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Abstract

Electron momentum spectroscopy of atoms, molecules and solids is based on (e,2e) reactions

that observe the distribution of recoil momenta for energy-resolved states of the residual system.

It is interpreted simply in terms of the momentum-space orbitals of the independent-particle

model. The relevant ideas originated in nuclear physics. The earliest experiments observed that

strongly-excited final states belong to orbital manifolds that extend the independent-particle

ideas to correlated systems. Some weakly-excited final states do not belong to orbital manifolds.

They give sensitive information about target ground-state correlations. The energy-momentum

distribution of valence bands is observed for solids. Calculations for atoms, molecules and

crystals converge to the experimental result as the structure calculation is improved.



1 Introduction

(e,2e) or electron momentum spectroscopy (EMS) depends on the fact that differential

cross sections for kinematically-complete observations of electron-impact ionization are

well understood in kinematic ranges where they depend very sensitively, as functions

of recoil momentum, on the orbitals in the independent-particle model and on electron

correlations in the target and residual-ion systems.

The prehistory of kinematically-complete knockout experiments is in nuclear physics.

My first involvement with the idea of measuring momentum distributions of bound parti-

cles by coincidence experiments occurred at Cambridge in 1957 in the context of protons

in nuclei. It arose in discussions with Robert Eisberg, who proposed a (p,2p) experiment,

and Denys Wilkinson. The discussions largely anticipated difficulties with the concept

in real experiments due to competing processes that cause distortion of the momentum

measurement.

The first kinematically-complete experiment by Griffiths and Eisberg [1] in 1959 was

on intermediate-mass nuclei and did not resolve states of the residual system. It was inter-

preted by McCarthy, Jezak and Kromminga [2] in terms of the momentum distribution of

protons localized to the surface by distortion effects. In a detailed discussion of localized

momentum measurements Baker, McCarthy and Porter [3] noted that "It is, of course,

very tempting to consider the application of the techniques discussed here to atomic and

molecular reaction problems".

The first (p,2p) experiment that was both kinematically complete and resolved states

of the residual system, and could therefore be classed as spectroscopy, was published in

1960 by Goodihg and Pugh [4]. They observed momentum distributions for the Is and

lp protons of I2C. The data were analysed by Riley, Pugh and Gooding [5] in terms of an

impulse approximation (PWIA) using plane waves modified semiclassically by refraction

and absorption effects due to competing processes. Vestiges of the independent-particle-

model momentum distributions were seen.

The first fully-quantum-mechanical analysis of a (p,2p) experiment was published

in 1963 by Lim and McCarthy [6]. It used realistic elastic-scattering functions in the



distorted-wave impulse approximation (DWIA) to discover important properties of the

single-proton motion in 12C.

The (p,2p) experiment was never used to discover direct information about the cor-

related motion of protons in nuclei. However it is, from the spectroscopic point of view,

a rearrangement collision analogous to (n,d). The determination of properties of many-

body wave functions from such reactions was reviewed in 1960 by Macfarlanc and French

[7]-

My first involvement with the prehistory of EMS occurred in 1962 when Erich Weigold

and I discussed the possibility of (e,2e) experiments that resolved valence states of atoms

and molecules, and determined that we would be involved in the field if possible. The

possibility materialized in 1970 at Flinders University, where he began to set up the

experiment that pioneered the field.

In the intervening years there were several theoretical papers that put the ideas of

nuclear spectroscopy into the context of atomic, molecular and solid-state physics. In 1966

Smirnov and Neudatchin [8] pointed out the potential advantages of the (e,2c) reaction.

Glassgold and Ialongo [9] gave a plane-wave formalism and Neudatchin, Novoskol'tscva

and Smirnov [10] gave a detailed PWIA formalism for atoms, molecules and thin solid

films. Levin [11] pointed out the effect of correlations.

The first evidence of the experimental feasibility of EMS was given in 1969 by Amaldi

et al. [12], who observed some electron coincidences at high energy. Further impetus was

given by the coincidence measurements of Ehrhardt et al. [13], which wen: at low energy

and designed to investigate the ionization mechanism.

The first measurement of an orbital momentum distribution was published in 1972

by Camilloni, Giardini-Guidoni, Tiribelli and Stefani [14]. It is shown in fig. 1. The

Is orbited of solid carbon was observed in a 9 keV experiment with 90eV resolution in

the energy of the residual system. This pioneering experiment already demonstrated the

sensitivity of the determination of atomic oroitals. The Roothaan-Hartree-Fock function

describes the data noticeably better than a minimal-basis-set variational function.



2 Theory of electron momentum spectroscopy

The basic approximation that makes the calculation of (e,2e) reactions feasible in kine-

matic regions relevant to spectroscopy is the binary-encounter approximation. The oper-

ator responsible for the transition is assumed to depend only on the coordinates and spins

of the scattered and ejected electrons. The main approximation involved is the neglect

of exchange terms between bound and free electrons in implementing the Pauli exclusion

principle. Such terms always involve the overlap of the wave functions of a bound and a

free electron, which is negligible for free-electron momenta greater than about 3 atomic

units. This sets a lower limit for all the electron energies of about 150eV.

For atom targets the initial target and final ion states are the electronic states, denoted

0 and i. However for multinucleus targets they describe also nuclear motion, which

is treated in the Born-Oppenheimer approximation. States of nuclear motion are not

experimentally resolved. In the binary-encounter approximation, final states of nuclear

motion are eliminated by closure, leaving the appropriate initial-state averages. The

vibrational average is described with sufficient accuracy by calculating the electronic states

at the equilibrium positions of the nuclei. The rotational average in the case of molecules,

the average over random orientations for polycrystalline solids, and the average or sum

for magnetic substates of electronic motion, all amount to an average over the direction

q, which is equal and opposite to the observed recoil momentum.

q = k , + k5 - k0. (1)

The subscripts 0, / , s denote the incident, fast and slow electrons. Polar angles relative

to ko are 8/t 0s and the relative azimuthal angle is ft — <f>.

Insight into the (e,2e) reaction is obtained by the impulse approximation (PWIA),

which makes the further assumption that the operator responsible for the transition is

the collision operator t for two free electrons. The differential cross section becomes, on

using the Ford [15] form of the Coulomb T matrix, which is appropriate to the kine-

matic conditions, and performing the sum and average over the magnetic substates of the

external electrons, which depends on the exclusion principle,
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For a solid target there is also a dispersion factor [10], which is nearly 1 in practical cases.

Here N is the electron multiplicity for electronic states defined for a fixed orientation

relative to an arbitrary set of space-fixed axes, or for radial states in the case of an atom

target, and the two-electron collision factor is

2m?
- 11 |k0 - k/|< + |k0 - k,|

7) = l / |k,-k, | . (4)

For spectroscopy the kinematic conditions of the (e,2e) reaction are chosen so that / « is

very nearly constant, kf and k, are fixed in the momentum scan. Unless stated otherwise

the illustrations use noncoplanar symmetric kinematics where kf = k,, 0/ = 03 = 45° and

<l> is varied. The separation energy £j, which is the energy eigenvalue of the ion state z,

is scanned by varying the incident energy £t). At the usual energies of order 1 kcV the

energy scan has little effect on ko- Therefore the cross section (2) depends only on g and

is proportional to the momentum profile

(5)

The reaction is essentially a direct measurement of the absolute square of the structure

amplitude

= (k,k.i|Mc>. (6)

A refinement of the PWIA is necessary for atom targets. This is the distorted-wave

impulse approximation (DWIA), which replaces the plane-wave states of the external

electrons in (6) by the appropriate elastic-scattering states x (±)(k), thereby taking into

account the effect of the rest of the system on the reaction,



(7)

Further understanding of the structure amplitude comes from defining an appropri-

ate set of target orbitals. (qi|0) is a one-electron function, which has been called the

Dyson orbital. It is useful to define a normalized Dyson orbital a by the weak-coupling

approximation

(qi|0) = (S?)1 / 2^(q), (8)

which assigns certain states i to an orbital manifold a, identified by similar shapes of the

momentum profiles for all i, which are characteristic of the orbital a. Sf is the spectro-

scopic factor. Orbital manifolds are identified in all EMS experiments. They are due to

the splitting of the one-hole ion state a, obtained by annihilating an electron in the target

orbital a which is occupied in the independent-particle model, by ion-state correlations.

The measurement of the single-particle state is restored by using the spectroscopic sum

rule for the whole manifold,

!, (9)
i

and the definition of the orbital energy ea as the centroid of the e*.

(10)
i

In addition to orbital manifolds there are one-hole-forbidden states whose momentum

profile is not characteristic of an orbital. They are understood in terms of an expansion

of the target ground state in antisymmetric configurations, obtained by creating different

numbers of particle-hole pairs in the independent-particle configuration for which all the

lowest-energy orbitals of an orthonormal basis set are occupied. Higher configurations

describe target correlations. One-hole-forbidden ion states have symmetry that cannot be

obtained by creating a hole in the independent-particle configuration. An example is the

2p state of the helium ion, where the one-hole state is an s state. The momentum profiles



of such states are characteristic of the target correlations, since the structure amplitude

has no contribution from the independent-particle configuration.

Derivations of the theoretical concepts are given by McCarthy and Weigold [16]. The

approximations have experimentally-verifiable consequences, whose verification forms a

framework for the history of the development of EMS.

3 Orbital manifolds for atoms

The verification of the whole concept of orbital manifolds is excellently illustrated by the

3p and 3s valence orbitals of argon, which were the subject of the first experiment in the

field of valence EMS, namely the 1973 experiment of Weigold, Hood and Teubner [17]

at 400eV. The energy scan of ion states from this experiment, fig. 2, shows already that

more states are observed than the 3p and 3s one-hole states.

The PWIA analysis of the momentum profile of the 15.76eV state, fig. 3, identifies

it as belonging to the 3p orbital and shows its sensitivity to the detail:; of the orbital

calculation. This state is almost unique in the manifold. Later experiments have found

Six states of the 3s manifold are identified by their momentum profiles in fig. A.

In addition, the measurements over a wide range of incident energies confirm that the

apparent structure information is indeed independent of the reaction details. Here the

PWIA does not describe the profile well at high momenta for a Harlrce-Fock orbital.

The whole concept is verified by fig. 5, where the DW1A removes the high-momentum

discrepancy. All experimental data in the figure are normalized once, at the 3p peak.

The spectroscopic sum rule confirms the relative normalization of the 3s and 3p orbitals

in the DWIA, but not the PWIA. The 3s orbital energy (10) is 35.2 ± 0.2cV, compared

with the Hartree-Fock energy 34.76eV. The verification, performed by the Flinders group,

spanned the period 1973-1989.

One more feature of atomic orbitals is illustrated by the DWIA-Dirac-Fock analysis

of the 5p3/a/5pi/2 ratio for xenon in fig. 6. This is the sensitivity of EMS to rclativistic

effects and its confirmation of the Dirac-Fock method of calculation.



4 Target correlations in helium

The one-hole-forbidden 2p and 2s states of the helium ion cannot be resolved in an (e,2e)

experiment. The 2s state is not totally forbidden, since it has the same symmetry as the

Is one-hole state, but the n=2 momentum profile is quite unlike the Is profile [24]. It

is well described by a DWIA calculation based on a converged expansion of the target

ground state in orbital configurations [25]. This is illustrated in fig. 7.

5 Molecular orbitals

The first observation of a molecular orbital was for H2 in 1973 by Weigold et al. [26].

A refined analysis in 1975 [27] confirmed the replacement of the vibrational average by

calculating the electronic states for the equilibrium nuclear positions, both by calculation

and by showing that H2 and D2 gave identical ground-state momentum profiles.

For many molecular states orbital manifolds are observed, for which the momentum-

profile shapes are well described by the PWIA with Hartree-Fock calculations that use a

simple basis, such as that of Snyder and Basch [28], or something larger. In every such

case the PWIA is sufficient to describe the relative normalization of the orbital manifolds.

The outermost orbitals of the second-row hydrides show much more weighting of low

momenta than predicted by such calculations. An excellent example is the lbi lone-pair

orbital of water, which is occupied in the independent-particle model, yet cannot be easily

described [29].

Water has been the subject of a prolonged and very fruitful investigation by the UBC

group. Bawagan, Brion, Davidson and Feller [30] showed that the discrepancy is an

electronic phenomenon by comparing H2O and D2O. This was confirmed by an explicit

vibrational calculation by Leung, Sheeby and Langhoff [30]. Increasing the Hartree-Fock

basis size to convergence [30] reduces, but does not eliminate the discrepancy. It is

eliminated, as it must be if the PWIA is valid, by convergent configuration-interaction

calculations of both the target and ion states, using a Hartree-Fock basis [30].

Fig. 8 illustrates the three outer valence orbital manifolds of water [16], showing the

effect of PWIA calculations with increasing sophistication. The configuration-interaction



calculations are denoted CI. It also shows the validity of the PW1A, both in momentum-

profile shape and in relative normalization.

The lbi orbital of water has all the characteristics of the orbital-manifold interpre-

tation of EMS, with essentially a one-state manifold, yet the Hartree-Fock calculation

does not provide the correct Dyson orbital. Closer agreement with experiment is given

by orbitals calculated by the Kohn-Sham density-functional method (35], which includes

the effect of target ground-state correlations in a local potential.

6 Studies of reaction kinematics

For many years the kinematic arrangement employed for EMS was rioncoplanar-symmetric

kinematics. This is very close to the Bethe ridge, for which the condition is

I k o - k y l - * . . (11)

In 1988 Lahmam-Bennani et al. [36] suggested another arrangement whereby q was

scanned in a coplanar experiment by varying 0,, while maintaining the other variables

at values that satisfy (11). Once again q is the only variable that changes significantly

in the scan. The advantage is that |ko — k/| can be fixed at much smaller values than

the maximum value used in noncoplanar-symmetric kinematics, thereby increasing / „ (3)

and hence the count rate.

The momentum profile in this scan is again described by the DWIA for atom targets,

whose main characteristic is the factorization (2) into collision and structure factors, with

the collision factor being effectively constant. This was shown by Avaldi et al. [37].

Another arrangement, used for solid-state studies [38] is to maintain (11), with 03 at

the value for minimum q, and vary q by changing <j>.

7 Solid surfaces

Since the original solid-state experiment [14] in 1972 on core electrons in carbon, attempts

have been made to observe valence states. The difficulty has been to obtain an adequate
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count rate with an energy resolution of 1 or 2 eV, sufficient to resolve bands. Persiantseva

el al. [39] achieved 16 eV. With 6 eV resolution Ritter et al. in 1984 achieved the first

measurement of the energy-momentum density of a valence band [40]. The target was

amorphous carbon. Hayes et al. [41] studied aluminium with 4.5 eV resolution.

In 1994 Storer el al. [38] achieved 1.3 eV resolution in a noncoplanar Bethe ridge

experiment with outgoing electron energies 18.8 keV and 1.2 keV. Mean free paths of

electrons in light-nucleus materials enable target thickness of about lOOA, with the ejected

electrons coming from a depth of about 20A. The count rate enables a full valence scan

to be completed in 100 hours.

To understand the energy-momentum density of electrons in a crystal we consider

N unit cells, each being somewhat like a molecule, with unit cell orbitals il>a{r — Rn),

where Rn is a lattice vector at the cell centre. The solid has N orbitals of symmetry a,

each occupied by an electron and characterized by an index, analogous to the principal

quantum number, which becomes essentially continuous in the large-TV limit, when it is

the crystal momentum k. The relationship of k to the corresponding energy eigenvalue

tQ(k) is the dispersion law, which is roughly parabolic near minimum energies for valence

electrons that can migrate through the crystal. The orbital is

*ak(r) = N-"2 f ) *,(p - Rn)exp(ik • R. ) . (12)

The momentum-space orbital (8) is the Fourier transform of (12).

*ok(q) = W1/2<Mq)5k-q, (13)

where

<fe(q) = (2;r)-3/2 J'd3rexp(-iq-rM»(r), (14)

<5k-q = JV-'SexpIfOt-qJ-R,,]. (15)
n=l

The energy-momentum density is therefore given by |^a(q)|2, with q being uniquely re-

lated, for a particular crystal direction, to the separation energy ca(q) by the dispersion

law.

11



Fig. 9 shows energy-momentum densities for a range of different materials, observed

by the Flinders group [42].

(i) Crystalline graphite. Momentum is scanned in a direction parallel to the basal

plane, beginning at a point Q in momentum space. In the first panel Q = 0.

The valence—a band is observed, but the v band is forbidden by symmetry. In

subsequent panels Q is increased from 0 by changing the angle 0,, adding momentum

components normal to the basal plane, fur which both the a and n densities can be

observed.

(ii) Amorphous silicon. The first, second and third panels show the experimental den-

sity, a band-theory simulation of the density, and the comparison of the experimental

and theoretical dispersion laws.

(iii) Amorphous silicon carbide. Panels are as in (ii).

(iv) Amorphous aluminium. The dispersion law here is almost identical to that for a

free electron.

(v) Amorphous germanium. The valence—a band and an atomic-like 3d band are

visible. The line diagram shows the deconvolution of the plasmon contribution from

the experimental data. Plasmons are collective states of electronic motion that are

essentially satellites in the corresponding orbital manifolds.

8 Future prospects

EMS is now done in at least nine centres in different parts of the world. It has proved

to be a probe of unprecedented scope and detail for the single-particle and correlated

electronic structure of atoms and molecules. Its application to solid surfaces has reached

the stage of discovering details of the energy-momentum densities of electron bands.

The limit of the usefulness of EMS for characterizing large molecules is not yet in

sight. In every known molecular case the result of a calculation of an orbital manifold

by the PWIA with a structure model has converged to agreement with experiment as

12 .



the structure calculation is improved. EMS can play an important part in confirming

the validity of structure methods applicable to larger molecules and should be used in

conjunction with calculations to characterize these systems. Improved energy resolution

and multivariable detection techniques will play an important part.

The usefulness of EMS for observing band structure in solid surfaces has been demon-

strated. Future directions lie in the investigation of correlated systems, such as ones

related to superconductivity, and in the observation of magnetic effects. A new dimen-

sion will be introduced by the use of polarized electron beams.
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10 Figure Captions

Fig.l The 9000eV experiment of Camilloni el al. [14] on the Is orbital of solid carbon.

The final state is symmetric with variable polar angle 0 and 4> = 0. Pull curve: PWIA

with the Hartree-Fock function, broken curve: minimal basis set function.

Fig.2 Relative cross section at <f> = 10° for the 400eV experiment of Weigold el al. [17].

The arrows indicate known ion energy levels.

Fig.3 Momentum profile for argon at t = 15.76eV [18]. Curves show the PWIA with

3porbitals. Pull curve: Hartree-Fock [19], long-dashed curve: Hartree-Fock-Slater [20],

short-dashed curve: minimal basis.

Fig.4 Momentum profiles for argon at the indicated energies, compared with the

Hartree-Fock PWIA [21].

Fig.5 Momentum profiles for argon [22]. The experimental angular resolution has been

folded into the calculations. The experimental data are normalized at the 3p maximum.

Fig.6 Ratio of the 5p3/2 to 5pi/j momentum profiles for xenon at 1 keV [23]. Full

curve: Dirac-Fock DWIA, broken line: nonrelativistic.

Fig.7 Momentum profiles for helium [24]. The long-dashed curve is the DWIA for the

Hartree-Fock Is orbital. Experimental data are normalized to the Is curve. Curves [25]

are described in the text.

Fig.8 Momentum profiles of water. Open circles: 1200eV [30], full circles: 1200cV

[32], crosses: 1800eV [33]. Calculations are PWIA with structure models as follows. 1:

Snyder and Basch [28], 2-3: Neumann and Moscovitz [34], 407: Bawa^an el al. [30].

CI denotes configuration interaction.

Fig.9 Grey-scale illustrations of the energy-momentum densities for the materials

described in the text.
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