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Electron momentum spectroscopy (EMS) gives direct information of the full energy-
resolved electron momentum densities of occupied states (bands) in solids – single
crystal, polycrystalline or amorphous. Here we present data from a new high energy EMS
spectrometer using 50 keV incident and 25 keV outgoing electrons, on polycrystalline
specimens of aluminium, copper and gold. The spectral momentum densities show
very significant electron-electron correlation effects which are in good agreement with
many-body Green’s function calculations.

1. Introduction
The measurement of the full spectral electron momentum density (SEMD) of
solids is of great interest since it can be compared directly with calculations of
the ground state electronic structure of the solid. Different experimental tech-
niques have been developed to look at different aspects of the spectral momen-
tum density. Thus angle-resolved photo-electron spectroscopy [1] (ARPES)
is very successful in providing high resolution measurements of the energy
dispersion of occupied states in single crystals. Information on the electron
momentum density (EMD), which is directly related to the wavefunction, has
generally been obtained through positron annihilation experiments (ACAR) [2]
or by Compton scattering using either photons [3, 4] or electrons [5] as projec-
tiles. Both of these techniques give no information on the energy dependence
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of the spectral momentum densities. Strictly speaking ACAR does not meas-
ure EMD’s but the electron-positron pair density, i.e. the EMD weighted by
the positron wavefunction. In a perfect crystal annihilation spectroscopy sam-
ples the least bound electrons preferentially, and hence its main use is to map
Fermi surfaces in metals. Since the positron is repelled by the nuclei, ACAR
also provides a sensitive probe of defect sites in solids. On the other hand, the
Compton profile, obtained by high-energy high-momentum-transfer electron
or photon collisions, is the projection of the momentum density on the direc-
tion of momentum transfer integrated over the binding energies of the struck
electrons.

If the recoil electron is measured in coincidence with the scattered pho-
ton [6, 7] or electron [8, 9], and the full collision kinematics is determined
in respectively (γ , eγ ) and (e, 2e) measurements, it allows the complete
reconstruction of the initial electron binding energy and momentum, yield-
ing the 3D-SEMD in contrast to the 1D-EMD information of the Compton
profile.

As the electron-electron scattering cross section (Mott) is orders of mag-
nitude larger than the photon-electron scattering cross section (Klein-Nishina),
(e, 2e) experiments can be made with much better resolution than (γ , eγ ) in-
vestigations. Indeed (γ , eγ ) measurements have to date been unable to resolve
energy information in the valence region, whereas the (e, 2e) technique, or
electron momentum spectroscopy (EMS), has been successful in measuring
the energy dispersion of bands as well as their electron momentum density
distribution with around 1 eV energy resolution and momentum resolution of
0.1 a.u. [9]. The energy dispersion information obtained by EMS resembles
ARPES (with at present poorer energy resolution), though EMS is not limited
to crystals and its interpretation is more straight forward [9].

A major problem for (e, 2e), and to a lesser extent for (γ , eγ ), is
the strong cross section for incoherent electron scattering in solids. The
mean free path for elastic and inelastic scattering of electrons in the 10 keV
range is only a few 10 nm, hence the target specimens need to be very
thin self-supporting foils. In EMS measurements the diameters of the foils
need to be only of the order of 100µm, whereas in (γ , eγ ) they need
to be much larger due to lowerγ fluxes and (γ , eγ ) cross sections. The
other effect of multiple scattering is to remove (e, 2e) events from the
true SEMD distribution to other parts of the energy-momentum phase-space.
Elastic scattering changes the inferred momentum of the original (e, 2e)
event from its true value, thus leading to a smeared-out background un-
derlying the real SEMD events. Inelastic scattering, mainly due to plas-
mon excitation, leads to events with increased binding energies. Ways of
correcting for these unwanted multiple scattering effects are discussed in
Section 3.

The rest of the paper is set out as follows. Section 2 gives the theoretical
background to EMS measurements. The experimental apparatus and technique
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are outlined in Section 3 and the theoretical methods used to calculate SEMD’s
in Section 4. Some experimental and theoretical results for the metals alu-
minium, copper and gold are discussed in Section 5.

2. Theoretical background to EMS
At high electron energies and for high momentum transfer collisions, the bi-
nary encounter approximation is valid and the collision can be treated as an
electron-electron collision with the rest of the (recoiling) ionised system essen-
tially being a spectator. Exchange between the bound and free electrons can
also be neglected because the overlap of the wavefunctions of the high mo-
mentum free electrons with the relatively low momentum bound electrons is
vanishingly small. At high enough energies the continuum electrons can be
treated as plane waves, and the plane wave impulse approximation (PWIA) is
valid.

The momentumq of the struck electron can be inferred from momentum
conservation

q = k1 +k2 −k0 , (1)

where the subscripts 0,1,2 refer respectively to the incident and two outgoing
electrons, the faster of which is normally referred to as the scattered electron.
The separation or binding energy of the ejected electron is given by

ε= E0 − E1 − E2 . (2)

In the PWIA the (e, 2e) differential cross section is given, in atomic units with
e = me = h = 1, by the following expression:

σ(k0, k1, k2; ε)= (2π)4 k1k2

k0

N

4π
fee ρ(q, ε) , (3)

where the the full spectral electron momentum density (SEMD) is

ρ(q, ε) =
∑

i

|〈q|ψi〉|2 π−1 Im G−
i (ε) . (4)

In writing this expression we presume that the single-hole Green’s function of
the many-electron targetG−

i (ε) can be diagonalised on an appropriate basis of
quasi-particle states (electron shells in atoms, Bloch waves in crystals etc.), and
we take the Fourier transform of the one-electron orbitalψi. The collision fac-
tor fee is the half-off-shell Mott electron-electron scattering cross section. This
factor is constant for the non-coplanar symmetric kinematics whenE1 = E2,
the incident direction being thez−axis with θ1 = θ2 = constant andφ = π−
φ1 −φ2 is varied.
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The imaginary part of the single-hole Green’s function is calculated as

Im G−
i (ε)=

∑
α

| 〈N −1, α | âi | N,0〉 |2 δ(ε− E N−1,α + E N,0) , (5)

where âi is the annihilation operator which removes an electron defined by
the quantum labeli from the ground state of the system ofN interacting elec-
trons|N,0〉. This sudden removal creates a state which is a superposition of the
eigenstates of the ionised system|N −1, α〉. Only those states contribute which
are compatible with the energy conservation. For an extended system (a crys-
tal) the momentum conservation has also to be satisfied and Eq. (4) takes the
form:

ρ(q, ε)=
∑
j,k,G

|〈q|ψ jk〉|2 δq,k+G π−1 Im G−
j (k, ε) (6)

Here j is the band index,k is the crystalline momentum andG is the reciprocal
lattice vector.

In the absence of electron-electron interactionπ−1Im G−
j (k, ε) = δ(ε−

ε jk) and the spectrum contains only one delta-function line following the
band dispersion. The interacting SEMD (6) contains much more informa-
tion than a simple band dispersion. The main spectral feature associated with
Im G−

j (k, ε) describes the quasi-particle in the bandj having momentumk
and energyε. The centre of the quasi-particle peak is shifted with respect to
the one-electron energyε jk. The peak acquires a final width due to the quasi-
particle lifetime. In addition, a satellite structure arises from electron-electron
correlations. This can all be measured in EMS.

It is important to note that the momentaq measured in EMS are real mo-
menta and not crystal momentak. Thus EMS works equally well for polycrys-
talline and amorphous materials as well as single crystal specimens. However,
except for single crystal specimens, there is in general, no preferred direction
in space and the cross section measures a spherically averagedρ(q, ε).

3. Experimental technique

In the new high energy EMS apparatus at the Australian National Univer-
sity [10] both detectors for the outgoing electrons are placed at symmetric polar
angles relative to the incident electron(θ1 = θ2 = θs = 44.3◦) and select elec-
trons of equal mean energiesE1 = E2 = 25 keV. The incident energy is 50 keV
plus an offset to allow for the binding energies. In this arrangement coplanar
events haveq = 0. The detected electrons pass through two identical hemi-
spherical analysers before impinging on a position sensitive detector (PSD)
comprised of channel plates and a resistive anode. The analysers accept elec-
trons over a range of azimuthal angles,| φ1 |≤ 5◦ and| φ2 |≤ 5◦, whereφ1 and
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Fig. 1. Schematic of the EMS apparatus. The incident beam of energyE0 and momentum
k0 is incident on a thin foil target T. The scattered and ejected electrons emerge at polar
anglesθs + δθi and equal mean energiesE1 = E2. After retardation and traversal through
hemispherical electrostatic analysers (HSA) they are analysed in energy and out of ho-
rizontal plane azimuthal anglesφi by position sensitive electron detectors (PSD).

φ2 are the azimuthal angles of the detected electrons relative to the median scat-
tering plane which is the horizontal plane. After deceleration the mean electron
pass energy in the analysers is set either at 250 eV corresponding to an energy
window ∆E1 = ∆E2 = 50 eV, or 400 eV with∆E1 = ∆E2 = 80 eV. The two
dimensional detectors allow both the energy and angles to be determined for
each electron. The experimental setup is sketched in Fig. 1. It and the char-
acteristics of the apparatus are described fully in Voset al. [10] and Vos and
Weigold [11] and need not be repeated here.

The coordinate system can be defined by choosing thez−direction paral-
lel to k0 and thex−direction being in the mean scattering (horizontal) plane.
The y−direction is then the vertical direction. The polar anglesθ1 andθ2 can
be changed from the normal values of 44.3◦ (smaller than 45◦ due to relativistic
corrections for scattering from a stationary electron) byδθ1 andδθ2 by applying
suitable voltages on pairs of deflectors placed between the specimen and the es-
sentially vertical slits withθ = θs situated before the decelerating lenses of the
analysers. For normal operation withδθ1 = δθ2 = 0 andk1 = k2 one obtains

qy = q1(φ1 +φ2) (7)

qx = qz = 0 (8)
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Here we have ignored the possible small differences ink1 and k2 due to
the finite energy acceptance window. This can lead to a small finitekz com-
ponent. Howeverk1 − k2 ≤ 0.04 a.u. for 25 keV electrons (k1 = 43.3 a.u. and
∆E = 50 eV). With the deflectors in operation one obtains non-zero offsets for
qx andqz so that the range of momenta swept out byqy no longer goes through
theΓ point with q = 0. The offsets are given by

qx = k1 cosθs(δθ2 − δθ1), (9)

qz = k1 sinθs(δθ1 + δθ2) (10)

This allows one to make different cuts through the Brillouin zone for fixed
values ofqx andqz. Forδθ1 = δθ2 the cuts are withqz �= 0 andqx = 0, whereas
for δθ1 = −δθ2 the cuts are forqx �= 0 andqz = 0. Currently the incident beam
is not monochromatised and the overall long term binding energy resolution is
around 1.5 eV, whereas the momentum resolution∆qy

<∼ 0.1 a.u.
Even at incident energies of 50 keV and emitted electron energies of 25 keV

and with thin (∼ 5−3 nm) foil target specimens, multiple scattering by the
electrons in traversing the target must be corrected for. Inelastic collisions,
mainly due to plasmon creation by the incoming and outgoing electrons before
and after the (e, 2e) event, shift the detected (e, 2e) event to a higher binding
energy. Momentum changes associated with plasmon creation are small and
therefore do not significantly affect the inferred momentum densities.

Since the plasmon energy spread can be quite broad and more than one
plasmon can contribute, this can lead to a tail (with peaks) in the energy di-
mension of the measured intensity, reflecting density shifted in energy and
broadened by the widths of the plasmons. This can be corrected for by measur-
ing in-situ the elastic and energy loss spectrum. Elastic scattering on the other
hand does not change the binding energyε but does change the observed mo-
mentum from its true valueq by

∆q = qobs−q = ∆k0 −∆k1 −∆k2 (11)

with ∆ki the change of momentum caused by elastic scattering of the incident
and/or emitted electrons. Sinceqobs is always directed along they−axis, it is
clear that electrons withq directed away from they−axis can contribute to the
observed events. Thus target electrons with different momenta and energyε can
contribute to the intensity atqobs(ε) [12]. At high energies the partial wave ex-
pansion method provides a good description of the elastic cross sections and
can be used to evaluate the spread∆q of events due to multiple scattering. Vos
and Bottema [12] have developed a Monte-Carlo technique to convolute theor-
etical spectral momentum densities for the effects of both elastic and inelastic
multiple scattering, and thus allow for a direct comparison of theory with the
measurements. Although deconvolution of the data for inelastic multiple scat-
tering is relatively straightforward as discussed above, that of elastic scattering
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is not. It is therefore necessary to use high energies and thin targets to minimise
these effects.

The preparation of typical target membranes of diameter 0.1–0.3 mm and
thickness 5–20 nm is described by Fanget al. [13]. Samples are first thinned
by cleaving and/or chemical or electrochemical etching. Films can also be sim-
ply prepared on a surface which dissolves in solution (e.g. a surfactant or single
crystal of salt in water), and the floating films can then be lifted off the sur-
face of the solvent by a suitable mount. These samples can be further thinned
and cleaned by reactive plasma etching or ion bombardment. This is done in
a UHV preparation chamber separate from the main spectrometer. Annealing
and specimen characterisation with an Auger system can be carried out in an
intermediate buffer chamber. Targets can also be prepared in this chamber by
evaporation onto a surface of a thin membrane (usually carbon). Argon ion
etching can be done in this chamber, to thin and clean the surface of the spe-
cimen or to thin or remove the carbon backing. The sample can be transferred
rapidly from one chamber to another and the collision region under UHV con-
ditions.

The aluminium specimens were prepared by evaporating aluminium onto
a thin (� 35 Å) free standing carbon substrate covering a number of 0.8 mm
diameter holes in the target mount. The thickness was monitored by a crys-
tal thickness monitor and judged to be close to 50 Å. The film was sputtered
from the carbon side using 800 eV Ar+ ions, until some of the films broke.
Thus, assuming that at this time the carbon film was completely removed, one
should have a free-standing polycrystalline aluminium film. Subsequently the
film was transferred to the spectrometer and measured. This was all done in
three interconnected vacuum chambers as described above without exposing
the sample to air. Pressure in the evaporation and sputtering chamber was in
the 10−9 torr range and in the measurement chamber the pressure was 4·10−10

torr during the experiment. The copper specimens were prepared in a similar
way. The Au film was evaporated on NaCl single crystal, floated off in water
and transferred on the sample holder. Before the measurement these Au films
were further thinned by sputtering as well.

The incident beam can be used as a transmission diffraction facility when
the Faraday cup is moved out of the way of the incident beam. This is used
to align the target specimen, which is mounted on a manipulator, along a cho-
sen crystal direction. It can also be used to check on the quality of a crystalline
sample.

4. Electronic structure theories

4.1 Independent electron model

We employed here the linear-muffin-tin-orbital (LMTO) method [14] which
is an efficient and flexible tool for the first-principles computations of elec-
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tronic structure of solids. In this method the electronic structure calculation is
performed conveniently by dividing the crystal into non-overlapping muffin-
tin (MT) spheres centered on atomic sites, and remaining interstitial region.
The electron density and the potential are almost spherically symmetric within
the MT spheres and are essentially flat in the interstitial region. Therefore the
electron wavefunction, the charge density and the potential have a dual repre-
sentation: spherical harmonic expansion inside the MT spheres and plane wave
expansion in the interstitial region.

The LMTO method is just one of many computational schemes derived
within the framework of the density functional theory. Great practical ad-
vantage of the LMTO method is that only a minimal basis set of energy-
independent orbitals (typically 9–16 per atom) is needed to obtain accurate
eigenvalues (band energies). In the simplest atomic sphere approximation to
the LMTO method the MT spheres are expanded to the overlapping Wigner-
Seitz (WS) spheres which occupy the whole volume of the crystal without
interstitial region. Inside the WS spheres, the LMTO’s are represented by
numerical solutions of the radial Schrödinger equation and their energy deriva-
tives. Outside the WS spheres the LMTO’s are augmented by the solutions of
the Helmholtz’s equation at some fixed energy.

We write the one-electron wave function in a crystal in the tight-binding
representation as the Bloch sum of the localised MT orbitals:

ψ jk(r)=
∑

t

eik·t ∑
Λ

a jk
Λ φΛ(r− R− t) . (12)

Herek is the crystal momentum,j band index,t translation vector andR ba-
sis vector. The labelΛ defines a MT orbital centered at a given siteR and it
comprises the site indexR and a set of atomic-like quantum numbers. The ex-
pansion coefficientsa jk

Λ are found by solving the eigenvalue problem using the
standard variational technique.

4.2 Electron correlations models

The hole Green’s function entering Eq. (6) can be calculated by the many-body
perturbation theory (MBPT) expansion on the Bloch waves basis (12). Taking
the first non-vanishing term in the MBPT leads to the so-calledGW approx-
imation [15, 16]. In this acronymG stands for the Green’s function andW
denotes the screened Coulomb interaction. TheGW approximation is known
to give accurate quasiparticle energies [17]. However, its description of satel-
lite structures is not satisfactory. In alkali metals, for example, photoemission
spectra show the presence of multiple plasmon satellites whereas theGW ap-
proximation yields only one at too large energy. This shortcoming of theGW
approximation has been resolved by introducing vertex corrections in the form
of the cumulant expansion to the Green’s function [18–20]. This allowed the
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inclusion of multiple plasmon creation. As a result the calculated peak pos-
itions of the plasmon satellites were found in a much better agreement with the
experiment than those predicted by theGW scheme itself [21–23].

Formally, the cumulant expansion for the one-hole Green’s function can be
derived as follows. We choose the time representation for the Green’s function,
drop the band indexj for brevity and write it as

G (k, t< 0)= iθ (−t) e−iεk t+Ch (k,t) (13)

whereεk is the one-electron energy andCh (k, t) is defined to be the cumulant.
Expanding the exponential in powers of the cumulant we get

G (k, t)= G0 (k, t)

[
1+Ch (k, t)+ 1

2
[Ch (k, t)]2 + . . .

]
(14)

whereG0 (k, t)= iθ(−t)exp(−iεkt) . In terms of the self-energyΣ, the Green
function for the hole can be expanded as

G = G0 + G0ΣG0 + G0ΣG0ΣG0 + . . . (15)

To lowest order in the screened interactionW, the cumulant is obtained by
equating

G0C
h = G0ΣG0 (16)

whereΣ =ΣGW = iG0W. The first-order cumulant is therefore

Ch (k, t)= i

∞∫
t

dt ′
∞∫

t ′

dτ eiεkτΣ (k, τ) (17)

This is then put back into Eq. (13) yielding multiple plasmon satellites. The
energy-momentum representation of the Green’s function can be restored by
the time Fourier transform.

5. Results
The measured SEMD of occupied states in the conduction band and the 2p
core level of aluminium is shown in Fig. 2a as a gray-scale intensity plot,
darker colour representing higher intensity. Fig. 2b shows the same data after
deconvolution of inelastic events using the measured energy loss spectra ob-
tained for the same sample as discussed by Voset al. [24]. The dispersion
in the valence band and the associated broad high binding energy contribu-
tion due to electron correlation effects is immediately obvious. The core level
on the other hand shows no dispersion, but is much broader in momentum-
space. Due to momentum-space normalisation, where the highq components
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Fig. 2. The measured SEMD for an aluminium target before (left) and after (right) de-
convolution of inelastic multiple scattering effects based on measured energy loss spectra.
The SEMD includes both the valence band and the 2p core band and the density is shown
in a linear grey scale.

are weighted byq2 before integration overq, the density of the 2p core level
at anyq is lower than that of the much more localised (in momentum-space)
valence band. Besides the broad tail due to correlations, the other striking
feature of the measured uncorrected SEMD in the valence region is that the
peak density is not uniform along the band. The peak density at zero mo-
mentum (Γ point) is significantly lower than that in the arms of the band.
This is due to the band lifetime being much shorter there than nearer to
the Fermi level. Thus the width of the band is greater in this region, re-

Fig. 3. Energy-momentum densities for aluminium. The left panel shows the measured
data, the central panel the calculated density based on Monte Carlo simulations of multi-
ple scattering effects using the LMTO model, whereas the right panel shows the simula-
tion based on the cumulant expansion calculation.
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ducing the peak height proportionately, the integral over energy remaining
constant.

In Fig. 3 the measured SEMD in the valence region is compared with cal-
culated SEMD’s convoluted with multiple scattering effects (both elastic and
inelastic) using the Monte Carlo technique. The experimental energy reso-
lution (1.5 eV) and momentum resolution (0.1 a.u.) has also been folded into
the calculations. The LMTO theory has no natural width to the band at anyq,
whereas the many-body cumulant expansion calculation gives a finite lifetime
or width to the band as well as density moved to higher binding energies.
It reproduces very well the dip in peak density at theΓ point seen in the
measurements.

A more detailed comparison between the experimental SEMD and the
Monte Carlo simulation of the cumulant expansion calculation is presented in
Fig. 4. This shows the momentum profiles at different energies relative to the
Fermi level. Due to the finite energy resolution a small amount of density is
present above the Fermi level.

Close to the Fermi level there is almost no intensity between the peaks
symmetric aboutq = 0. Such background intensity is caused by elastic scatter-
ing. The cumulant expansion Monte Carlo simulation describes the data very
well at all energies, both in terms of the shapes of the profile and the peak
heights.

The measured density for the Al 2p core level is compared with a calcu-
lated density using the atomic 2p Hartree-Fock wave function (dashed line)
in Fig. 5. For this localised (in coordinate space) core level the atomic wave
function should be a good approximation to that in condensed Al. Indeed the
calculated density is very close to the measured one. When the effects of elas-
tic scattering are included (solid line), density is moved from the peak at around
1.5 a.u. to higher and lower momenta filling in the zero minimum atq = 0. The
simulation is also in very good agreement with the data, although it seems to
slightly overestimate the effects of elastic multiple scattering.

The measured SEMD’s for copper and gold are shown in Fig. 6 in a gray-
scale plot with highest intensity darkest. They are strikingly similar. Hybridis-
ation of thesp-band and thed-band causes a change from the simple parabolic
dispersion seen for aluminium. The highest peak density in both cases is near
the bottom of the band, in contrast to aluminium. Thed-bands are in both cases
very extensive in momentum space, quite broad but not dispersive. Due to their
large extension in momentum space, their peak intensities at anyq are quite
small. In copper thesp-band extends to somewhat higher momenta than is the
case for gold.

The measured spectral densities for copper are presented in Fig. 7 as bind-
ing energy spectra plotted as a function of momentum. They are compared with
Monte-Carlo simulations based on LMTO (dashed lines) and many-body cu-
mulant expansion (solid lines) calculations. The LMTO calculation has been
folded with energy width of 2.0 eV, to allow for the natural width of the quasi-
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Fig. 4. The momentum profiles at different binding energiesε (relative to the Fermi level)
for aluminium. The solid line is the Monte Carlo simulation based on the cumulant expan-
sion many-body calculations of the electronic structure.



The Spectral Momentum Density of Aluminium, Copper and Gold ... 1335

Fig. 5. The measured momentum density for the Al 2p core level compared with the
Hartree-Fock atomic 2p level with (solid line) and without (dashed line) elastic scattering
simulations.

Fig. 6. The measured spectral momentum densities for polycrystalline samples of copper
(left panel) and gold (right panel).

particle peak which dominates the binding energy spectra. The many-body
calculation predicts the observed quasiparticle peak width very well and ex-
plains most of the data. It does not explain the subsidiary peak at around 23 eV
for q< 0.1 a.u. which disperses to around 18 eV for 0.6< q< 0.7 a.u. This
peak is very similar both in energy and dispersion to that observed for the
σ band in amorphous carbon, and is therefore most probably due to carbon
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Fig. 7. The measured spectral densities for copper at different momenta compared with
Monte Carlo simulations based on the many-body cumulant expansion theory (solid lines)
and the LMTO model (dashed lines).
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Fig. 8. The measured spectral densities near zero momentum for aluminium, copper and
gold deconvoluted for inelastic multiple scattering (solid lines) compared with calculated
ρ (q = 0, ε) using the cumulant expansion model (long dashes) or theGW approximation
(short dashes).

contamination. Traces of carbon could remain on the sample since the film
was produced by evaporation onto a thin carbon foil, which was subsequently
removed by sputtering.

In Fig. 8 we compare the energy spectra near zero momentum for alu-
minium, copper and gold with many-body calculations. The raw data are indi-
cated with error bars, whereas the data corrected for inelastic multiple scatter-
ing effects are shown by the solid lines. The long dashed lines in the figure are
the predicted cumulant expansion spectra through theΓ point (q = 0) folded
with an experimental energy resolution of 2 eV. The short dashed lines are the
many-body GW calculation also convoluted with a 2 eV energy resolution.

All the many-body calculations predict a main quasi particle peak of con-
siderable width, but not quite as broad as the measured ones. In the case of
aluminium the cumulant expansion calculation predicts a long tail with a sub-
sidiary peak, corresponding to an intrinsic plasmon, at around 25 eV. The pos-
ition of this peak is in good agreement with the data, but the experiment obtains
significantly more density in this region. The experimental peak is at higher en-
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ergy than that expected for carbon and therefore it must be primarily due to
correlation induced satellite structure in aluminium. The measurements show
a very broad quasiparticle peak with about equal strength shifted to higher en-
ergies, more than predicted by this calculation. The small intensity below the
quasiparticle peak is due to elastic multiple scattering moving intensity from
q �= 0 toqobs = 0. This can be seen in Fig. 4, where the Monte Carlo simulation,
which takes elastic scattering into account, gives non-zero density. A similar
effect can be seen in the cases of copper and gold. In the latter case, due to the
narrow localisation of the density in momentum space aroundq = 0 and the
larger elastic scattering cross section, the effect is somewhat larger. In Fig. 8 the
data have been deconvoluted only for inelastic effects, and the effects of elastic
multiple scattering have not been included in the theoretical SEMD.

TheGW calculation for Al also gives a broad quasi-particle peak at around
the measured energy, but the satellite peak is far too narrow and much higher in
energy than the observed satellite structure.

In the case of copper the many-body calculations give a broad quasiparticle
peak with a long tail. The peak is at slightly higher energy than the observed
one and somewhat narrower. As discussed earlier the small peak observed
in the data at around 23 eV can most probably be attributed to some carbon
contamination resulting from the specimen preparation process. TheGW ap-
proximation gives a small intrinsic plasmon satellite peak at around 35 eV in
disagreement with the data.

For gold both calculations give very similar results and are in very good
agreement with the measurements. Again the small peak at around 22–23 eV
can most likely be attributed to some carbon contamination of the sample.

6. Conclusions

In this paper we reported EMS measurements, using the new high energy
spectrometer at the Australian National University, of the spectral electron mo-
mentum densities of the occupied states of polycrystalline metallic samples:
aluminium, copper and gold. The SEMD’s of copper and gold are quite similar,
with the sp-bands hybridising with the essentially non-dispersived-band. The
latter is however very extensive in momentum space.

The data show that all three metals have a broad quasiparticle peak with
a short lifetime and satellite structure extending to higher binding energies. The
quasiparticle widths are of the order of 4 eV and in the case of aluminium the
width at q = 0 (theΓ point) is significantly greater than the width at larger
q. Thus the peak density for the quasiparticle peak atq = 0 is considerably
lower than that observed at largerq. For Al the satellite structure due to elec-
tron correlations gives rise to a higher energy peak of almost equal density to
the “main” quasiparticle peak. The spectral momentum density is very broad
in energy at all momenta.
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For copper and gold the electron correlations produce a long tail in the
quasiparticle peak as well as resulting in its large width and short lifetime.

It is not possible to describe the data using the LMTO approximation.
Many-body effects must be included in any theoretical attempt to describe
the data. Of the two many-body calculations, the cumulant expansion method
provides a much better description of the data compared with theGW approx-
imation.
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