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Abstract 

Methods employing high resolution HeI (584A) photoelectron spectroscopy, have 

been applied to the tetrameric clusters of the group V elements, to resolve details of 

vibronic and spin-orbit structure in the first three electronic states of P4+' AS4+, and Sb4+. 

Measured spacings of distinct vibrational progressions in the VI mode for the 2A I states of 

P4+ and AS4+, yield vibrational frequencies of 577 (5) cm-1 for P4+ and 350 (6) cm-I for 

AS4+. Franck-Condon factor calculations suggest bond length changes for the ions in the 

2AI states of 0.054 (3) A for P4+ and 0.060 (3) A for AS4+. Strong Jahn-Teller distortions 

in the v2(e) vibrational mode dominate the structure of the 2E ground states of the tetrameric 

ions. Both Jahn-Teller and spin-orbit effects appear in the spectra of the 2T2 states of the 

tetrameric ions, with the spin-orbit effect being dominant in Sb4+ and the Jahn-Teller effect 

dominant in P4+. Vibrational structure is resolved in the P4+ spectrum, and the v3(t2) 

mode is found to be the one principally active in the Jahn-Teller coupling. A classical 

metal-droplet model is found to fit well with trends in the IPs of the clusters as a function 

of size. 
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I. Introduction 

In the preceding paper (Paper 11),1 we reported the high-resolution photoelectron 

spectra of the homonuclear Group V tetramers. Our analysis emphasized Jahn-Teller 

effects on the vibronic spectra of the strongly distorted 2E ground states of P4+, AS4+, and 

Sb4+. The first and second excited states of these cations are also well resolved in the 

photoelectron spectrum. These bands evidence striking contrast in vibronic structure. 

Thus for alJ three tetramers, splitting patterns and distributions of spectral intensity vary 

dramatically in response to electronic configuration. The behavior displayed spans a range 

from strong Jahn-Teller distortion, to strong spin-orbit splitting, to no vibronic coupling at 

all. Thus, within this single group of molecules, we find a broad paradigm for a relatively 

complete set of coupling hierarchies. The present paper surveys overall coupling trends, 

while considering global properties of the transition of these tetramers to an ionized state. 

Particularly, we will analyze and discuss the 2T2 and 2Al excited states in detail. 

We begin by briefly reviewing some essential background on Jahn-Teller and spin

orbit coupling and their interaction. We then examine each band system in the 

photoelectron spectrum of each tetramer from the perspective of its physical significance in 

terms of these elementary models for the coupling of electronic and internuclear degrees of 

freedom. We consider implications of the spectra for the geometry of neutrals and various 

states of the corresponding cations, and we interpret observed ionization thresholds in the 

light of the classical spherical drop model for cluster electronic structure. 

II. The Jahn-Teller Theorem and the Ham Effect 

A. The Jahn-Teller Theorem 

The Jahn-Teller theorem2 states that a nonlinear nuclear framework in a degenerate 

electronic state (except for the two-fold Kramers degenerncy3) is unstable with respect to a 

first order distortion of the nuclear framework. This instability is caused by a linear 
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perturbation of the electronic state, which lowers the symmetry of the nuclear framework 

and lifts the electronic degeneracy. For a nonlinear molecule, this means that the electronic 

degeneracy forces the potential minimum along a distortion coordinate away from the 

symmetric position. Thus, a nonlinear molecule in a degenerate electronic state assumes a 

permanent distortion which produces an observable anisotropy. The Jahn-Teller effect 

naturally signifies a breakdown of the Born-Oppenheimer approximation separation 

between vibrational and electronic degrees of freedom, implying unique non adiabatic 

dynamics with associated fluxionality.4 Jahn-Teller effects have been extensively studied,S 

especially in solid-state physics, in investigations of transition metal ions in solid matrices, 

and impurity atoms or vacancies in crystallattices.6 Recent experiments have heightened 

interest in the Jahn-Teller effect in metal clusters, particularly trimers,?-9 

B. The Ham Effect: Jahn-Teller Effect vs. Spin-Orbit Effect 

In photoelectron spectroscopy, one often starts from a closed-shell molecule with 

an initial state of spin 0 to produce a final state of spin 1/2. If the ionization proceeds from 

a degenerate orbital, then the final state with non-zero orbital angular momentum is subject 

to the spin-orbit effect as well as to the Jahn-Teller effect. These two effects interact and, 

in a sense, compete to lift the orbital degeneracy. In general, when the two effects are of 

comparable magnitude, the spin-orbit effect reduces the Jahn-Teller effect. This reduction 

of the Jahn-Teller effect by the spin-orbit effect is often called the Ham effect. 10 There are 

two other limits. If the spin-orbit coupling is sufficiently strong, it can stabilize a molecule 

against Jahn-Teller distortions.Sb,ll On the other hand, when the Jahn-Teller effect is 

dominant and produces a large distortion, the spin-orbit interaction can be quenched. The 

2T2 states in the photoelectron spectra of the current tetramer species span this range of 

possibilities. 
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III. Results and discussion: A survey of vibronic properties 

and the energetics of photoionization 

A. TIre (let1 Bands 

The ionization of the Ie orbital results in a 2E tenn, which is unstable with respect 

to V2 distortion according to the Jahn-Teller theorem. Consequently, two bands are 

observed, as discussed in Paper II. Figure 1 shows that vibrational structure is partially 

resolved in the P4+ spectrum. As given in Table 1, an average vibrational spacing of 315 

cm- I is derived for the first band, and 275 cm- I for the second component. These are in 

agreement with the excitation of the v2 mode. As shown in Figures 2 and 3, vibrational 

structure is barely discernible in the AS4+ spectrum, while none is resolved in the Sb4+ 

case, due to their smaller V2 vibrational frequencies. From our previous discussion, it is 

clear that the V2 vibrations couple the doubly electronic degeneracy in the 2E tenn and 

distort the clusters. Qualitatively, Figure 4 shows the spectral transitions from the ground 

state to the Jahn-Teller distorted final states. A detailed vibronic calculation on the E®e 

Jahn-Tellerproblem and the comparison with the experimental results have been presented 

in Paper II. I 

B. The (2t2)-1 Bands: lahn-Teller Effect vs. Spin-Orbit Effect 

As can be seen from Figures 1-3, the (2t2)-1 bands are more complicated, and each 

is composed of three components, which are indicated with Voigt functions in the Figures. 

The Voigt functions merely serve to show the positions of the three components and to 

enhance their visibility. Two factors can be attributed to the spectral complexity, the Jahn

Teller effect and the spin-orbit effect. Unlike the 2E state, in the 2T2 tenn, both the v2(e) 

and V3(t2) modes are active in the Jahn-Teller coupling. Moreover, the 2E and 2T2 tenns 

are close to each other in energy, and can have interactions which would further complicate 

the spectrum. 12 
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Clear vibrational structure is resolved for the first component in the P4+ spectrum, 

with a vibrational spacing of about 400 cm-1, as shown in Figure 1 and Table 1. 

Compared with the P4 neutral vibrational frequencies, this spacing is larger than the v2 

frequency, but smaller than the v3 frequency. The 2t2 MO should be a bonding orbital. 

Thus, it is reasonable to assign the observed vibrational structure in the P4+ spectrum to the 

v3 mode. This means that the v3(t2) mode is the lahn-Teller active mode in the vibronic 

interaction while the v2(e) mode may have little involvement. lust the single mode T®t 

lahn-Teller problem alone is a fairly complicated one. In the present context, we shall 

restrict ourself only to interpret the qualitative features of the spectra and study the possible 

lahn-Teller splittings and the spin-orbit effect, by assuming explicitly a single-mode and 

single-state problem. 

In aTd point group, the orbital angular momentum of an E term is largely quenched 

but not for a T term.6 Therefore, we must consider the spin-orbit effect as well as the 

lahn-Teller effect in the (2t2y1 bands, especially for the Sb4+ case, where spin-orbit 

interaction is anticipated to be very important. From Table 1 and Figures 1-3, we see that 

the splitting between the first and second components in the (2t2)-1 band increases 

considerably from P4+ to Sb4+. For Sb4+, this splitting is almost the same as the spin

orbit splitting in Sb+, while that in P4+ is much larger than the spin-orbit splitting in P+. 

From Figure 3, it is seen that this splitting is the same as that of the Sb2+ 2TIu spin-orbit 

splitting, since they overlap almost exactly. Thus, we can account for the splitting between 

the first and .second components in Sb4+ as being due to the spin-orbit effect, while the 

splittings in P4+ should be principally due to the lahn-Teller effect. Here is an excellent 

example demonstrating the transition from a strong lahn-Teller effect in P4+ to a strong 

spin-orbit effect in Sb4+. However, the spin-orbit effect in P4+ is not negligible. It 

manifests itself as a result of the Ham effect. It is clear that the lahn-Teller splitting in the 

(2t2)-1 bands of P4+ is significantly smaller than that in the (le)-1 band, strongly 

suggesting the presence of the Ham effect. That is, the spin-orbit effect suppresses the 
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lahn-Teller effect in the 2T2 states. This is, of course, only a qualitative and provisional 

interpretation. A more quantitative understandmg of these complicated spectra will require 

full theoretical calculations simultaneously treating vibronic interactions, spin-orbit effects, 

and electron correlation effects.12 

It is of interest to consider the symmetry of the Jahn-Teller distorted nuclear 

configurations. As can be seen from Figure 4 in Paper 11,1 the V3(t2) vibrations tend to 

distort the Td M4 molecule toward C2v geometry. Thus, potentials associated with a 2T2 

term under strong lahn-Teller coupling with the V3(t2) mode should split as follows:3 

2B2 

~ 2T2 
V3(t2) 

2BI 

2A1 

[ill ... IC2vl (1) 

This should be the case for P4+, where the lahn-Teller effect dominates the spin-orbit 

effect. A schematic representation of the lahn-Teller splittings based on this scheme is 

shown in Figure 5(a). This diagram represents a section of the potential energy hyper

surfaces along the t2 distortion coordinate, p. The potential energy hyper-surfaces have 

cylindrical symmetry in a harmonic approximation.6b The neutral ground state is shown 

with its vibrational wave function. Franck-Condon transitions from the ground state to the 

three lahn-Teller split levels give the observed three components in the (2t2)- I 

photoelectron bands. The vibronic level structures are expected to be very complicated at 

energies above the 2AIlevel, which accounts for the lack of vibrational resolution at higher 

energies beyond the first component. 

For Sb4+, however, a different splitting pattern may be expected, because the spin

orbit effect is dominant. The spin state of a single unpaired electron transforms as E 1/2 in 

the Td point group, and the direct product ofEI/2 with 2T2 gives the following results:3 
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(2) 

where the component 2E5/2 has no spatial degeneracy (only the two-fold Kramers 

degeneracy), and the component 2G3/2 has two-fold spatial degeneracy and is susceptible 

to further Jahn-Teller splitting. Thus, the following may be a more appropriate splitting 

scheme for the adiabatic potentials associated with the (2t2)-1 band of Sb4+: 

. S-O 

V3 (t2,) 2E3/2 
2G3/2 < < 

J-T 2 
El/2 

2 
E5/2 

.. ~. ~ le2vl (3) 

where S-O stands for the spin-orbit interaction, and J-T the Jahn-Teller coupling. A 

schematic representation based on this splitting scheme is shown in Figure 5(b). The 2ES/2 

component should maintain the Td symmetry and still have the V3(t2) vibrational excitation. 

This is a stabilization caused by the strong spin-orbit effect against the J ahn-Teller 

distortion.6 

Between P4+ and Sb4+ is AS4+, which has comparable strengths· of spin-orbit and 

Jahn-Teller effects. The splitting of the (2t2)-1 bands of AS4+ is perhaps better described 

by scheme (3) with a smaller spin-orbit splitting. With schemes (1) and (3), we may have 

a better qualitative understanding of the (2t2)-1 bands of the group V tetramer cations. In 

either case, strong Jahn-Teller splitting or strong spin-orbit splitting, we would expect the 

2T2 state to be split into three levels. With reference to Figure 5, Franck-Condon 

transitions from the neutral ground state to the three final split levels would yield 

photoelectron spectra as those observed experimentally. 
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C. The (lal)-l Bands: Franck-Condon Analyses 

The 2AI states of P4+, AS4+, and Sb4+ are not spatially degenerate, and are not 

subject to Jahn-Teller or spin-orbit splitting. A single band system is observed in each 

case. Discrete vibrational structure is resolved in the P4+ and AS4+ cases, for which the 

IPs are given in Tables 2 and 3, respectively. From the vibrational spacings, it is clear that 

the VI mode is excited in each case, as expected. In addition, some hot band transitions 

due to thermal populations of vibrationally excited neutral molecules are resolved. 

The vI vibrational mode involves the stretching motions of the four atoms in phase 

and maintains the symmetry of the molecule. Therefore, one should be able to evaluate the 

bond length change from the observed vibrational spectrum with a simple one-dimensional 

harmonic oscillator. This involves a transformation from the bond stretches to the normal 

coordinate. This can be conveniently written as:13 . 

(4) 

where QI is the normal coordinate, m is the atomic mass, and r is the bond stretch from the 

center of the tetrahedral molecule. With Eq. (4), we can calculate the Franck-Condon 

factors for the M4+ species at hand, as we have done for diatomics.14,15 Figures 6 and 7 

illustrate the comparison of the theoretical calculations with the experimental spectra. The 

agreement for P4+ is excellent while it is only qualitative for AS4+. The vibrational 

temperatures obtained from these calculations are 450±50 K and 350±50 K for P4+ and 

AS4+, respectively. 

The bond length for a tetrahedral M4 molecule is measured by rm-m, which has the 

following relationship with the bond stretch, r, described in the VI vibrational mode as in 

Eq. (4): 

( 
. 1090 28') 

rm-m = 2 sin 2 r (5) 

The derived rm-m values from the FCF calculations for P4+ and AS4+ are given in Table 4, 

together with the ground state values. The sensitivity in the simulations was ±O.003 A. 
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Since only the changes of bond length were obtained in the calculations, the accuracy of 

rm-m for the ions is ultimately limited by the known ground-state bond lengths. 

From the hot-band transitions we can evaluate the vibrational frequency of the 

ground state. The derived vibrational frequencies for both the neutrals and the cations are 

also given in Table 4. With reference to Table 2 in Paper 11,1 it is noteworthy that the VI 

frequency of 360 cm-1 obtained from the hot band spectrum of AS4 is significantly larger 

than that derived from earlier measurements using Raman spectroscopy, 16 while that for P 4 

agrees well with the previous optical measurements. 17 It was difficult to study these 

species, and, in light of this work, it may be of interest to remeasure their fundamental 

vibrational frequencies. 

D. Ionization Thresholds and a Spherical Drop Model for Cluster 

Electronic Structure 

In Figure 8 are plotted the ionization potentials of the atoms, dimers, and tetramers 

of the group V elements. The atomic IPs are from Moore's table,18 the IPs of N2 and P2 

are from Ref. 19, the IPs of AS2, Sb2, and Bi2 are from Paper I of this study,20 and the 

rest are from the current work. It should be kept in mind that the adiabatic IPs for the 

tetramers are derived from vibronic fits to the experimental spectra. 1 

It is interesting first to consider the trend of the IPs from the atoms to diatomics. 

We see from Figure 8 that, for Nand P, the IP increases upon dimerization, characteristic 

of valence bonding. However, for As and Sb, the IP decreases for the dimers. For Bi, the 

diatomic molecule has a higher IP than the atom, which can be largely attributed to the 

strong relativistic effect in Bi, which causes Bi atom to have an unusually small IP.21 

Therefore, we detect significant changes of chemical bonding, descending the Periodic 

Table for the group V element, proceeding from covalent bonding to more and more 

metallic bonding, as expected. As a matter of fact, As, Sb, and Bi are all semimetals. 
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They are semimetals only because of their rhombohedral crystal lattices. Were they to have 

simple cubic crystal lattices, they would be very good metals indeed.22 

Generally for metal clusters, the IP decreases as a function of increasing size, 

eventually approaching the bulk work function. A classical spherical drop model23 has 

been proposed to describe this change of IP as a function of cluster size. The following 

simple result has been obtained for a small metal droplet: 

(6) 

where Woo is the bulk work function, q is the electron charge, and R is the radius of a 

cluster. This formula has been shown to describe a number of metal cluster systems to a 

remarkable degree,24 including the alkali clusters. In fact, Walstedt and Be1l25 have 

applied Eq. (6) to Bi clusters and obtained good qualitative agreement with their electron 

impact ionization data. Recently, Makov et al. have proposed an alternative classical 

experession for the size dependence of the IPs of spherical clusters:26 

(7) 

It was concluded that Eq. (7) should account better for large clusters, while Eq. (6) should 

fit well for smaller clusters due to quantum corrections to Eq. (7). 

Determination of R for a particular cluster is obviously a difficult task, requiring 

knowledge of the atomic volume. To first approximation, one could use: 

R = n1/3 ro (8) 

where n is the number of atoms in a cluster, and ro can be chosen as half of the average 

bulk atomic separation or half of the diatomic bond length.24 Using this expression, and 

the bond lengths from Ref. 19, we have found that Eq. (7) described ASn well while Eq. 
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(6) fits better with data for Sbn and Bin. It was not clear why Eq. (7) should fit better for 

Asn. Obviously, a larger data set would be desirable. The dashed curves in Figure 8 

illustrate the calculated IPs of Asn, Sbn, and Bin for n up to 10, with each curve converging 

to its bulk work function,27 when n approaches infinity. It is seen that the IPs of As4, and 

in particular, Sb4 deviate severely from the model. It should be noted that the Jahn-Teller 

effect profoundly altered the IPs of the tetramers and lowered the symmetries of the 

cations. Were there no Jahn-Teller distortions in the cations, the IPs of the tetramers would 

have much better agreement with the model. Therefore, the agreement with the 

experimental IPs should still be regarded to be gratifying given the limited experimental 
, ' 

data, and the ~pproximate nature of the model. 

V. Conclusions 

The high resolution PE spectra of the tetramers of the group V elements have been 

obtained. Vibrational structure in the vI(aI) mode is fully resolved for P4+ and AS4+ in the 

2Al states, which enabled us to carry out Franck-Condon factor calculations for the 2Al 

states and obtain the bond length changes in the 2Al states of the two cationic species. 

From our Franck-Condon factor fitting, the VI 'vibrational frequency of AS4 reported before 

has been found to be too small. 

The 2£ states of all three tetramers, P4+, AS4+, and Sb4+, are found to undergo 

strong Jahn-Teller distortions, coupled with the v2(e) vibrational mode and split into two 

spectral bands. Partially resolved vibrational structure in the P4+ spectrum is consistent 

with the excitation of the V2 (e) mode. Both Jahn-Teller and spin-orbit effects were shown 

to play important roles in the 2T2 states of the tetramers. The spin-orbit effect is dominant 

ill the case of S b4 +, while the J ahn-Teller effect is dominant in P 4 +. From the resolved 

vibrational structure in the 2T2 state of P4+, the V3(t2) vibrational mode was found to be the 

one which is principally active in the Jahn-Teller coupling. 
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A classical metal droplet model fits trends in the ionization potentials of the clusters 

as a function of size. The model is shown to work reasonably well, although a larger data 

set with larger cluster sizes would be desirable. 
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Table 1. Ionization potentials (IP) and the observed vibrational spacings (VS) in the PE 

spectra of P4, AS4, and Sb4. 

IPa (eV)a IPv (eV)b VS (em-I) 

P4 (1e)-1 8.95 9.46(1) 315(10) 

9.92(1) 275(10) 

(2t2)-1 10.1 10.36(1) 400(10) 

10.53(1) (370) 

10.72(2) 

(2al)-1 11.776(3) 11.847(3) 577(5) 

AS4 (1e)-l 7.83 8.75(1) 

9.16(1) 

(2t2)-1 9.5 9.76(2) (240) 

9.97(1) (290) 

10.11(3) 

(2al)-1 11.017(3) 11.058(3) 350(6) 

Sb4 (1e)-1 6.61 7.85(1) 

8.27(1) 

(2t2)-1 8.5 8.69(1) 

9.09(1) 

9.22(3) 

(2al)-1 9.8 9.89(1) 

a. Adiabatic IP established in the case of (le)-1 by lahn-Teller spectral simulation, as 

discussed in Ref. 1. . 

b. Vertical IP. 
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Table 2. Ionization potentials (JP) anda~signmentsof the P4+ 2Al state. 

IP (eV) Interval (me V) v (VI)a 

11.700(3) Hot band (1 ~O) .. 

11.777(3) 77 0 

11.847(3) 70 1 

11.916(3) 69 2 

11.985(3) 69 3 

12.053(4) 68 4 

12J21(4) 68 5 

a. Vibrational quanta of the v 1 mode. 
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Table 3. Ionization potentials and assignments of the AS4+ 2AI state. 

IP (eV) . Interval (meV) v (VI)a 

... 
10.929(3) Hot band (2--+0) 

10.973(3) 44 Hot band (1--+0) 

11.017(3) 44 0 

11.058(3) 41 1 

11.098(3) 40 2 

11.138(3) 40 3 

11.175(4) 37 4 

11.210(5) 35 5 

a. Vibrational quanta of the VI mode. 
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Table 4. Spectroscopic constants of the 2AI states of P4+ and AS4+. 

610(10) c 

577(5) c 

360(6) c 

350(6) c 

a. Vibrational frequency of the VI mode. 

b. Equilibrium bond distance between two atoms. 

c. From this work. 

d. From Ref. 28. 

rm-m (A) b 

2.21 d 

2.264 e 

2.435 d 

2.495 f 

e. Franck-Condon factor calculations yielded the change ofrm-m, which was 0.054 

± 0.003 A. 

f. Franck-Condon factor calculations yielded the change ofrm-m, which was 0.060 

± 0.003 A. 
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Figure Captions 

Figure 1 The (le)-1 and (2t2)-1 bands of the P4+ spectrum. Three Voigt functions are 

drawn to show the three components in the (2t2)-1 bands. 

Figure 2 The (le)-1 and (2t2)-1 bands of the AS4+ spectrum. Three Voigt functions are 

drawn to show the three components in the (2t2)-1 bands. 

Figure 3 The (le)-1 and (2t2)-1 bands ofthe Sb4+ spectrum. Three Voigt functions are 

drawn to show the three components in the (2t2)-1 bands. 

Figure 4 A schematic configuration-coordinate diagram for the transitions from a 

nondegenerate ground state to a Jahn-Teller active doubly degenerate state in a 

T d molecule. It is, in fact, a section through a three-dimensional diagram (see 

Ref. 1) that has a cylindrical symmetry in a harmonic approximation. 

Figure 5 Schematic configuration-coordinate diagrams showing the transitions from a 

nondegenerate ground state to a Jahn-Teller split 2T2 state of a tetrahedral hl4 

molecule coupled with the V3(t2) vibrations: (a) zero spin-orbit splitting; (b) 

strong spin-orbit splitting. 

Figure 6 Comparison of calculated Franck-Condon factors with the experiment of P4+ 

2Al state. (- theoretical, ...... experimental). 

Figure 7 Comparison of calculated Franck-Condon factors with the experiment of AS4+ 

2Al state. (- theoretical, ...... experimental). 

Figure 8 Ionization potentials as a function of cluster size for the group V elements. 

(-experimental, - - - theoretical). 
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