s, Cl 2p, Br 3p and
I 4p. The number of integration points used was 744
in the Gal case and 684 for the other monohalides.
The Slater transition state method [43] was used to
calculate ionization energies. In this method half an
electron is removed from the orbital out of which
ionization takes place.

In compounds consisting of heavy elements spin—
orbit coupling is anticipated to become significant.
Relativistic effects were incorporated in the HFS cal-
culations using a perturbational treatment of these
effects on the valence orbitals developed by Snijders
et al. [44,45]. The core orbitals were calculated by
fully numerical Dirac-Fock~Slater calculations.

With these methods potential energy curves were
calculated for the neutral ground state (X 'Z+) and
three low-lying ionic states (X2X+, A1, /53,
B2Z*) of the monohalides. The potential energy
curves were calculated using a 0.1 au internuclear
distance grid. The internuclear distances considered
ranged between 2.4 and 5.2 (GaF), 2.6 and 5.6
(Ga(Cl), 3.0 and 6.5 (GaBr) and 3.0 and 6.3 au
(Gal). To obtain smooth curves a cubic spline fit in-
terpolation procedure was used [46]. Compared to
polynomial fits, cubic spline fits have the advantage
of smooth behaviour over the entire point interval.
In the bound states the vibrational problem was
solved using a Numerov integration scheme [47] in-
corporated in vibrational eigenvalue calculations
[48,49]. By assuming an electronic transition mo-
ment independent of internuclear distance Franck—
Condon (FC) factors were obtained by calculating
the overlap integral between vibrational wavefunc-
tions in the neutral ground state and those in the ionic
states. As an alternative to these FC calculations in
the GaF case band simulations starting from Morse
potentials were found to be useful. Experimental data
concerning the neutral ground state together with the
measured vibrational frequency of the X X+ ionic
state were used. The equilibrium bond length was
varied stepwise (0.02 au). In each step the vibra-
tional wavefunctions and FC factors were calculated
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leading to a simulated PE band shape. By compari-
son with experiment a reliable estimate of the equi-
librium bond length in this ionic state could be ob-
tained. The vibrational calculations were performed
assuming mass 68.9 (Ga), 19.0 (F), 35.0 (Cl), 78.9
(Br) and 126.9 (I) (all in amu) (60%, 100%, 76%,
51% and 100% natural abundance respectively).

4. Results and discussion

A simple MO picture of the gallium monohalides
can be formed on the basis of the valence orbital
energies of the constituent atoms. The electron con-
figurations are Ga 4s24p and X np? for the respective
halogen atoms (X=F, Cl, Br, I, n=2-5). In the
He(I) region three doubly occupied MOs are ex-
pected: a o orbital (HOMO) with mainly Ga char-
acter but with increasing halogen participation in
going from F to I, a doubly degenerate x orbital of
predominantly halogen lone pair character and a
bonding 6 MO.

In fig. 1 the experimental PE spectrum obtained in
the reaction between Ga and AgF is shown. Three
ionization bands which varied simultaneously with
oven temperature are attributed to GaF. A small sig-
nal due to some N, leakage into the spectrometer is
indicated. In addition, strong signals due to SiF, are
visible. However, the PE bands of SiF, which corre-
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spond to ionizations from fluorine lone pair orbitals
appear only at high ionization energies (> 16 eV ) and
do not interfere with the GaF ionization phenomena.
No signals were observed from GaFs;.

The first band assigned to GaF appears between
10.5 and 11.0 eV. This band is enlarged in fig. 2 and
shows five components. The distance between the first
and second component is 605+ 25 cm~! which cor-
responds to the vibrational frequency associated with
the neutral ground state [18]. Apparently, hot GaF
is produced in the solid-state reaction and photoion-
ization not only from v” =0 but also from v" =1 is
observed. The feature at 10.56 eV is therefore as-
cribed to a hot band transition. The low spectral in-
tensity and the hot band contributions result in a
somewhat irregular vibrational progression associ-
ated with the lowest ionic state with a spacing of
745+ 25 cm~'. Clearly, upon photoionization the vi-
brational frequency in the ionic state shows an in-
crease compared to that of the ground state. The adi-
abatic ionization energy corresponds to the position
of the second component at 10.64 eV. The third com-
ponent shows the largest intensity and is measured at
10.74 eV.

The second band between 12.9 and 14.5 is broad
and no structure is resolved. The band onset is esti-
mated at 12.91 eV, the band maximum is measured
at 13.61 eV. The krypton signals which partly overlap
this band were required for lock purposes. The third
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Fig. 1. He(I) photoelectron spectrum of GaF with krypton added as a reference.
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Fig. 2. Expanded photoelectron spectrum of the ionization pro-
cess GaF* (X Z+)~GaF(X 'T+).

band between 15.0 and 15.8 eV is a low intensity,
structureless band with the band onset at approxi-
mately 15.07 eV and its maximum at 15.41 eV,
Next, the PE spectra resulting from the reaction
between Ga and AgCl are presented. Several com-
pounds formed in this reaction could be identified in
the gas phase in a series of experiments on the basis

of their PE spectra. At low oven temperatures the
GaCl, dimer dominated [50,51].Raising the oven
temperature led to a pure spectrum of monomeric
GaCl; which is presented in fig. 3. At comparatively
high temperatures of oven and inner ionization
chamber mixtures of monomeric GaCl; and a new
unstable compound assigned as GaCl were observed.
A representative PE spectrum of the latter situation
is presented in fig. 4.

Careful inspection of intensity variations as a func-
tion of temperature indicated that three spectral fea-
tures (see fig. 4) behaved in a similar fashion. The
first feature with the band onset at 9.91 eV and the
band maximum at 10.07 eV is clearly identified and
ascribed to the first band of GaCl. Although in all ex-
periments some band structure consistently ap-
peared, the resolution was not sufficient to obtain a
reliable value for a vibrational spacing. A large and
broad PE feature also assigned to GaCl has a band
onset at 10.80 eV and band maximum at 11.38 eV. It
shows partial overlap with GaCl; signals. The third
band of GaCl could be located at 14.05 eV despite
the fact that it is heavily masked by GaClj; signals.
Small signals at 12.8 eV are assigned to HCl which is
probably formed in the reaction of AgCl with traces
of moisture in the oven. Argon was used as the lock
signal.

In fig. 5 the PE spectrum of the products formed in
the reaction between Ga and PbBr, is shown. The
spectrum arises from a gas phase mixture of GaBr;
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Fig. 3. He(1) photoelectron spectrum of monomeric GaCl; with argon added as a reference.
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Fig. 5. He(I) photoelectron spectrum of a mixture of GaBr and GaBr;.

[50] and a new unstable compound assigned as GaBr.
Three GaBr bands can be clearly identified from their
similar behaviour as a function of temperature. Ar-
gon was used as the lock signal. In the first GaBr band
with onset at 9.58 eV and maximum at 9.72 ¢V no
vibrational structure is resolved. A broad second band
with its onset at 10.14 eV and centered at 10.60 eV is
partly obscured by the GaBr; band system arising
from photoionization of Br lone pair MOs. A careful
comparison of several spectra obtained under differ-
ent conditions in which the GaBr; contributions could

be varied slightly provides experimental evidence for
the presence of a splitting. This splitting, originating
from spin-orbit coupling, leads to two band maxima
estimated at 10.45 and 10.75 eV. A third structure-
less GaBr band with low intensity is observed with a
band onset at 13.45 and its maximum at 13.62 eV.
Fig. 6 shows the experimental result of the reaction
of Ga with Pbl, at high temperature. Around 14 eV
argon signals from He(IB) radiation are observed.
The relatively sharp signal at 12.6 eV is probably due
to evaporation of traces of water included in Pbl,.
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Fig. 6. He(1) photoelectron spectrum of Gal.

Most of the low intensity signals present in this spec-
trum can be attributed to Gal; [50]. Three spectral
features are assigned to Gal. The first band (onset at
9.03 eV, maximum at 9.19 eV) is sharp and does not
show vibrational structure as expected because of the
large reduced mass. The transition to the second ionic
state is now clearly split into two spin—orbit compo-
nents with maxima at 9.49 and 10.25 eV. A third band
of low intensity, with band onset at 12.81 eV and band
maximum at 12.98 eV is finally assigned to Gal on
the basis of its behaviour as a function of temperature.

The experimental PE results for the gallium mo-
nohalides are summarized in table 1.

In fig. 7 the HFS calculated potential energy curves
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Fig. 7. Hartree-Fock-Slater potential energy curves for the neu-
tral ground state and the lowest ionic states of GaF.

of neutral and ionic states of GaF are presented. Since
the computational results for the entire series of gal-
lium monohalides show the same overall structure,
GaF is chosen as an illustrative example. The neutral
ground state (X 'X%) is bound. The lowest ionic state
(X2£*) is also bound with an equilibrium bond
length slightly shorter than that of the neutral ground
state. The first excited ionic state (A 2IT) is dissocia-
tive throughout the series. The spin—orbit splitting in
this state shows a significant increase with halogen
mass. The B 2X* ionic state is bound with its equilib-
rium bond length shifted towards larger internuclear
distances.

The quality of these computed potential energy
curves can be judged by comparing calculated equi-
librium bond lengths, associated vibrational frequen-
cies and their anharmonicities with experimental
data. Such experimental data are only available for
the neutral ground states of the gallium monohalides.
A comparison of calculated and experimental results
for the four ground states is given in table 2. Asa gen-
eral trend the calculated bond lengths are somewhat
larger and the vibrational frequencies slightly lower
than those obtained from experiment. The agree-
ment between theoretical and experimental anhar-
monicities is excellent. The present underestimation
of the HFS calculated bond lengths was also found in
the InF case [2]. The calculated equilibrium bond
lengths for the ionic states under consideration are
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Table 1
Experimental and HFS calculated ionization energies, in eV, of the four gallium monohalides
GaF GaCl GaBr Gal
exp. calc. exp. calc. exp. calc. exp. calc.
X3+ 10.64 > 10.45% 9.91 9.64 9.58 9.23 9.03 8.60
10.74 b 10.45° 10.07 9.68 9.72 9.23 9.19 8.60
Al 12.91 9 - 10.80 - 10.14 (10.14)0 - - -
13.61 <) 13.659 11.38 10.74 10.60 (10.45)7 9.88 9.49 8.94
AL, 12.91 ¢ - 10.80 - 10.14 (=)D - 9.93 -
13.61 9 13.69 © 11.38 10.82 10.60 (10.75) 10.24 10.25 9.64
B2xz+ 15.07 4= 1417 - 13.53 13.45 13.40 12.81 13.03
15.41 <2 15.16 ¥ 14.05 13.59 13.62 13.44 12.98 13.03
%) Adiabatic transition. ® +0.01 eV. © Band maximum.

9 Band onset. © $0.04eV. ? Indications for spin—-orbit splitting.

also presented in table 2 for all members of the series.

Moreover, the vibrational frequency and anharmon- .

icity calculated for X 2£+ in GaF* are given as well.
From the HFS calculated potential energy curves
adiabatic and vertical IEs have been obtained
throughout the series. From previous experience [52]
calculated vertical IEs and experimental values gen-
erally correspond to within ~ 1 eV, while differences
between bands often agree to within ~0.3 eV. A
comparison of experimental and calculated IEs in ta-
ble 1 lends strong support to an assignment which at-

_tributes the present PE spectra to the gallium mono-

Table 2

halides. In the case of GaCl IEs have been calculated

“using a more sophisticated Green’s function method

[53]. The results presented in the Green’s function
calculations support the above picture (X 2Z+: 9.68
eV,ATI:11.25eV,B2X+: 14.10 eV).

Resolved vibrational structure has only been ob-
served in the ionization to the ground ionic state
X2X* in GaF*. The HFS calculations predict a
shortening of the equilibrium bond length upon ion-
ization to 7.=3.27 au starting from a value of r.=3.40
au in the neutral ground state. Solving the vibrational
problem in the HFS X 2X* potential energy curve

Comparison of experimental and HFS calculated vibrational frequencies, anharmonicities and equilibrium bond lengths

. (exp.) w,(calc.) WX (exp.) WeX(calc.) r.(exp.) re(calc.)

(cm™') (cm™") (cm™") (cm—") (au) (au)
GaF(X 'Z+) 622 [18] 592 3.2 18] 3.1 3.353 [20] 3.40
GaF* (X 2Z+) 745125 655 - : 4.5 3.18+£0.005 3.27
GaF*(B2z*) - - - - - 3.91
GaCl(X2+) 366 [26] 342 1.3 [26] 1.2 4.161 [26] 4.25
GaCl* (X3Z*) - 390 - - -~ 4.07
GaCl+(B2Z+) - - - - - 4.44
GaBr(X'Z+) 267 [24] 251 0.7 [24] 0.7 4.446 [24] 4.50
GaBr* (X 2Z+) -~ - - - - 4.41
GaBr* (B2X+) - - - - - 4.68
Gal(X'T+) 216 [23] 208 0.5 [23] 0.5 4.866 [19] 4.81
Gal* (X2Z+) - - - - - 4.84%
Gal*(B2x+) - - - - - 4.90

) Reliability questionable due to convergence problems.
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leads to a vibrational frequency of 655 cm~"! and an
anharmonicity of 4.5 cm~!. This frequency is signif-
icantly lower than that of 745 cm~! observed in the
PE spectrum. Moreover, calculating FC factors from
the HFS potential energy curves predicts a rather
the HFS potential energy curves predicts a rather
short vibrational progression with v*=0«1" =0 as
the most intense component, in contrast to the ob-
served transition. The calculated PE intensities of the
components of the progression are highly sensitive to
the difference in equilibrium internuclear distances
between the potential energy curves involved. By us-
ing the Morse potential approach described in the
computational section a good r, value of the X 2L+
state in GaF* can be extracted. The X 'X* ground
state potential energy curve was treated as a Morse
potential with 7.=3.35 au [20], w.=622 cm~! [18]
and w.x.=3.2cm~! [18]. To define a Morse poten-
tial for X 2%* our experimental value of w.=745
cm~! together with an anharmonicity of 5.8 cm~—! was
chosen. With this anharmonicity a Morse potential is
constructed with the same dissociation energy as cal-
culated from the HFS curve. PE band simulations in-
cluding hot band contributions from v” = 1 were per-
formed. Excellent and unambiguous agreement with
the experimental band shape could be obtained using
ro(X2£+)=3.1840.005 au and a temperature of
650+ 100°C in the photoionization region.

When the first experimental IEs of the gallium mo-
nohalides are plotted as a function of the first atomic
halogen IEs [54] a roughly linear decrease is ob-
served. This indicates significant halogen character
of the highest occupied MO. As in the InF case [2]
an unusual bond strength increase is observed upon
ionization and a similar explanation can be ad-
vanced. The calculations show a large charge separa-
tion in the neutral ground state of GaF, i.e. Ga+0.5
¢, F—0.5 e. This charge separation becomes less im-
portant towards Gal, viz. Ga+0.2 ¢, 1-0.2 e. In GaF
all the charge removed upon ionization of the MO
involved, is removed from that part of the MO cen-
tered on gallium, thereby increasing the ionic bond
strength. A similar but less dramatic situation pre-
vails in GaCl and GaBr. In contrast, in Gal the charge
depletion on ionization is almost equally divided over
both centers and no significant increase in ionic bond
strength is predicted. The highest occupied MO is
largely localized on Ga in GaF (60% Ga 4s; 10% Ga

4p,; 30% F 2p.). This localization becomes less im-
portant towards Gal (30% Ga 4s; 20% Ga 4p,; 50% I
5p.). The trends observed in charge depletion upon
ionization, charge localization and orbital character
rationalize the measured increase in vibrational fre-
quency as observed in the first PE band of GaF. Al-
though in the present study the vibrational frequen-
cies associated with the lowest ionic states of the
remaining gallium monohalides could not be mea-
sured, similar but less pronounced effects are ex-
pected in GaCl and GaBr. For Gal only small effects
are predicted.

An estimate of the dissociation energies of the ionic
ground state of the monohalides can be obtained on
the basis of the dissociation energies of the neutral
ground state, the lowest IE of atomic gallium and the
IEs measured in this work. The dissociation products
of the neutral ground states are assumed to be
Ga(?P,,;) and X(?P), of the ionic ground states
Ga* ('Sy) and X (?P). Using the lowest IE of atomic
gallium, Ga* ('Sy) «Ga(?P,,,),0f6.00 eV [55] and
literature values for the experimental dissociation
energies of the neutral ground states, i.e. 5.98 (GaF),
4.92 (GaCl), 4.31 (GaBr) and 3.47 eV (Gal) [56],
combination with the present IEs for
GaX*(X2Z*)«GaX (X 'Z+) (see table 1) leads to
dissociation energies for the X2X* ionic state of
Dy=10800 (GaF*), 8200 (GaCl™), 5900 (GaBr*)
and 3600+ 500 cm—! (Gal*) respectively.

The A 21 ionic state is calculated to be dissocia-
tive. This is confirmed by the lack of observed vibra-
tional structure in the PE spectra of all four mono-
halide species. The PE envelope of the transition to
the first excited ionic state can be explained in terms
of reflection of the v” vibrational wavefunction of the
ground state neutral onto the dissociative potential
of the AZII ionic state. This reflection leads to a
Gaussian type PE envelope. Spin~orbit coupling in
this state can lead to broadening or splitting of the
observed band. In the atomic case the spin-orbit
splitting in gallium equals 826 cm—! {57] which can
in principle be resolved with PES. The atomic halo-
gen splittings are 404, 881, 3685 and 7603 cm~" re-
spectively [58], showing a dramatic increase to-
wards the heavy elements. Unlike the situation in GaF’
and GaCl, in GaBr and Gal increasingly clear indi-
cations for a spin-orbit splitting are observed. This
indicates a localization of the ionized MO on the hal-
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ogen. The HFS calculations confirm this observa-
tion. The MO out of which ionization takes place
ranges from 95% F 2p, ,in GaF to 90%1 5p,, in Gal.
Moreover, plotting the observed IEs for this orbital
against the first atomic halogen IEs shows a strong
and again roughly linear dependence, in line with the
above conclusions. The observed spin-orbit split-
tings, 0.30 eV in GaBr and 0.76 eV in Gal, compare
well with the HFS values, 0.36 and 0.70 eV respec-
tively. The splittings calculated in GaF and GaCl, 0.04
and 0.08 eV, were not resolved in the present experi-
ments. On the basis of the orbital composition of the
ionized orbital the simple picture of combining the
atomic spin-orbit splittings weighted by the square
of the constituting atomic orbital coefficients leads to
splittings in the A ?I1 state of 0.05, 0.09, 0.39 and 0.76
eV going from gallium monofluoride to gallium mon-
oiodide. This trend is well reproduced by the HFS
results and is observed experimentally. The calcula-
tions indicate the A °T1,,, state to be energetically be-
low A 21, ,,. The difference in intensity of the two
spin-orbit components observed in Gal can be largely
attributed to contributions from Gal; signals. The
HFS calculations show that the A ?I1 ionic state dis-
sociates into the same products as X 2.

The HFS calculations predict the B2X* ionic states
of the monohalides to be bound states. In all four PE
spectra the transition from the neutral ground state
to this ionic state is of low intensity. As a conse-
quence of the poor signal-to-noise ratio no vibra-
tional structure is resolved. In table 2 the calculated
bond lengths are tabulated and found to increase upon
tonization to this ionic state. The increase is very large
in GaF and becomes smaller towards Gal. The large
discrepancy between calculated and observed band-
widths shown in table 1 for GaF decreases through-
out the series towards Gal. The large change in equi-
librium bond length in GaF causes the transitions
starting from v” =0 towards the lower vibrational
levels in the B ionic state to have negligible FC fac-
tors. Towards Gal the equilibrium bond lengths be-
come similar, thereby eliminating this effect. In GaF
the ionized orbital consists of 35% Ga 4s and 65% F,
mainly F 2p,. On ionization a reduction of ionic bond
strength and an increase of bond length are expected.
In Gal, in contrast, the ionized orbital is already lo-
calized on Ga, i.e. 65% Ga 4s and 35% I, mainly I 5p,.
Upon ionization charge depletion is calculated to be

divided equally over both centers, therefore no ionic
bond strength change and a smaller change in equi-
librium bond length are expected. Towards larger in-
ternuclear distances the ionized orbital becomes lo-
calized on Ga. The calculations indicate a dissociation
towards Ga* (°P) and X (*P). An estimate of the dis-
sociation energies of the B state can be obtained us-
ingthe Ga* (*P)«Ga(?P, ;) IEof 11.9eV [55] and
the present IEs (see table 1) resulting in Dy=22700
(GaF*), 23600 (GaCl*), 22300 (GaBr*) and
207001 500 cm—! (Gal™).

In a recent optical emission spectroscopy study
transitions between ionic states in the gallium mo-
nohalides have been observed [35]. Throughout the
series the transition X 2+« B2X* has been studied
but no vibrational structure has been resolved. These
transitions were located at 3.9 eV in GaF, 4.1 eV in
GaCl and 3.8 eV in GaBr. These data can be com-
pared with the present results by subtracting the band
onsets for the first and third bands in the PE spectra.
However, for B2X* in GaF* the band onset cannot
be determined reliably as discussed before. The
X 22+ B2x* transition energies obtained are 4.67,
3.98 and 3.90 eV respectively. As expected, the
agreement for GaF* is rather poor. For GaCl* and
GaBr™ the results from both techniques agree well.
In the optical emission study indications for an ad-
ditional ionic state, C2[1, which dissociates into
Ga*(°P) and X(®P) (X=Cl, Br) were found in
GacCl and GaBr. This would predict PE features at
~15.1 eV (GaCl) and ~14.3 eV (GaBr). The CI1
ionic state was thought to differ in two electrons from
the neutral ground state configuration [35]. In our
work no evidence for C 1 could be found and no HFS
calculations for shake-up type ionic states were per-
formed. The absence of a C 21 feature in the PE spec-
tra can be explained because it involves a two-elec-
tron transition from the neutral ground state and since
in addition a rather large decrease in equilibrium
bond length is expected on ionization, thereby reduc-
ing the intensity of the transition below the detection
limit in the present experiment.

The gallium trihalides are known to dimerize in the
gas phase at low temperatures. In a PE study of the
GaX; (X=C, Brand 1) species [50], pure spectra of
monomeric GaBr; and Gal, have been obtained.
However, the PE spectrum assigned to monomeric
GaCl, showed very broad ionization features indi-
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Table 3
Comparison of experimental ionization energies of GaCl, and
the results of Green’s function calculations [53]

Calc. {eV) Exp. {(eV)
band maximum
ah 11.96 11.98
e 12.24 12.31
e” 12.22 12.44
ay 13.22 13.17
e 13.96 13.91
aj 16.39 16.43

cating an appreciable dimer contribution. In a paral-
lel PE study [51] on the dimerization of GaX; spe-
cies in the gas phase, various dimer-monomer
mixtures of GaCl; have been obtained as a function
of temperature and a relatively pure monomer spec-
trum, albeit at low resolution, has been reported. In
fig. 3 a high-resolution PE spectrum of mainly mon-
omeric GaCl; obtained in our work is presented. Fol-
lowing the analysis by Dehmer et al. {50] the PE fea-
tures in the range between 11 and 14 eV are due to
MOs consisting of halogen p-type atomic orbitals.
Semi-empirical [ 50] and Green’s function [53] cal-
culations have shown the ¢’ and ¢” ionic states to be
nearly degenerate. On symmetry grounds the ¢’ can
split into two spin—orbit components. The experi-
mental spectrum shows a separation of 0.13 eV be-
tween the e’ and e” states. However, no experimental
evidence of spin-orbit coupling in the ¢’ state (at
12.31 eV) is observed. In table 3 the excellent agree-
ment between our experimental IEs and the Green’s
function results is illustrated.

5. Conclusion

He(I) photoelectron spectra of the transient GaX
(X =F, Cl, Br and I) species, produced via solid-state
reactions, have been recorded and interpreted on the
basis of ab initio HFS calculations. Three ionic states
of all four monohalides have been identified. In ad-
dition a high-resolution PE spectrum of monomeric,
unstable GaCl, has been obtained.
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