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ABSTRACT 

The electron binding energy spectra and momentum distributions 

have been obtained for the valence orbitals of HBr and HI using noncoplanar 

symmetric electron coincidence spectroscopy at 1200eV. The weakly bonding 

inner valence ns orbitals, which have not been previously observed, have 

their spectroscopic (pole) strength severely split among a number of ion 

states. For HBr the strength of the "main" inner valence (ns ) transition 

?.s 0.42 0.03 whereas for HI it is 0.37 0.04, in close agreement with 

that observed for the valence s orbitals of the corresponding isoplectronic 

inert gas atoms. The spectroscopic strength for the two outermost orbitals 

is found to be close to unity, in agreement with many body Green's function 

calculations. The measured momentuo distributions are compared with 

several spherically averaged M0 momentum distributions, as well as (for HBr) 

witii a Green's function calculation of the generalized overlap amplitude 

(GOA). The GOA momentum distributions are in excellent agreement with 

the HBr data, both in shape and relative magnitude. Not all of the M0 

momentum distributions are in reasonable agreement with the data. 

Comparison is also made with the calculated momentum distributions for 

Kr, Br, Xe and I. 



INTRODUCTION 

In view of the theoretic"! a n d P r a c t i c a l importance of the hydrogen 

halides, it is desirable to obtain as much information as is possible on 

the valence orbitals of these molecules. Ke have recently reported 

extensive experimental and theoretical investigations of the binding 

energies and momentum distributions of the valence electrons of both HF 

and HC1 [1-3]. The experimental method used in these investigations was 

*.he noncoplanar symmetric (e,2e) technique, or binary electron coincidence 

spectroscopy. In the noncoplanar symmetric geometry the two outgoing 

electrons are detected at equal polar angles (6 « 45°) to the incident 

direction and at fixed and equal energies. The kinematical variables 

are the incident energy E and the out of plane azimuthal angle $. This 
o 

method has been demonstrated to be an extremely sensitive probe of the 

electronic structure of atoms and molecules [4]. By completely determ

ining the kinematics of the electron impact ionizing events, and choosing 

this kinematics to be in the "binary" region [4], several types of 

structural information can be obtained. 

Firstly, by varying the incident energy, separation (or binding) 

energy spectra are obtained over a wide energy range. Secondly, by 

measuring the (e,2e) cross section as a function of the azimuthal angle $, 

momentum profiles are obtained for the ionized electrons. In the 

independent particle model, where the electron is viewed as being ejected 

from a particular molecular orbital, these momentum profiles are propor

tional to the spherically averaged square of the molecular orbital 

momentum space wave function. If electron correlation effects are 

important in the ion, many ion states can be excited by the removal of 

an electron from a given orbital in the target. States due to ioniza

tion from a particular orbital can be identified by their momentum profiles. 

The relative cross sections are proportional to the probability of the 

ion state containing the characteristic orbital hole configuration. 
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Correlations in the initial target ground state can also lead to observable 

effects [5], although with closed shell targets these effects are usually 

smaller than those due to final state correlations. Finally, it should 

be pointed out that the (e,2e) cross section is particularly sensitive 

to the low momentum region of valence orbitals, that is to the chemically 

i?:tere;ting diffuse valence region. 

Our earlier work [1-3] on HF and HC1 showed that the valence orbitals 

(2a,3o,lTt) of HF and the two outermost valence orbitals of HC1 (5O,2TT) 

had spectroscopic (or pole) strengths of close to unity, i.e. essentially 

only one ion eigenstate is excited in the corresponding transition. The 

innermost valence orbital (4a) of HC1 is, however, severely split among a 

number of ion eigenstates in the energy range 20-41 eV, the strength of the 

"main" 4o transition being only 0.51. In this respect HF and HC1 are 

very similar to their respective isoelectronic atomic counterparts, Ne 

ire r. The valence orbitals of Ne and the 3p orbital of AT show little 

splitting, whereas the 3s orbital of Ar, which corresponds to the 4a 

orbital in HC1, is severely split among a number of ion eigenstates, the 

dominant transition having a strength of 0.54. The measured momentum 

distributions [1-3] were compared with calculated molecular orbital wave 

functions of at least double zeta quality as well as with generalized 

overlap amplitudes obtained from one particle Green's function calculations 

12]. Agreement in shape was found to be quite good except for the outer In 

orbital of HF, where the calculated molecular orbital momentum distributions 

were significantly more extended in momentum space than the measured profiles 

The Green's function calculations gave momentum distributions in better 

agreement with the data, and strengths foT the transitions in qualitative 

agreement with the data. In order to obtain further understanding of 

electronic structure in terms of periodic trends, we have extended our 

studies of HF and HC1 to the heavier hydrogen halides HBr and HI. 

The electronic ground state configuration of the hydrogen halides 
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can be written in the independent particle (molecular orbital) model as 

Z(nso) (npo) (npn) ; E* 

where Z represents the core electrons. The outer two valence orbitals 

of both HBr and HI have been studied by photoelectron spectroscopy (PES) 

(6-10]. In HBr Lempka et al. [7] and Turner et al. [8] observed two 

peaks with essentially no vibrational structure at 11.67 and 12.00 ± O.Cl eV, 
2 corresponding to removal cf a 4pu electron producing the n3. , spin orbit 

/2 » j 

doublet state, and c second band exhibiting a vibrational progression of 

peaks beginning at 15.27 eV (predissociation occurs after v = 4 [10]) 

corresponds to the removal of a pa bonding electron (the 8a MO) leading to •— 

the Z state of HBr . In HI two sharp peaks were observed [7,8] at 10.38 

and 11.05 * 0.01 eV corresponding to the (6pir)" n 3 / , states of HI , and 
/2,3 

a structureless band occurring between 13.85 and 15.0 eV with a broad 

maximum at 14.2 eV. This band clearly corresponded to the (llaj Z 

state of HI. The absence of any observed vibrational structure in this 

band was attributed to the fact that it occurred above the dissociation 
• 4 

(H«T ) threshold of 13.51 eV, the interaction between the repulsive II 

state and the A Z potential curve at or below v = 0 shortening the lifetime 

of the excited Z state. 

Frost et al. [6] had earlier observed the same structure in the HBr 

and HI photoelectron spectra at somewhat poorer resolution, and more 

recently Delwiche et al. [9] and Brion and Crowley [10], using Hel 584 A 

radiation, observed the same transitions with high resolution. The 

essentially nonbonding nso lone pair valence orbital has not previously 

been observed in either HI or HBr. 

We now report measurements on the shapes of the orbitals (in momentum 

space) and separation energies for the whole valence regions of HBr and HI 

using the binary (e,2e) technique. In section II we summarize the theoretical 

background needed to analyze the data, and the experimental technique is 

briefly outlined in section IIT. In section IV we present and analyze the data 



II. THEORETICAL BACKGROUND 

For electron impact ionization of a target with negligible kinetic 

energy, energy conservation gives 

E 0 = E A + E B * «? > ( 1 ) 

*here E \z the incident energy and E. and E_ are the energies of the 

two outgoing electrons and e is the electron separation (or binding) 

energy leading to the final ion state |F). The energy E = E 0-e p = Ea +^D> 

referred to as the total energy, is kept fixed at 1200eV in the present 

.easurements. The momenta of the incident and outgoing electrons are 

* k,. and k̂  respectively. In symmetric kinematics (E =E =E/2, 

• <. j = :k |=k, .nd 6 =0 =6) momentum conservation gives for the magnitude q 

~f the ion recoil momentum 

u - {(2k cos0 - k Q ) 2 + 4k 2sin 29sin 2 | } * ( 2 ) 

.htre the out of plane azimuthal angle <t> is defined by <|> = 7 T"( <$ )
A~ I+ ID) » 

sc that it is 2ero when $«-$ R = ^• 

When the total energy E is large compared with c^,the incident and 

emitted elect-on waves can be approximated by plane waves, and the ion 

recoil moment-iin £ is equal and opposite to the momentum of the struck 

bound electro" at the time of the collision [4]. Further, in the plane 

wave impulse approximation (PWIA) the (e,2e) cross section is given simply by 

J - KlTl 2 dft (2ir)"3| d

3

r e

i a - i ( F j G > l 2

 ( 3 ) 

where |T| is the (half off-shell) Mott electron-electron scattering cross 
4 section and K = (2ir) k.kn/k is a kinematical factor. The integral 
A b O 

over ft is the rotational integral, and |G> and |F) are the electronic 

eigenstates of the target molecule and final ion states. The Born-

Oppenheimer approximation is included implicitly in the expression [4]. 

In the noncoplanar symmetric geometry |T| is nearly independent 



of the variable $, varying by only a few percent over the measured range 
of q (eq. 2). Consequently the cross section at a given E and separation 
energy e (called the angular correlation) is an almost direct measure r 

of the square of the Fourier transform of the overlap between JF) and jG>. 
The overlap or structure function (FJG> can be calculated directly 

using the one particle propagator fGreen's function) technique [4,11,12]. 
Calculations using this technique, which allows for correlation effects 
in the initial and final states as well as for relaxation effects, are 
reported and discussed in the next section. 
Alternatively we can use CI expansions for |G> and JF), in which case 
the antisymmetrized overlap function is given by [4] 

(F|G> = n * I a ( G ) t^ F ) C. ji. (4) 
1 r a ja jra i 

where n is the dimension of the representation r of the molecular point 
f Gl group of the ion eigenstate [F ) , the CI expansion coefficients are a 

(F) t 
and t: (the expansion being in terms of target HF states), and ty. is a 
molecular orbital hole state vector coupled by the Clebsch-Gordan coeffic
ient to a target Hartree-Fock state |u>. In the special case when the 
target Hartree-Fock ground state |0> is a good description of |G>, 
(Gl 

a = 0 for a * 0 and 1 for r< = 0, and eq. (4) simplifies considerably. 
For a closed shell eqn.(4) reduces to (in the target Hartree-Fock 
approximation) 

(F|G> = I t^ F ) i|). (5) 
1 . jo r i v ' 

Usually only one orbital I|J , the characteristic orbital of the ion 
eigenstate, contributes to the sum over j if the Hartree-Fock basis is 
best. Thus, in the target H-F approximation, 

(F|G> = t(F)t|> (6) 
1 co rc v ' 

and the (e,2e) cross section is given by 
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0 = n r K [ t ^ ] 2 | T | 2 < | » c ( q ) | 2 > (7) 

The factor <|* (q) | > i s the spherically averaged square of the momentum 

space wave function - f the characteristic orbital c. 
rp-j 

The spectroscopic factor S defined by 

S ( F ) - [ t < F > ] 2 (8) 
c l co J 

is the probability of finding the configuration of a single hole in 

the orbital c in the ion state |F). It obeys a sum rule derived from 

the normalization and closure properties of the wave functions 

I S ( F ) = 1 (9) 

F C 

Similarly the single particle eigenvalue (orbital energy) e , defined as 

the expectation value of the ion Hamiltonian for the independent particle 

tats involving a hole i(i , is given by [4] 

£ = Z S ( F )e_ (10) 
c _ c F 

where e is the separation energy for the transition leading to the ion r 
eigenstate |F). Thus the single particle eigenvalue for a closed shell 

target is, in the target H-F approximation, the centroid of the energy 

eigenvalues for all the states |F) belonging to the representation r, 

weighted by the spectroscopic factors. 

To calculate the structure factor (F|G> = g„ as the generalized 

overlap amplitude (GOA) appearing in the spectral resolution of the one 

particle Green's function G, it is useful to start with the Dyson equation 

G_1(u>) = ua - e - £(u>) , (11) 

where £ denotes the diagonal matrix of orbital energies and £_(u)) is the 

self-energy matrix. In the present calculations E_(u>) is calculated in 

the diagonal two particle-hole Tamra-Daneoff approximation [11-13]. The 



7. 

diagonal approximation should be valid to a high degree of accuracy for 

the "main" transitions [12,13]. 

Re-writing the Dyson equation in the form 

[w - L(uO]G((j) = 1_ (12) 

where 

L(w) = £ • L(OJ) (13) 

one can introduce a biorthogonal expansion of G(OJ) in terms of complex 

orthonormal functions $N(u) and $.,*(<*>) which are eigenfurctions of l.(u) 

and L*(UJ) respectively, with eigenvalues E (u>) and E *(u). 

$ («)• *(u) 
G(w) = Z — " . (14) 

N u " E N ( u , ) 

The spectral resolution of G(w) shows it has principal poles at u = u 

corresponding to electron binding energies. The pole strength T_ of 
G(u>) at the pole u = E (u>) on the real axis, is obtained from residue r r 
calculus as: 

Him 
urn*), (u-tt»p)G(u) = g F g F * = r F 0 F ( w ) * F * ( w ) (15) 

where 

rF 
dEptuOV1 

1 - r 

du (16) 
w=u,F 

If one sums the pole strengths r_ to which a particular characteristic 

orbital makes a contribution, the sum will be the occupation number 

of the characteristic orbital, N : 
c 

z r » N (17) 
F(c) h c 

where F(c) denotes a sum over final ion states |F) containing a contribu

tion from the characteristic orbital c. Generally, for outer valente 
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states, this sua contains only one major ten; this is the tern associated 

with the state where the doainant configuration is the one with a single 

hole in the orbital c. For inner valence states, however, the strength 

is often split aaong aany ion states, and the separation energy spectrua 

may show a coaplicated structure. 

III. EXPERIMENTAL 

The measurements were Bade on a new syaaetric non-coplanar binary 

(e,2e) spectroaeter described in detail previorj.>l> [2]. A brief 

description of the essential features is given h^iow. The electron source 

is a thoriated tungsten cathode set into a Cliftronics type CE5AH electron 

gun. Electrons of 1200 sV, plus the binding energy, are focused into the 

collision chamber containing the target gas. The scattered (600 eV) and 

ejected (600 eV) electrons are detected at polar angles of 45° by two 

"'•.uentric hemispherical analysers (mean radius = 7.0 ca) . The electrons 

are appropriately retarded by triple el event electron ler.ses prior to 

energy analysis. Output pulses are detected using channel electron 

multipliers (Mullard B318BL) and the coincidence spectra are recorded 

using the tine to amplitude converter (TAC) method [4] with standard 

electronics. Data is collected and processed using a PDP-11 computer 

with a CAMAC crate controller. The computer also controls various 

spectrometer operations including variation of the bean energy (binding 

energy spectra determination) and the relative azimuthal angle, •, of 

the two electron analysers (momentum distribution determination). The 

energy resolution employed in the present work was AE = 2.1 eV (fwha) 

as measured from the binding energy spectrum of helium. Hydrogen bumide 

and hydrogen iodide were taken from commercially available lecture bottles 

(Matheson). It was necessary to freeze .the bottles with liquid N. and 

pump off the small H_ impurity prior to making measurements. 
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IV. RESULTS AND DISCUSSION 

A. Hydrogen Bromide 

The binding energy spectra for hydrogen bromide at azimuthal angles 

of 0* amd 5* are shown in figure 1 for E = 1200eV. These azimuthal 

angles corres* jnd respectively in the plane wave approximation to the 

ejection of electrons with initial xomenta q of ~ 0.06 and ~* 0.45 atonic 

uni~r. (a " ). Although absolute cross sections are not measured in 

the experiment, relative normalization is maintained in each figure. 

The first two peaks, at c = 11.9 and l5.6eV, correspond to the removal of 

an electron from the 4ir and 8o molecular orbitals respectively. This 

is in agreement with the peaks observed in PES [7-10]. The 4* electrons, 

which correspond to lone pair (atonic) orbitals, are essentially nonbonding 

as evidenced by the sharp structure in the PES spectra. The strong 

hydrogen-bromine bond is due to the 8c electrons. The peaks at 11.9eV and 

15.6eV are much more prominent at q = 0.45 a ($ = 5 C) than they are at 

q ~ 0.06 a ~ (• = 0*), and therefore it can be concluded that the 

corresponding orbitals are nodal or "p-type". On the other hand the 

structure extending from 20eV to SOeV, which has net been previously 

observed, is more prominent at $ = 0" than at <J> = 5*. This structure 

must therefore be almost entirely due tc ionization from an orbital of 

"s-type" symmetry, namely the la (or 4so) orbital. This weakly bond

ing orbital is similar to an atomic s orbital, which has a maximum in 

the cross section at q =0, the other two orbitals being similar to atomic 

p orbitals, which have a minimum (zero) at q = 0. The inner valence la 

orbital is obviously severely split among many ion states, with the strength 

of the main transition being well below the independent particle frozen 

core value of unity. 

We have calculated orbital energies using the conventional molecular 

orbital method with two different basis sets and alio the electron separation 

energies and pole strengths by means of the one particle Green's function 
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method (GOA) using the diagonal 2ph-TD approximation described above. 

A contracted (8s6p2d/3slp) Gaussian basis set was used in one of the 

molecular orbital calculations (MOI) and in the Green's function calculations. 

The other MO calculation (MOII) used a contracted (8s7pldlf/2slpld) 

Gaussian basis set with an additional s function centered between the br 

ari'.I 'i a; onis. 

The results are compared with the measured energies and pole 

strengths in Table 1. Also included in Table 1 is a single centre 

molecular orbital calculation by Maclagen 114], who used a STO basis set 

extending up to 5d (but excluding 5s) centred on Br. The present MO 

calculations are in excellent agreement with the 4TT and 8a separation 

energies, whereas the calculation of Maclagan underestimates these energies. 

The observed spectroscopic strength (pole strength) is close to unity for 

both these transitions, since no othev transitions are observed with 

.at ble 4TT or 8o strength. This is confirmed by the diagonal 2ph-TDA 

calculation, which gives for the main 4ir and So poles, pole strengths 

of 0.94 and 0.93 respectively. The diagonal two particle-hole Tamm 

Dancoff approximation underestimates the separation energy for these 

transitions by 0.5-1.0eV. 

1 he Green's function calculation includes correlation effects in 

the ground and final ion state and relaxation effects. The diagonal 

2ph-TDA is the simplest approximation which includes all second order 

diagrams as well as a selected physically reasonable infinite series of 

higher order diagrams [12,13], The approximation, however, accounts 

insufficiently for ground state correlation effects. Some third order 

diagrams omitted from the scheme are important in describing ground state 

correlations. For this reason separation energies calculated in the 

2ph-TDA are usually smaller than the experimental values by 1-1.5cV [13]. 

The 2ph-RPA, which is an extension of 2ph-TDA, is exact up to third order 

and properly takes account of ground state correlation effects [12]. 
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Also included in Table 1 are the results of molecular orbital and 

Green's function calculations by von Niessen et al. [15]. The Green's 

function calculations used the SCF MO results as input data. The 

ionization energies of the outer valence crbitals were calculated with 

an outer-valence-type (OVT) Green's function method especially adapted 

to this separation energy region. This method is more accurate than the 

full two particle-hole Tamm-Dancoff Green's function method employed by 

von Niessen et al. [15] for the study of the satellite lines and the 

inner valence region. Although the OVT Green's function method is more 

accurate than the 2ph-TDA, the latter approximation has the advantage of 

being able to describe the main features of the entire valence region [13] . 

Both Green's function calculations by von Niessen et al. [15] predict 

very little splitting for the two outer valence orbitals, the pole strengths 

for the main transitions being 0.96. 

The 2ph-TDA predicts severe splitting of the strength of the inner 

valence shell la hole among a number of ion states. The agreement with 

the data is, however, at best qualitative. The present diagonal 2ph-TDA 

calculation predicts a state at 25.5eV with 70% of the 7o hole strength, 

whereas the measurements show a broad peak at 24.3eV with (42 ± 3)% of the 

total 7o hole strength, assuming that all of the structure above 20eV 

arises from ionization of the 7o orbital. At $ - 0° and 5° (q ~ 0.06 

and ~ 0.45 a ), the relative cross section of the 24.3eV peak to the 

total e > 20eV cross section is 0.43 ± 0.02 and 0.40 t 0.03 respectively, 

showing that most of the high energy structure must indeed belong to the 

7o orbital. 

The full 2ph-TDA calculation of von Niessen et al. [15], which uses 

their M0 calculation as input data, also predicts a severe breakdown of 

the molecular orbital picture of ionization for the 7o inner valence orbital. 

Their calculation predicts a dominant transition with a pole strength of 
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0.59 at a separation energy of 25.66eV, a transition at 29.90eV with a 

strength of 0.25, and another at 22.40eV with a pole strength of 0.076. 

The full 2ph-TDA employed by von Niessen et al. should be more accurate 

than the diagonal 2ph-TDA employed by us. However, basis set effects on 

the 2ph-TDA energies and pole strengths are likely to be more significant 

than the differences in the approximations. Neither calculation is in 

good quantitative agreement with the data, although both are in qualitative 

agreement with the observed result that the 7o orbital is severely split. 

Von Niessen et al. £15] have observed that although variation of the basis 

set can substantially vary individual pole strengths and separation 

emrgies. it does not vary the qualitative effect of the breakdown of the 

independent particle picture of ionization. 

The 7o pole strengths and energies calculated using the Green's 

function method are shown as vertical bars in the lower part (<{> = 0) of 

figure 1, the height of the bars being proportional to the pole strengths. 

The dashed bars correspond to the present diagonal 2ph-TDA and the solid 

lines to the full 2ph-TDA results of von Niessen et al. [15]. 

It is interesting to compare the pole strength of 0.42 for the main 

7a" transition with that observed for the innermost valence state of the 

isoelectronic atom krypton. The 4s" transition of Kr is also very severely 

split, the strength of the "main" transition being 0.45 + 0.03 [16], which is 

very close to that observed in HBr. 

The energy of the 7o orbital can be obtained from the definition 

given in eqn.10, namely the sum of separation energies to ion states 

belonging to the 7o orbital weighted by their pole strengths. The result 

is that e_ = 28.8 ± 0.4eV, in reasonable agreement with the values of 

28.0-28.3eV predicted by the present M0 calculations and the M0 calculation 

of von Niessen et al. (15]. 

The shapes of the momentum profiles for the three different transitions 

(4ir, 8o, 7a) have been measured at 1200eV by measuring the cross section 
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at a given separation energy as a function of the out of plane arimuthal 

angle $. The momentum q is related to the azimuthal angle through the 

relation (2). The intensities for each orbital are normalized by using 

the peak areas in the binding energy spectra (fig. 1). For the 7o orbital, 

24.3eV and 30.3eV were selected as characteristic binding energies. They 

correspond to the two peaks in fig. 1. The measured momentum profiles at 

these two energies have been normalized to the total (summed) 7c cross 

section. The momentum profiles at 24.3eV and 30.3eV have the same shape 

within experimental error. This is direct proof that they can both be 

attributed to ionization from the 7o orbital. 

Further evidence can be obtained from the integrated momentum profiles. 

The cross section for ionization from a characteristic orbital c summed 

over all ion states containing that orbital should be directly proportional 

to <|<|> (q) I > (eqn.7), the spherically averaged square of the momentum 
2 

space wave function. Ignoring the very small dependence of |T| on q, 

the cross section integrated over q should be proportional to n , the 

dimension of the irreducible representation r of the molecular point group 

of the ion eigenstate |F ). More simply, since we sum over spin orbit 

splitting, the cross section integrated over momentum space should be 

directly proportional to the number of electrons in the characteristic 

orbital. The values obtained from the momentum profiles for o(q)q dq 

relative to a value of 4 for the 4TT orbital, are 1.86 t 0.20 for the 8o~ 

and 2.12 ± 0.20 for the 7o~ transition, in good agreement with the 

corresponding occupation numbers of 4, 2, and 2. 

Three sets of calculated momentum profiles based on the plane wave 

impulse approximation are plotted in figure 2. These correspond to 

molecular orbital wave functions from the present MO calculations using 

contracted (8s6p2d/3slp) and (8s7pldlf/2slpld) Gaussian basis sets, 

labelled respectively MOI (dotted curve) and MOII (dashed curve), and 

the generalized overlap amplitudes from the diagonal 2ph-TDA for the 
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one-particle Green's function with MOI as input. Although the present 

Green's function calculation is based on the diagonal approximation to 

the self-energy matrix (eqn. 11), the generalized overlap amplitudes used 

in calculating the momentum profiles are much less sensitive than are the 

poles to the approximation employed for the self energy. It is well 

knovn [1-;
;17] that the diagonal approximation can lead to errors of 

l-2eV m the positions of the poles. 

The theoretical curves have all been normalized to the measured 

peak intensity of the 8a (15.6eV) orbital at q "~ 0.6 a.u. Although 

absolute cross sections were not obtained, relative normalizations are 

naintained. The generalized overlap amplitudes obtained from the Green's 

function calculations give momentum probability distributions which are 

in excellent agreement with the data for the outer 4TT and 8o orbitals. 

For the inner valence 7a orbitals the excellent agreement in fig. 2 is a 

:rti. misleading since the GOA cross section curve is that obtained for 

the pole at 25.53eV (table 1) with a calculated pole strength of 0.70. 

Thus relative to the main 8a transition with a calculated pole strength 

of 0.928 this transition should have an "effective" strength of 0.75. 

Since the experimental points in the 7o momentum profile have been 

normalized to the total integrated 7a" cross section, the GOA cross 

section should for the sake of comparison be multiplied by the inverse 

of 0.75. It thus overestimates the cross section at low q (< 0.3 a.u.) 

by approximately 25 percent. 

The MOI calculation seriously underestimates the 4TT cross section, 

the peak in the momentum profile being at too large a value of the momentum. 

It also seriously overestimates the 7a cross section at low momentum 

(q <. 0.6 a.u.), whereas the fit to the 8a orbital shape is quite good. 

The MOII similarly overestimates the inner valence 7o cross section, and 

also underestimates the peak in the outer valence momentum profile, although 

not as seriously as the MOI calculation. 
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For the outer 4n crbital the MO calculations predict too low a 

probability at low momentum and too high a probability at high momentum, 

with the maximum in the momentum probability distribution being higher 

than that observed. For the nodal 8a orbital this effect is marginal. 

For the inner valence 7o orbital the reverse is the case, the calculations 

overestimate the probability of the electron having a low momentum 

(q £ 0.6 a.u.). 

Since the wave functions are normalized by integrating over all 

momentum space the magnitude of the calculated wave function at large 

momentum is of vital importance in determining the cross section (due to the 
2 q weighting factor in the momentum volume element, the cross section of 

2 
course being directly proportional to |<Hq) I (eqn. 7)) . Thus a wave 

function which slightly overestimates the probability at large momentum 

will seriously underestimate the low momentum probability distribution 

and vice versa. This may explain why the calculations respectively over 

and underestimate the low q cross section for the la and 4IT transitions, 

since they respectively under and overestimate these cross sections at high 

momentum. 

The GOA's obtained from the Green's function calculations give momentum 

distributions whose shapes and relative magnitudes are in much better 

agreement with the measured momentum profiles than the input molecular 

orbital wave function (MOI) for all three orbitals. The improvement 

for the outer 4TT orbital is particularly noticeable. Since correlation 

and relaxation effects are not expected to be relatively more important 

for this outermost orbital (for instance the calculated and observed pole 

strengths are essentially unity), the improvement in going from the MO to 

the GOA approximations probably indicates the inadequacy of the basis-sets 

used in the calculations. 
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B. Hydrogen Iodide 

The 1200eV separation energy spectra obtained for HI are shown in 

figure 3 for azimuthal angles of 0° and 5°, corresponding respectively 

to the ejection of electrons with bound momenta q of ~ 0.06 and - 0.45 

atomic units. The transition of lowest energy peaks at E = 10.8eV, 

in excellent agreement with the vertical ionization energies of 10.38 and 

11.05 ± O.OleV observed in He(I) PES [7,10] for the (pn)" 1 valence orbital 
2 transition leading to the II3- , ion states, the centroid being at 10.8eV. 

/2 ,5 

In the present work the spin orbit splitting is not resolved. In the 

PES spectra the v = 0 transition is at least twenty times as intense as 

the v = 1 transition [10], and no other vibrational transitions are 

observed. 

The next transition is observed as a structureless band with 

separation energy between 13.85 and 15.0eV in PES [7,10], with a broad 

pr-aV at 14.2eV. in agreement with the peak energy observed in the present 

separation energy spectra (fig. 3). This is the A I band corresponding 

to ionization from the outer po (or 11a) orbital of HI. The two outermost 

(6IT- and llo ) bands have cross sections which are considerably larger 

at <}> = 5° (q ~ 0.45 a.u.) than at $ = 0° (q - 0.06 a.u.) . They are 

nodal in character, i.e. the sign of the momentum space wave function must 

change sign at q = 0. In this respect they are similar to atomic orbitals 

with I # 0 (such as p orbitals), which have a minimum (zero) in the 

momentum profile at q = 0 . 

Above 18.5eV considerable structure can be seen in the separation 

energy spectra. This structure, which extends to approximately 35eV, 

has not been previously observed. The behaviour of this structure as 

a function of $ (or q) is opposite to that observed for the two lowest 

energy bands, in that the cross section is largest at small q, similar to 

that observed for an atomic s orbital. The structure must therefore be 

due to ionization from the so, i.e. the lOo, inner valence orbital. The 
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separation energy spectra at both 0° and 5° show a sharp peak at 21.2eV, a 

fairly smooth plateau from 22.5eV to 28.5eV and a small "tail" above this 

energy. The strength of the 21.2eV peak relativt to the total spectroscopic 

strength (cross section) above 19.5eV is 0.38 + 0.04 and 0.35 ± 0.05 at 

<J> = 0° and 5° respectively. By comparison, the strength of the lowest 

energy 5s transition in the isoelectronic atom, namely Xe, is observed to 

be 0.32 + 0.03 in (e,2e) spectroscopy [4] and 0.45 ± 0.03 in ESCA studies [18]. 

The orbital energy for the lOo orbital is defined as the centroid of the 

binding energies weighted by the spectroscopic factors (eqn. 10). The 

centroid of the measured binding energy spectra gives a value of 25 ± 0.5eV 

for the orbital energy of the 10a orbital, in good agreement with the orbital 

energies given by the M0 calculations (table II). 

It is interesting to compare the measured transition energies with cal

culated energies. However, due tc the large number of electrons in HI and 

the necessity for including relativistic effects, few calculations have been 

performed. Barthelat et al. [19] carried out a molecular orbital calculation 

using dementi's single-zeta basis sets of valence iodine orbitals and a 

Slater Is orbital for the hydrogen atom. They obtained 6TT, 11a, and 10a 

orbital energies of -9.27, -13.22 and -22.90eV, underestimating the observed 

orbital energies of -10.8, -14.2 and -25eV by l-2eV. The present M0 calcula

tion (MOI), which uses a contracted (10s8p4d/2slpld) Gaussian basis set with 

another Is Gaussian at the centrepoint of the molecule and a further p and f 

polarization function centered on the iodine, predicts orbital energies of 

-10.27, -14.31 and -24.0eV. We have also carried out a calculation (M0II) 

using a contracted (7s5p4d/4s) Gaussian basis set, which gives orbital 

energies of -10.84, -14.46, and -23.81eV. These are all in much better 

agreement with the data, and a comparison is given in table II. Also listed 

in table II are the valence orbital energies and the total energy obtained by 

von Niessen et al. [15] in a MO calculation which uses a contracted (13s9p4d/ 

2s) Gaussian basis set. Their orbital energies are also in very good 

agreement with the data. 

The results of Green's function calculations by von Niessen et al. 
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using their MO as input are shown in the last two columns in table II. 

The ionization energies of the two outer valence orbitals (llo and 6v) 

were calculated using an outer valence-type (OVT) Green's function method 

especially adapted to this separation energy region. Also included in 

the table are the results of their two particle-hole Tamm-Dancoff Green's 

function calculation, which has the advantage of describing the main 

features of *.he whole valence region although it is less accurate than 

the OVT Green's function calculation. Both Green's function calculations 

predict the pole or spectroscopic strengths for the dominant transitions 

in the two outer orbitals to be close to unity (table II). This is in 

agreement with the measurements, which find no significant satellite 

structure belonging to these orbitals, which have nodal momentum distributions. 

The 2ph-TDA calculation predicts that the strength of the inner 

valence (10a) orbital should be significantly split among a number of ion 

eigenstates (see table II and fig. 3), with the most significant lines 

r.\ 21.-, 26.4, and 18.9eV having pole strengths of 0.61, 0.18 and 0.12 

respectively. This is only in qualitative agreement with the data which 

shows severe splitting of the strength of this orbital (fig. 3 and table II). 

It is likely that basis set effects are responsible for the significant 

differences between theory and experiment [2,15]. 

The momentum profiles observed at 1200eV for the various transitions 

are shown in figure 4. The intensities for each orbital are normalized 

by using the areas of the peaks in the binding energy spectra at 1200eV 

(fig. 3). For the inner 10o valence orbital, 21.2eV and 26.2eV were 

chosen as characteristic separation energies. The measured momentum 

profiles at these two energies have the same shape within experimental 

errors. This is further direct proof that the high separation energy 

structure can be attributed to ionization from the 10a orbital. In 

figure 4 the two momentum profiles at 21.2eV and 26.2eV have both been 

normalized to the total (summed) lOo cross section. 

The cross section for ionization from a characteristic orbital c 
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summed over all ion states containing that orbital should be directly 
. 2 proportional to <\$ (ojr" (eqn. 7), the spherically averaged square of 

the momentum space wave function. Ignoring the very small dependence of 

|T| on q, the cross section integrated ever q should be proportional to 

n , the dimension of the irreducible representation r of the molecular 

point group of the ion eigenstate |F ) . More simply, since we sum over 

spin orbit splitting, the cross section integrated over momentum space 

should be directly proportional to the number cf electrons in the character

istic orbital. The values for 2 o(q)q dq obtained from the momentum profiles 

are 4.0, 2.1 ± 0.2 and 2.2 ± 0.3 for respectively the 6TT~ , 11a" and 10a" 

transitions. These values, which have been normalized relative to a 

value of 4 for the 6TT transition since absolute cross sections are not 

measured, are in excellent agreement with the occupation numbers 4, 2 and 2 

of the respective orbitals. This is further proof that the high energy 

structure can be attributed to ionization from the lOo orbital. 

In figure 4 we also show the shapes of the momentum profiles calculated 

using three different molecular orbital wave functions. The dashed and 

dotted curves were obtained from the present MOI and MOII calculations 

respectively, which use contracted (10s8p4d/2slpld) and (7s5p4d/4s) Gaussian 

basis sets. The dashed-dot curve is the spherically averaged momentum 

distribution given by the MO wave function of von Niessen et al. [15], 

which employs a contracted (13s9p4d/2s) Gaussian basis set. All calculated 

momentum profiles have been normalized to give a good fit to the outer 6TT 

momentum distribution. Since the differences between the calculated 6TT 

momentum distributions are negligible, only the dashed (MOI) curve is shown. 

For the llo orbital the MOII wave function (7s5p4d/4s) gives a significantly 

different momentum distribution to that obtained from the MOI and voi; Niessen 

ct al [15] 11a molecular orbital wave functions, the latter two clearly 

giving a better description of the data. These two MO calculations give 

very similar momentum distributions, with the von Niessen et al. wave 
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function giving a marginally better fit to the data. 

For the inner valence 10c orbital the three calculated momentum 

distributions are markedly different, although their shapes are similar. 

Remembering that the calculated momentum distributions have been normal

ized to the cross section for the 6TT transition, and that the cross 

sections in figure 4 are the total cross sections summed over all ion 

states for the three different orbitals, it is clear that the present 

MO calculations significantly underestimate the summed 10o cross section. 

The von Niessen et al. wave function on the other hand gives a good 

description of the data. It should be noted that the basis sets used 

in the present MO calculations had approached linear dependency in the 

case of the lOo orbital (and to some extent in the llo orbital). This 

could be seen by the presence of very large coefficients of opposite sign 

of individual Gaussian functions in the expansions for this orbital. 

The problem only arose in the s-type Gaussians with relatively small 

exponential parameters centered on the iodine atom. 

C. General Discussion 

In the calculated MO's for HBr and HI the degenerate outer IT orbitals 

consist essentially of atomic p orbitals centered at the halogen atom, 

the outer nodal a orbital is basically a halogen p orbital with some s 

functions at both the hydrogen and halogen centers, and the inner valence 

a orbital is essentially the inner valence halogen s orbital with a small 

contribution from hydrogen s functions. It is therefore interesting to 

compare the observed momentum distribution for HBr and HI with those 

calculated for the corresponding isoelectronic inert gas atoms (Kr and Xe) 

and that expected for the halogen atoms alone. 

The HI and HBr molecules can be thought of as being formed by moving 

to IL j, a proton from the nucleus of the corresponding inert gas (Xe or Kr 

respectively). In the LCAO picture the inner s orbitals, which give rise 

to the innermost valence molecular orbitals, will not be greatly perturbed 



21. 

by the removal of a proton since they ;:rc situated in a relatively strong 

central field. The "lone pair" p orbitals which have their axis perpen

dicular to the HX bond, and which give rise to the outer mr molecular 

orbitr.ls, will similarly not be influenced greatly by the movement of the 

proton because of the nature of their charge distribution. The most 

significant effect should be on the p orbital lying along the internuclear 

axis. This orbital must follow the proton to some extent and gives rise 

to the bonding outer o oibital. 

The calculated atomic momentum profiles obtained from th~ Hartree-Fock 

wave functions of Clementi and Roetti [20] are shown in figure 5, where the 

summed valence p and p cross sections are compared with the observed 

outer IT orbital cross sections, the p cross sections with the outer o (npa) 

orbital cross sections, and the atomic valence s momentum distributions 

with that observed for the inner valence o (nsa) orbitals. 

The TT orbital momentum profiles are very well described by the 

halogen p orbital momentum probability distributioi.s. This is in agree

ment with the MO calculations and the lone pair nature of these orbitals. 

The outer IT orbital must therefore play little role in the bonding of the 

hydrogen halide molecule. The outer valence a orbital momentum profiles 

are, however, not well described by the halogen valence p momentum 

probability distribution. The strong bonding character of this orbital 

is reflected by the marked shift in the peak of the momentum distribution 

to higher momenta. The inert gas p orbital momentum distributions give 

a better description of the data in this case. 

The atomic valence s momentum distributions are only in fair agreement 

with the inner valence momentum profiles. The calculated atomic (and MO) 

profiles are too high at low momentum and drop off too rapidly with 

increasing momentum. In agreement with the data they do predict a 

narrower momentum profile for HI than for HBr. 

It is interesting to compare the observed valence separation energy 
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spectra and orbital momentum distributions for all of the hydrogen halides, 

HF, HC1, HBr, and HI. The valence separation energy spectra are shown 

in figure 6. The data for HF ;ind HC1 are from Brion et al. [2]. The 

experimental spectra look similar for all molecules for the outer n- and 

npa orbitals. For all of the hydrogen halides there is a negligible 

splitting of the spectroscopic strengths for these two outer orbitals. 

The systematic decrease in separation energy of the valence orbitals with 

increase in principle quantum number is clearly seen. 

In the inner valence region, the spectra for the molecules HC1, 

HBr and HI again look similar. Each spectrum exhibits complicated 

structure, all due to transitions belonging to the inner valence o orbital. 

Thus in all these three molecules the removal of an electro", from the 

inner valence o orbital can lead to the excitation of any of a number of 

ionic states. In the case of HF only one peak is seen resulting from 

the removal of an inner valence o electron, although the data cannot 

exclude the possibility of se> ral closely spaced ionic states being 

excited [15]. The situation is similar to that observed in the ionization 

of the isoelectronic rare gases Ne, Ar, Kr, and Xe [4,16,21-24]. The 

pole strengths for the main valence s transitions are 0.96, 0.54, 0.45 

and 0.32 for Ne, Ar, Kr and Xe respectively, and approximately 1, 0.51, 0.42 

and 0.37 for the main nsa transition in HF, HC1, HI and HBr respectively. 

Von Niessen et al. [15] in their 2ph-TDA calculations show that 

the physical mechanism leading to the severe splitting of the inner valence 

o line is essentially the same for all of the halogen acids. Their cal

culations indicate a mixing of the single hole (nso) configuration with 
-2 -2 

several two hole one particle configurations, the (nso) o* and (npa) o* 

configurations being most important, where o* indicates one of the lowest 

unoccupied orbitals of o symmetry. For Ar [22], Kr [16] and Xe [23,24] 

the ns satellite structure is primarily due to the interaction of the (ns) 
-2 -2 

configuration with the Rydberg type configurations (np) nd and (np) (n*l)d. 



By analogy the inclu>io:i o: :.„•••• diffuse polarizati.-i. functions in i! c MO 

basis set used as input to the Green's function calculations should 'ead 

to a more accurate calculation of the intensity distribution in the inner 

valence region [15]. The 2ph-TDA leads to results which are only in 

qualitative agreement with the present data and the data for HF and H O 

reported previously by Brion et al. [2]. 

The observed mor.entun distributions for the halogen acids are 

summarized in figure 7, where the cross sections h«ve all been plotted so 

that the peak heights of the observed * orbital aomentua distributions 

are approximately equal, the other relative normalizations being preserved. 

The periodic trends are obvious. As we proceed from HF to HI, the peaks 

in the momentum profiles of the two outer valence orbitals move to lower q, 

and the full width half maximuni of the profiles for the nr. and npc orbitals 

gets significantly smaller. The tendency for the low momentum components 

to become more significant in the probability distribution with increasing 

charge number is also evident in the inner valence nsc orbital momentum 

distributions. This implies that in coordinate space the valence orbitals 

of HBr and HI are quite diffuse whereas the outer orbitals of HF are much 

more localized at the atomic sites. The valence electron momentum 

distributions for HF arc very different from the corresponding HC1, HBr 

and HI valence orbital momentum distributions, which are quite similar 

to each other. Chemically HF is also very oifferent from the other three 

hydrogen *">,ides. For instance HF is significantly hydrogen bonded 

whereas the others are not. This chemical difference must be reflected 

in differences in the momentum distributions. 

Finally, it should be p^irted out that the separation energies for 

the main np:i and npa transitions in HBr and HI are given quite accurately 

by the MO calc-ulations, even in the case of the npo transition in HI where 

the present MO calculations show signs of linear dependency. The MO 

results arc actually in better agreement with the measured energies than 
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the Green's function calculations, both the present ones and those of von 

Niessen et al. This is due to a cancellation of the various many body 

effects not included in the MO calculations. Following von Niessen et al. 

[15] we can break up the important many body effects on the ionization 

energy into three contributions. The first is simply the relaxation energy 

R, which can be obtained from SCF calculations on both the io . and the 

molecule. The other main contributions are that part of ground state 

correlation energy which disappears upon the removal of the orbital in 

question (C) and that part which is due to the change in correlation energy 

as a result of relaxation (CR). For outer valence orbitals, R and CR 

reduce the separation energy (i.e. they are positive) and C increases it 

(i.e. C is negative [15]). Thus although the many body contributions 

R, C, and CR can be qrite significant, the Hartree-Fock orbital energy can 

be a good approximation to the separation energy because the terms cancel. 

Von Niessen et al. find that R + CR dominate C for orbitals localized 

at tne atomic sites, but that for diffuse orbitals (such as the nptr and 

npa orbitals in HBr and HI) the relaxation derived contributions are smaller 

and compensated by the correlation term C. It is interesting to note 

from figure 7 that the npif and npo orbitals in HF are much more extended 

in momentum space than the corresponding orbitals in the remaining hydrogen 

halides. This implies that the HF orbitals are much more localized 

at the atomic sites, and R • CR dominate C by 1.4 eV in this case [15] 

resulting in calculated MO energies which are in poor agreement with the 

measured separation energies [2,15], 
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FIGURE CAPTIONS 

Fig. 1. Noncoplanar symmetric electron separation energy spectra for 

HBr at <J> = 5° (q * 0.45 a.u.) and <J> = 0° (q « 0.06 a.u.) 

obtained at 1200 eV. The symbols 4ir, 8a and la signify the 

hole states in the corresponding orbitals. The pole strengths 

and separation energies for the 7a transitions obtained 

using the 2ph-TDA Green's function technique are shown by 

the vertical dashed lines (present calculation) and solid lines 

(ref. 15) in the 0° spectrum, the heights of the lines being 

proportional to the calculated pole strengths. The standard 

deviation statistical errors are denoted by the vertical 

error bars. 

Fig. 2. Measured and calculated momentum distributions for the valence 

orbitals of HBr. The different transitions belonging to the 

la orbital have been normalized to the total 7o cross section. 

The dotted and dashed lines indicate the molecular orbital 

momentum distributions obtained from the present two molecular 

orbital calculations described in the text, and the solid line 

is the generalized overlap amplitude (Green's function) 

momentum distribution obtained using MOI (dotted curve) as input. 

Fig 3. The 1200 eV noncoplanar symmetric electron separation energy 

spectra for HI at $ = S° and 0 = 0 ° . The vertical bars in 

the 0° (q * 0.06 a.u.) and spectrum indicate by their heights 

and position the pole strengths and separation energies for 

the 10a" transitions obtained in a 2ph-TDA one particle 

Green's function calculation (ref. 15). 

Fig. 4. The observed momentum profiles for the three valence orbitals 

of HI. The dashed, the dotted, and the dot-dashed curves 

show the momentum distributions given by the molecular orbital 
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wave functions from respectively the present MOI and MOII 

calculations (see text) and the MO calculation of von Niessen 

et al. [15]. Where the calculated momentum distributions 

are indistinguishable from the MOI result, only this is shown. 

The solid lines are a visual fit to the data. 

Fig. 5. The observed valence momentum profiles for HBr and HI compared 

with the corresponding atomic valence p and s momentum profiles. 

The solid lines are a visual fit to the data. Details are 

discussed in the text. 

Fig. 6. The 1200 eV noncoplanar symmetric valence electron separation 

energy spectra for the hydrogen halides at the indicated out of 

plane azimuthal angles. The HF and HC1 data are taken from 

ref. 2. 

Fig. 7. The observed momentum profiles for the (a) npii, (b) npo, and 

(c) nsa valence orbitals of the hydrogen halides. The momentum 

profiles have been normalized to give approximately the same 

peak heights for the outer (npTr) transitions. 



TABLE I 

Electron separation energies (in eV) and pole strengths for the valence shell of llBr. Pole strengths are shown inside the brackets. 
*hose pole strengths are less than 0.01 are neglected in the Green's function (GF) listing. 

States 

Mole Experiment Theory 
; : t a t e ( e . 2 e ) PES 

(refs.7-10) 
MO 

( r e f . 1 4 ) 
MO(present) 

( 8 s 7 p l d l f / l s / 2 s l p l d 
MOlpresent) 
(8sop2d/3s lp , 

GFfpresent) 
(2ph-TDA) 

1U.91( .944] 
28.80J.010] 
: » . 8 0 ( . 0 2 4 ] 

MO(ref.15) 
(9s6p2U/2s) 

11.78 

GFCref.15) 
(2ph-TDA) 

1 0 . 8 5 ( 0 . 9 6 ) 
3 9 . 0 1 ( 0 . 0 1 3 ] 

G^fref.15; 
C0VT) 

4 - - 1 11.9 [ M ] n . 7 ; 
12.0 

10.40 11 .71 11.8J 

GFfpresent) 
(2ph-TDA) 

1U.91( .944] 
28.80J.010] 
: » . 8 0 ( . 0 2 4 ] 

MO(ref.15) 
(9s6p2U/2s) 

11.78 

GFCref.15) 
(2ph-TDA) 

1 0 . 8 5 ( 0 . 9 6 ) 
3 9 . 0 1 ( 0 . 0 1 3 ] 

11 . 1 6 ( 0 . 9 6 ] 

SJ" 15.6 [ M ] 15.6 13.84 15.82 1 5 . - 3 1 S . 0 6 | . 9 2 8 ) 
31 .351 .024] 
46.791 O i l ] 

1? 75 1 5 . 0 0 ( 0 . 9 5 ] 
4 3 . 3 7 ( 0 . 0 1 2 ] 
4 3 . 7 4 ( 0 . 0 1 1 ] 

15 .32 (0 .96 ) 

T - - 1 >-24.3t(0.42l0.03] 
3 0 . 3 [0 .5810 .03 ] 

( 2 8 . 8 1 0 . 4 ) * 

26.39 ;8.n 27.97 25 .531-70] 
26 .50J .053] 
27 .881 .052] 
2 8 . 2 8 [ . 0 2 6 ] 

28.28 2 2 . 4 0 [ 0 . 0 7 6 ] 
2 5 . 6 6 ( 0 . 5 9 ] 
2 9 . 9 0 ( 0 . 2 S ] 
3 9 . 2 9 ( 0 . 0 1 2 ] 

31.60(012) 
31. 
32. 

46 

.025] 

.012] 
82! 
04 [ 

34.97J.033! 
45.S6f.019J 

90(.026| 

56.12(0.011) 
58.52 0.024 

W u ) -2567.05 -2572.^6 2566.80 -2572.88 

Centre of main peaks. 

* Orbital energy derived using eqn.10. 

Centroid of spin orbit split band is at 11.9eV 

http://45.S6f.019J


TABLE II 

fclectron separation energies (in eV) and pole (spectroscopic) strtni;ths for the viK.nce shell of !IT. 
Pole strengths are •'lown inside the brackets. Only states whose pole strengths are calculated to be 
greater than 0.01 are listed in the Green's function column. 

Experiment Theory 
Hole 
State (e,2e) PCS MO(present) M0(ref.l5) GF(ref.l5) GF(ref.l5) 

MOI MOII (OVT) 2ph-TDA 

6w-1 

no'1 

lOcf' 

••••'-" i ? : S : 

14.2 [~1] 14.2 

21.2+[0.37+0.04] 
(25*0.5)* 

10.27 10.84 10.63 10.14 [0.96i 9.95 [0.95] 
31.17 [0.016] 

14.31 14.46 14.50 14.05 [0.94] 13.78 [0.93] 
37.28 [0.014] 

24.00 23.81 23.92 18.88 [0.12] 
21.71 [0.61] 
26.38 [0.18] 
43.97 [0.018] 
44.93 [0.010] 
47.08 [0.011] 

E„ .(.a.u.) -6857.10 -6889.05 -6917.69 
totv 

Centre of main peak 
* Orbital energy derived using eqn. 10 
Centroid of spin-orbit split band is at 10.7eV 

n;** r t r.^+i^| rrr>c-c- r-^+ior. ^ n r h n n i f O 
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