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Abstract 

High resolution Hel (580A) photoelectron spectra of AS2, As 4 and P 4 were 

obtained with a newly-built high temperature molecular beam source. Vibrational 

structure was resolved in the photoelectron spectra of the three cluster species. The 

Jahn-Teller effect is discussed for the E and T 2 states of P 4

+ and As4+. As a result of 

the Jahn-Teller effect, the •'E state splits into two bands, and the T 2 state splits into three 

bands, in combination with the spin-orbit effect. It was observed that the v 2 normal 

vibrational mode was involved in the vibronic interaction of the E state, while both the 

v 2 and v 3 modes were active in the ^ 2

 s t a t e -
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1. Introduction 

Clusters bridge the gap between isolated atoms and molecules on one hand and 

condensed matter on the other. Research on clusters has received great attention in recent 

years [ 1 ]. One central question in cluster research is the change of electronic properties 

as a function of cluster size. Photoelectron spectroscopy should be a powerful technique 

in this study, because it probes directly the electron energy levels of matter. However, a 

difficulty in applying photoelectron spectroscopy to cluster systems is need for size-

selectivity. As a result, much of the effort in studying the electronic structure of clusters 

has been focused on the photodetachment of negatively-charged clusters [2,3]. We are 

only beginning to see photoemission studies on size-selected neutral clusters [4]. 

We are interested in the high resolution photoelectron spectroscopy of neutral 

clusters. A high temperature molecular beam source has recently been built to study 

neutral clusters and other high temperature species [5]. The Group V elements were 

chosen for our initial study because they provide an easy solution for the size-selectivity. 

The vapor phases of these elements are mainly composed of tetramers for P, As, and Sb, 

and dimers and atomic species for Bi [6]. Diatomics of P, As, and Sb can be produced 

by pyrolyzing the tetramers [7], or by evaporating appropriate compounds of these 

elements [8]. Low resolution Hel photoelectron spectra of P2 [7,9,10], P4 [10-12], As2 

[13,14], AS4 [13,14] and SD4 [15,16] have been reported before. In this paper, we 

present the high resolution Hel photoelectron spectra of As2, AS4, and P4. Vibrational 

structure was resolved for all three species, allowing us to do more detailed analyses on 

the spectroscopy of the final states. Especially for the 2 E and 2 T 2 states of P 4

+ and 

As 4

+ , the vibrational analyses enable us to gain insight into the Jahn-Teller effect. 

2. Experimental 
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The photoelectron spectrometer [17] and the high temperature molecular beam 

source [5] have been described in detail elsewhere. Only a brief description is given 

here. The spectrometer consists of the beam source, a rare gas discharge lamp, a 

quadrupole mass spectrometer and a hemispherical electron energy analyzer with a 

multichannel detector. 

The high temperature molecular beam source used electron bombardment heating 

and graphite crucibles with carrier gas entrainment. The experimental conditions are 

shown in Table I. All the samples were commercially available from CERAC. 

Either Ar or Xe was usually used as a calibration gas. The energy resolution, as 

measured for the Ar + V^ peak, was about 13 meV. 

3. Results and discussion 

3.1 As 2 

The As2 spectrum is shown in Fig. 1. The valence electronic configuration of 

AS2 can be described as lag 10u2ag lrcu . Ionization of the li t u orbital results in the 

Ilu band in As2+, which is split by the spin-orbit effect. The removal of a 2Cg electron 

gives rise to the sharp £ g

+ band with little vibrational excitation. Extensive vibrational 

structure was observed for the ]"Tu3/2 and ITul/2 bands, which are partially overlapped. 

This makes it difficult to assign exactly where the 2ITul/2 band starts. From the 

assignments given in Fig. 1, vibrational frequencies of 360 cm"1 and 450 c m 1 were 

derived for the 2I7ul/2 and riu3/2 states, respectively. In light of the bonding character 

of the 17CU orbital, a vibrational frequency of 450 cm - 1 for the lY[\x3/2 s t a t e i s surprising, 

because it is even larger than that of the neutral ground state (429 cm - 1 [18]). 

Furthermore, the large difference between the vibrational frequencies of the two spin-

orbit states is also unexpected. A similar situation has been encountered in the 2llui/2 

and iTIu3/2 states of Br2+, which was found to be caused by an avoided curve crossing 
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of the Ilul/2 s t a t e from a relativistic CI calculation [19]. Such a calculation is under 

way for As2 + to explain our observation [20]. The experimentally-derived 

spectroscopic constants for As 2

+ are listed in Table D. 

3.2 P4 and As 4 

The vibrationally-resolved spectra of P 4 and As 4 are shown in Figs. 2 and 3, 

respectively. These two molecules are isoelectronic and have the same tetrahedral 

geometry. Thus, the two spectra are very similar, with the P4 spectra being better 

resolved. The valence electronic configuration of P4 and As 4 can be written as 

(lai) 2(lt2) 6(2ai) (2t2) (le) , where the lai and lt2 orbitals are mainly of the valence s 

character and the 2ai, 2t2, and le orbitals are primarily composed of the valence p 

character. As shown in Figs. 2 and 3, only the ionizations of the outermost three orbitals 

were observed. 

Before analyzing the spectra, it is instructive to consider the normal vibrational 

modes and frequencies of the neutral molecules. For a tetrahedral M4 molecule, there 

are three normal modes of vibration, which are listed in Table III for P4 and AS4 [21]. 

The (2a 1)'1 band in each spectrum consists of a well-resolved vibrational 

progression. Both from symmetry consideration and from the observed spacings, this 

progression should be the Vj vibrational progression. The frequencies are 560 cm - ' and 

350 cm"1 for P4 + and As 4

+ , respectively. The (2t2) and (le)"1 bands are much more 

complicated because of the Jahn-Teller effect, which is discussed in the next section. 

3.3 The Jahn-Teller effect 

The Jahn-Teller theorem states that highly symmetrical molecular configurations 

in degenerate electronic states are unstable with respect to certain asymmetric vibrations 

[22], which carry the nuclei over into distorted configurations and lift the electronic 

degeneracies. The Jahn-Teller effect is often important for small clusters, because 
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electronic degeneracy is very common in these systems [23,24]. It dictates the 

geometrical and electronic structures of these species. 

In discussing the Jahn-Teller problem, it is essential to know which asymmetrical 

vibrational modes are active in the vibronic coupling when more than one Jahn-Teller 

active vibrational mode is present. Ionization of an electron from a le orbital would 

produce a E state, for which only the V2(e) mode is active [25]. Removal of an electron 

from a 2t2 orbital would give rise to a ^ 2 state, for which both the V9(e) and the V3O2) 

modes can be involved [25]. Furthermore, spin-orbit splitting is also possible in the ^ 2 

state. 

Expanded spectra of the (le)"1 and (2t2>_1 bands are shown in Figs. 4 and 5 for 

P4+ and As4+, respectively. Vibrational structure was partially resolved in these two 

bands for P4 +, but not as well for the As4+ spectrum due to its smaller vibrational 

frequencies. Fortunately, the understanding of the P4+ spectrum should be sufficient for 

this series of tetramers. It can be seen from Fig. 4 that the (le) band of P4+ is split into 

two bands, one peaking at -9.4 eV and the other at -9.9 eV. The observed vibrational 

frequencies are 310 cm for the first band and 270 cm for the second. These values 

are close to the ground state V2 vibrational frequency (Table III). The (le) band of 

As4 + closely resembles that of P4 +. The Jahn-Teller splitting energies are almost 

identical (-0.5 eV). 

The (2t2)" band of As4+ was assigned previously to only two spin-orbit split 

components 114]. As can be seen from Figs. 4 and 5, this band is composed of three 

components, indicating that the Jahn-Teller effect is also important. Comparing the 

(2t2) bands of P4 +, As4+, and Sb4+ [26] indicates that the separation between the 

lowest energy component and the two components at higher energies increases from P4+ 

to Sb4+, suggesting that the lowest energy component is due to the spin-orbit splitting. 

Well-resolved vibrational structure was observed for this component in P4 +. The 

vibrational frequency is 400 cm"1, consistent with the V3 vibrational mode. The two 
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components at higher energy should be due to the Jahn-Teller effect. No simple 

vibrational progression was observed for any of these components in P4+, meaning that 

both the V2 and the V3 modes are active in the vibronic interaction. 

P4 and AS4 are simple examples of tetrahedral clusters. The elucidation of the 

Jahn-Teller effect in these simple systems may help us understand more complicated M4 

clusters. 

4. Conclusion 

In summary, we have obtained high resolution photoelectron spectra for three 

Group V element clusters, As2, AS4, and P4. Vibrational structure was resolved for the 

three molecules and vibrational frequencies were derived for die final ionic states. It was 

found that the vibrational frequencies of the Ilul/2 and ITu3/2 states of As2 + are 

surprisingly different. Very well resolved vibrational spectra were obtained for the 

(2a 1) bands of P4 and AS4. The Jahn-Teller effect was found to be important in both 

the (le) and (2t2) bands of these clusters. Both the V2 and V3 normal modes are 

active in the vibronic interaction of the (2t2)_1 band. 
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Table I. Experimental conditions 

T (K)a P (torr)b 

As 2 -1400 350 (Ne) 

AM -650 200 (He) 

j>4 ^620 500 (He) 

a. Oven temperature + 50K. 

b. Carrier gas pressure. 

c. Nozzle diameter. 

«l>(mm)c Starting materials 

0.13 CU3AS 

0.16 Pure arsenic 

0.16 Red phosphorus 



Table L. Spectroscopic constants of As2+. 

2 n u 3 / 2 

IPad(eV)a 9.511(6) 

a>e (cm'1) 450 

a. Adiabatic ionization potential. 

2 nul/2 2 X E + 

(9.903) 10.228(5) 

360 ?9C 

II 



i 

Table III. Normal modes of vibration of P4 and AS4 from Ref. [21]. 

vi(ai) V2(e) V3(t2) 

P4 

AS4 

600 cm"1 

340 cm"1 

360 cm"1 

200 cm-1 

450 cm-1 

250 c m 1 
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Figure captions 

Figure 1. Hel photoelectron spectrum of As2. 

Figure 2. Hel photoelectron spectrum of P4. 

Figure 3. Hel photoelectron spectrum of AS4. 

Figure 4. The (le)"1 and (212)'1 bands of P4. The three peaks underneath the (2t2)_1 

band indicate the three components in this band. They are three voigt 

functions used to fit the band. 

Figure 5. The (le)"1 and (2t2)"'bands of AS4. The three peaks underneath the (2t2>~ 

band indicate the three components in this band. They are three voigt 

functions used to fit the band. 
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