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Quantitative measurement of the spectral function of aluminum and lithium
by electron momentum spectroscopy
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We present measurements of the spectral function of aluminum and lithium using high-energy electron
momentum spectroscopy. For aluminum the quasiparticle peaks show clear asymmetries and significant satel-
lite intensity that extends over a wide region to larger binding energies. The intensity distribution is not well
described by band structure calculations. These data are described only by calculations based on the many-
body cumulant expansion scheme. The measured momentum distribution at the Fermi level agrees with the
theoretical one within 0.03 a.u. For lithium a bandwidth of 3.0 eV is obtained.
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I. INTRODUCTION

The free-electron metals are considered to be among
simplest and best understood solids. Trivial models rep
duce the main features of the band structure. This is surp
ing as the high density of electrons means that the interac
between them is significant, of the order of the band width
one abandons the independent electron approximation,
these most simple of solids represent a huge theoretical c
lenge. In these theories the Coulomb electron-electron in
action is replaced by the screened electron-elec
interaction.1 The main differences between the independ
electron theories and fully correlated theories that are
least in principle, open to experimental verification are
following.

First, satellites appear at higher binding energy, both
valence band spectra and core level spectra.2 These are inter-
preted in terms of plasmons, density fluctuations of the e
tron gas whose other effect is to screen the Coulomb po
tial of each electron. Most studies of these plasmon satel
are done by photoemission at high photon energies. A di
confrontation with theory is complicated by the presence
extrinsic plasmon effects, as well as questions related to
validity of the sudden approximation and the three-s
model.3

Secondly, these correlations affect the momentum den
For a uncorrelated free-electron gas the momentum den
jumps from a constant value to 0 at the Fermi moment
kF . For a correlated electron gas this discontinuity is
duced, as for the intensity associated with the satellites th
is no discontinuity atkF . Momentum densities can be reco
structed from Compton profiles, obtained from x-ray scat
ing. For aluminum the Compton profiles show small dev
tions from the free-electron Fermi sphere and a discontin
at kF in agreement with theory.4 However, in the case o
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lithium the asphericity is significant (kF varying from 0.577
a.u. in the ^100& direction to 0.604 a.u. in thê110&
direction!5 and the observed discontinuity atkF is much
smaller than current theories predict,6 a problem that has
attracted numerous different interpretations in recent ye
see, e.g., the paper by Sternemannet al., and references
therein.7

In the third place electron-electron correlation changes
measured dispersion, and broadens the observed spe
lines.8 Usually, the calculated band width decreases wh
electron-electron correlation is taken into account, in gene
agreement with the experiment,9 however, the exact magni
tude of this so called self-energy correction is difficult
extract from the experimental data due to the problems a
ciated with the interpretation of low-energy photoemissi
data.10,11The real part of the calculated self-energy gives
self-energy correction to the band dispersion whereas
imaginary part describes the lifetime broadening. This c
again be obtained by analyzing the line width
photoemission.12 For photoemission the experimental reso
tion does not contribute significantly to the measured l
width ~except right at the Fermi level!. In the case of free-
electron metals the experimentally obtained line widths se
to exceed the theoretical estimates by about a factor of 213

If the electron-electron correlation is taken into accou
beyond a mean field level Bloch functions cease to be
eigenfunctions of the Hamiltonian. Removing an electr
with momentumq creates an excited state with a broad d
tribution of energies. This distribution, which we call th
spectral electron momentum density~SEMD!, is given by the
spectral functionA(q,v).

Ideally one would like to measure the complete spec
function directly. Such a measurement would contain all
aforementioned phenomena plus much more as the inten
at each binding energy-momentum combination can be
©2002 The American Physical Society14-1
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FIG. 1. An outline of the ex-
perimental setup~left! and scatter-
ing geometry~right!.
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rectly compared with the magnitude of the spectral funct
at these values. For example, the lifetime broadening of
spectra at a certain momentum value should be evident f
a broadening of the feature as well as a reduction in the p
intensity. Satellite contributions will cause an additional
duction in the peak intensity of the quasiparticle peak.

In this paper we want to show that electron moment
spectroscopy~EMS! @an (e,2e) measurement done unde
conditions where the plane-wave impulse approximation
valid# is a technique that is capable of doing such meas
ments of the spectral function for solids. In this respect EM
has great advantages over photoemission, where the ex
ment is tailored to a specific property of the spectral funct
one wants to measure. For example, photoemission inte
ties ~corrected by matrix elements if required! are measured
at high energies~XPS regime! whereas the dispersion of th
valence band is measured at low energies~UPS regime!
where the cross section can be very energy dependent.

II. EXPERIMENTAL DETAILS

The outline of the experimental apparatus is shown in F
1. An electron gun with a barium oxide dispenser catho
emits a well collimated 25 keV electron beam. The sampl
in a semisphere held at1 25 kV. Thus 50 keV electrons
impinge on the target. Symmetric (e,2e) events are mea
sured. The emerging pair of electrons with energies nea
keV are decelerated and focussed at the entrance of h
spherical analyzers. These analyzers detect electrons em
ing along part of a cone and over a range of energies usi
two-dimensional channel plate–resistive anode based de
tion scheme. The scattering geometry is chosen such th
all three electrons~incoming, labeled 0 and two outgoing
labeled 1 and 2! are in the same plane (f12f25p), then
there is no momentum transfer from the target~or, in the
single particle picture, one scattered from a stationary e
tron!. In that casek05k11k2. If all three electrons are not in
the same plane (f12f2Þp) there is an approximate vert
cal momentum component~out of the plane of Fig. 1! that
corresponds to the recoil momentum of the system~which, in
the single particle picture, corresponds to minus the mom
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tum of the struck electron.! The experimental apparatus an
technique are described extensively elsewhere.14,15

A thin (.30 Å) free-standing carbon substrate covering
number of 0.3 mm diameter holes in the target mount w
sputtered by argon ion etching until some of the films bro
Polycrystalline metal specimens were prepared by evapo
ing aluminum and lithium onto these foils. Aluminum wa
evaporated from a coil, whereas the lithium was depos
from a dispenser~supplied by SAES Getters!. The thickness
of the films were monitored by a crystal thickness monit
This was done in a UHV preparation chamber, separate f
the main spectrometer. After preparation the target specim
were transferred under UHV conditions to the spectrome
and measured. The pressure in the evaporation and sputt
chamber was of the order of 1029 Torr and in the spectrom
eter itself the operating pressure was about 3310210 Torr.

As we want to compare quantitatively the EMS expe
ment with the theoretical description of the electronic stru
ture we want to discuss here at some length the effec
finite energy and momentum resolution on these meas
ments. We will do this by simulating the experimental da
for a fictitious free-electron solid~without electron correla-
tion!. Within this model we know the energy of the electro
« if we know the momentump of the electron. Hence we do
not have four independent variables (px ,py ,pz ,«) but only
three. As we will see this means that the position of the pe
in the energy spectra can be affected by the momentum r
lution, and vice versa that the value of the momentum w
maximum intensity at a certain binding energy is affected
the energy resolution.

In practice we know the incoming energy accurately~0.3
eV thermal spread, plus possible space charge broaden!,
hence the magnitude of the incoming momentum vectork0 is
fixed with extremely high precision, and we have uncerta
ties only in the direction of propagation. Thus the error ve
tor Dk0 is directed perpendicular tok0. In our experiment
the collimation is achieved by two circular apertures, 0.4 a
0.1 mm in diameter, 215 mm apart. We can calculate
transverse momentum distribution of the beam if we assu
that the position at which the electron passes through the
aperture is uncorrelated with the position at which it pas
4-2
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QUANTITATIVE MEASUREMENT OF THE SPECTRAL . . . PHYSICAL REVIEW B 66, 155414 ~2002!
through the second. For a 50 keV electron~momentum 62.07
a.u.! the root-mean square (s) of the error in each of the two
perpendicular directions (x andy, see Fig. 1! is 0.030 a.u.~1
a.u. of momentum corresponds to 1.89 Å21.! Note that the
error distribution deviates from Gaussian, it has a relativ
flat top followed by a sharp drop.

By the same token we know with high precision the ma
nitude of the momentum of the scattered and ejected e
tron, but there is a small uncertainty in the direction
propagation. These measurements were done with 0.5
slits 150 mm away from the target. This corresponds t
root-mean square of error in the direction perpendicula
the slits of 0.043 a.u.

In the direction perpendicular to the plane (y direction!,
the momentum resolution is determined by the accuracy
the angular detection. To determine this accuracy we pla
set of narrow circular apertures~0.1 mm diameter! in front of
the 0.5 mm slits. The width of the angular distribution me
sured in this way is 0.03°, corresponding to a moment
resolution of 0.024 a.u.

For convenience we will approximate the momentum
ror distribution to be Gaussian. Adding the error of the
coming and outgoing electrons in quadrature we gets(px)
50.052 a.u.,s(py)50.045 a.u., ands(pz)50.043 a.u.

We now calculate the spectra for a free electron mo
using these momentum resolution values and an energy r
lution of 1 eV, derived from our core level measurements
described in Sec. IV A. We consider a set of grid poin
px ,py ,pz inside the Fermi sphere with a separation sma
than the momentum resolution~and the maximum energ
separation of adjacent points smaller than the energy res
tion!. The binding energy at each point is«(px ,py ,pz). The
measured intensityI at binding energyE and momentum
px ,py ,pz is then given by

I ~E,qx ,qy ,qz!

5 (
px ,py ,pz

Ce2(px2qx)2/2spx

2
e2(py2qy)2/2spy

2

3e2(pz2qz)
2/2spz

2
e2[«(px ,py ,pz)2E] 2/2sE

2
. ~1!

Resolutions quoted in the remainder of the paper refe
the full width at half maximum~FWHM!, rather than the
standard deviations. Thus our experimental momentum
resolution is thus~0.12, 0.10, 0.10 a.u.! for the x,y,z direc-
tion. In Fig. 2 we show a set of simulated spectra as a fu
tion of qy , (qx ,qz50) summed over intervals inqy of 0.1
a.u. for a noninteracting free electron gas withkF
50.93 a.u. as appropriate for aluminum. Nearqy50, where
the band energy changes little withq, the width of the spectra
is determined solely by the energy resolution. At larger m
mentum values, where the binding energy starts decrea
more and more rapidly with increasing momentum, the sp
tra broaden, due to finite momentum resolution. Note t
even nearkF the spectra peak significantly above zero bin
ing energy. The peak position in the spectra correspond
the average binding energy of all states that contribute to
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intensity, and states with negative binding energies do
contribute to the intensity, as they are unoccupied.

In Fig. 3 ~top panel! we explore further the effects o
varying the energy and momentum resolution on the sim
lated data. If we have no momentum resolution the cu
corresponds to the familiar inverted parabola of the den
of states of a free-electron gas as measured by XPS.16 At
zero binding energy the intensity is 0.5 times the maxim
intensity. If we have a modest momentum resolution of
a.u. along eachpx ,py , andpz direction, then we get a spec
trum at uqu5kF that peaks near 0.7 eV binding energy. T
peak is at an energy value close to the average of all
states that contribute. Only if the momentum resolution
very good~0.05 a.u.! do we get a spectrum atuqu5kF that
peaks very close to 0 eV.

Similar effects apply to the momentum profiles which a
illustrated in Fig. 3~bottom panel!. With no energy resolu-
tion and momentum resolution in only one direction, the d
are the familiar semicircle results, as obtained for Comp
scattering from a noninteracting free-electron gas.17 With
momentum resolved in all three directions, but without e

FIG. 2. Spectra at different momentum intervals as simula
with experimental momentum and energy resolution. A free elect
model withkF50.93 a.u. was assumedqx ,qz50, qy as indicated.
4-3
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M. VOS et al. PHYSICAL REVIEW B 66, 155414 ~2002!
ergy resolution, the data resemble momentum densitie
obtained by (g,eg) experiments.18 With an energy resolution
of 1 eV and modest momentum resolution the peaks in
distribution at the Fermi level are found at momentum valu
significantly smaller thankF . Only if the momentum resolu
tion is improved from 0.2 to 0.05 a.u. does the peak posit
coincide withkF .

In summary, there is an interplay between the ene
resolution and the momentum resolution vector. For accu
extraction of parameters from these measurements it is
cial that these effects are taken into account.

III. THEORY

In an (e,2e) collision process the energies and mome
of the incident and two outgoing electrons, detected in co

FIG. 3. The effect of different values of momentum and ene
resolution on the simulated spectra and momentum densities
free electron gas with the same electron density as aluminumkF

50.93 a.u.). In the top panel we show the spectra as obtaine
q5(kF,0,0) without momentum resolution~dashed line!, poor mo-
mentum resolution~isotropic, 0.2 a.u.! ~dash-dotted line! and good
momentum resolution~isotropic, 0.05 a.u.! ~solid line!. In all three
cases the energy resolution was 1 eV. In the bottom panel we s
momentum profiles for~a! no energy resolution and no resolution
qx ,qz but a resolution inqy50.1 a.u. ~dash-dotted line!, ~b! no
energy resolution, momentum resolution isotropic, 0.1 a.u.~long
dashed line!, ~c! energy resolution 1 eV, momentum resolution 0
a.u. isotropic~short dashed line!, and ~d! energy resolution 1 eV,
momentum resolution isotropic, 0.05 a.u.~full line!.
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cidence, are fully determined. Thus from energy and mom
tum conservation one can determine the separation or b
ing energy of the ejected electron

v5E02E12E2 ~2!

and the recoil momentum of the ionized specimen

2q5k11k22k0 . ~3!

At high energies the incident and outgoing electrons can
treated as free electrons, i.e., plane waves for a homogen
free-electron-like system~or as Bloch waves for a single
crystal lattice!. @At high energies inside the solid the intera
tion between the plane wave and the surroundings is sig
cant, and its energy level is broadened significantly~several
eV’s!. This causes additional broadening in Compt
spectroscopy.6 In EMS, the electrons are detected outside
material where their energies are well defined, and no co
plications arise.# Also at high energies the momentum tran
fer k5k02k1 can be made large. Thus the size of the a
from which the electron is scattered;k21 can be made very
small, ensuring that the collision is with a single electro
The maximum possible value ofk is k0 /A2 since the elec-
trons are indistinguishable. Thus for 50 keV incident ele
tronsk21;0.02a0, ensuring a clean electron-electron or b
nary collision. Under these conditions the recoil moment
is equal and opposite to the momentum the final state c
sisting of a single hole in the interacting~N! electron system.
Since uq1ku@kF we can neglect exchange between t
bound and free electrons because the overlap between
high momentum free electrons with the low momentumq
&kF) bound electrons is vanishingly small.

The differential cross section is then given by19,20

s~k0 ,k1 ,k2 ,v!5~2p!4
k1k2

k0
f eeA~q,v!, ~4!

where the full spectral electron momentum density is giv
by

A~q,v!5p21G2~q,v!. ~5!

HereG2(q,v) is the single-hole~retarded! Green’s function
of the many electron target.f ee is the electron-electron sca
tering cross section, which is proportional tok24 ~in the
Born and plane wave impulse approximations! and thus con-
stant in the noncoplanar geometry whereu1,2 and k1,2 are
kept fixed and the azimuthal anglef1,2 are varied to varyq.
The optimal arrangement for maximizingk is to haveu1
5u2'45° andk15k2 and varyingf1 and f2 where the
anglesu andf are defined relative tok0.20

Presuming that the Green’s function can be diagonali
on an appropriate basis of momentum space quasipar
statesf i ~electron shells in atoms, Bloch waves in crysta
etc.! one can write Eq.~5! as

A~q,v!5(
i

u^quf i&u2p21Gi
2~v!. ~6!

y
a

at

w
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QUANTITATIVE MEASUREMENT OF THE SPECTRAL . . . PHYSICAL REVIEW B 66, 155414 ~2002!
The imaginary part of the single-hole Green’s function
calculated as

Im Gi
2~v!5(

a
u^N21,auâi uN,0&u2d~v2EN21,a1EN,0!,

~7!

whereâi is the annihilation operator which removes an ele
tron defined by the quantum labeli from the ground state o
the system ofN interacting electronsuN,0&, leaving a state
which is a superposition of the eigenstates of the ioni
system uN21,a&. Only those states contribute which a
compatible with energy conservation and which overlap w
the one-hole state. For an extended system~crystal! momen-
tum conservation requires Eq.~5! to take the form

A~q,v!5 (
i ,k,G

u^quf ik&u2dq,k1G p21Im Gi
2~k,v!. ~8!

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

In the absence of electron-electron interactions the no
teracting Green’s function is just a delta functio
p21ImGi

2(0)(k,v)5d(v2v ik), and the SEMD contains
only one delta-function line following the band dispersio
The interacting SEMD Eqs.~5!–~7! contain much more in-
formation than the simple band dispersion. The main fea
in Im Gi

2(k,v) describes the quasiparticle in bandi having
momentumk and energyv. The center of the quasiparticl
peak is shifted with respect to the one-electron energye ik
and the peak acquires a width due to the finite quasipar
lifetime. Additional satellite structures arise in the SEM
due to the electron-electron correlations. All this can be
rectly measured in EMS through the cross section given
Eq. ~4!.

It is important to note that the momentaq measured in
EMS are real momenta@Eq. ~3!# and not crystal momenta
The crystal momentum does not appear in the expression
the cross section. Thus EMS works equally well for po
crystalline and amorphous materials, as well as for sin
crystals. This makes EMS a probe that can test jellium-t
calculations of free-electron materials such as aluminu
since the crystal lattice potential is not an essential part of
excitation process. However, except for the case of sin
crystal specimens, there is in general no preferred direc
in space, and the cross section measures a spherically
aged A(q,v). Also, in contrast to photoemission expe
ments the EMS cross section is simple to interpret si
there are no different matrix elements for different electro
(s,p, etc.! and the emitted electrons are of high enough
ergies (Ei@1 keV) that they can be treated accurately~e.g.,
as plane waves or Bloch waves!.

Electron correlations models. The one-hole Green’s func
tion entering Eq.~8! can be calculated by the many-bod
perturbation theory~MBPT! expansion on the Bloch wav
basis as obtained from an LMTO~linear muffin tin orbital!
calculation. Taking the first nonvanishing term in the MBP
leads to the so-calledGWapproximation.1,21 G is the Green’s
function andW denotes the screened Coulomb interacti
15541
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The GW approximation is known to give accurate quasip
ticle energies.22 However, its description of satellite struc
tures is not satisfactory. In alkali metals, for example, ph
toemission spectra show the presence of multiple plasm
satellites whereas theGW approximation yields only one a
too large an energy. This shortcoming of theGWapproxima-
tion has been resolved by introducing vertex corrections
the form of the cumulant expansion to the Gree
function.23–25This allowed the inclusion of multiple plasmo
creation. As a result the calculated peak positions of the p
mon satellites were found to be in much better agreem
with the experiment than those predicted by theGW scheme
itself.26–28

Formally, the cumulant expansion for the one-ho
Green’s function can be derived as follows. We choose
time representation for the Green’s function, drop the ba
index i for brevity, and write it as

G~k,t,0!5 iu~2t !e2 ivkt1Ch(k,t), ~9!

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

G~k,t !5G0~k,t !F11Ch~k,t !1
1

2
@Ch~k,t !#21•••G ,

~10!

where G0(k,t)5 iu(2t)exp(2ivkt). In terms of the self-
energy(, the Green’s function for the hole can be expand
as

G5G01G0( G01G0( G0( G01•••. ~11!

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

G0Ch5G0( G0 , ~12!

where (5(GW5 iG0W. The first-order cumulant is there
fore

Ch~k,t !5 i E
t

`

dt8E
t8

`

dteivkt( ~k,t !. ~13!

This is then put back into Eq.~9! yielding multiple plasmon
satellites. The energy-momentum representation of
Green’s function can be restored by the time Fourier tra
form.

For comparison with the EMS measurements, which w
taken on polycrystalline samples as discussed in Sec. IV,
calculated SEMD’s were spherically averaged and the kno
energy and momentum resolutions were convoluted onto
theoretical SEMD’s. For these free-electron-like materi
the effects of spherically averaging is small. For more co
lent materials the spherical averaging will result in broad
ing of the features, and loss of direct information of t
anisotropy of the spectral function.
4-5
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IV. RESULTS

A. Aluminum

To illustrate the energy resolution of the spectrometer
show in Fig. 4 the 2p core level of aluminum. The spectrum
was obtained by integrating the experimental data ove
wide momentum range. This level has a spin-orbit splitt
of .0.4 eV as known from photoemission.29 The EMS data
were fitted using this value of the spin-orbit splitting and
second, broader component due to aluminum oxide, as s
oxidation of the sample cannot be avoided during the 24 h
the measurement.29,30 In this way we obtain experimentall

FIG. 4. The Al 2p3/2,1/2binding energy spectrum~relative to the
Fermi level! integrated over the momentum range 0–3 a.u. The
short-dashed peaks show the 2p3/2 and 2p1/2 contributions of width
0.9 eV, separation of 0.4 eV, and statistical weight of 2:1. The lo
dashed peak is due to oxide formation and the thin line is a fit to
background produced by inelastic scattering of the electrons.
15541
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an energy resolution of 0.9 eV. The dependence of the c
section on the momentum is proportional to the modu
square of the 2p momentum space wave function. A com
parison of the 2p and 2s intensity distribution with the
atomic Al 2p and 2s wave function was given elsewhere.31

In Fig. 5 we show the measured intensity as a function
energy andqy component of the momentum (qx5qz50). In
the left panel we show the raw data. A parabolic feature~the
quasiparticle band! stands out clearly. At the high bindin
energy side of this band the intensity drops off only slow
This is to a large extent due to inelastic multiple scatteri
In these multiple scattering cases the incoming and/or on
the outgoing electrons experience some energy loss, e.g
plasmon excitation, and the binding energy as inferred fr
Eq. ~2! is too high. The level of multiple scattering in th
sample was measured in a separate experiment by tunin
energy of the incoming beam to the detection energy of
analyzer. All electrons detected under these conditions h
been scattered over an angle near 44.3°. Some of them
energy due to excitation of a plasmon. The likelihood
plasmon excitation increases with sample thickness. Th
energy loss spectra are shown in Fig. 6.

The shape of the energy loss spectrum~loss function! can
be fitted empirically. Now we assume that the inelastic e
ergy loss distribution of the EMS measurement is descri
by the same loss function. The probability of inelastic m
tiple scattering in the EMS experiment and the energy l
experiment are directly related, as described in detail by
et al.32 Hence after measuring the loss function, we can,
ing the empirical fit of the loss spectrum, and the intens
ratio of the ‘‘zero-loss elastic scattering contribution’’ an
the ‘‘elastic scattering plus energy loss contribution’’ deco
volute the measured EMS spectrum without any free par
eters. The result is shown in the right panel of Fig. 5.

After deconvolution the intensity approaches zero m
quickly below the quasiparticle band. However significa
intensity extends way beyond the quasiparticle peak. Thi
sometimes referred to as the so-called plasmaron33 ~or intrin-

o

g
e

FIG. 5. The measured spectral momentum density~SEMD! in the region of the conduction band of aluminum before~left! and after
~right! deconvolution for inelastic multiple scattering. The density is shown as a linear gray scale.
4-6
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QUANTITATIVE MEASUREMENT OF THE SPECTRAL . . . PHYSICAL REVIEW B 66, 155414 ~2002!
sic plasmon! part of the spectrum. It comprises a significa
part of the total intensity. A requirement for a valid deco
volution procedure is that no significant negative intensit
appear anywhere in the deconvoluted spectra. Our proce
meets this requirement as illustrated in Fig. 7, for valen
band spectra at different momentum values.

In the top panel of Fig. 7 we extend this analysis to thes
and 2p core level region. The 2p3/2,1/2and 2s core levels are
clearly visible atv572.5 and 117.5 eV, respectively, abo
an essentially smooth background tail due to multiple ine
tic scattering from the conduction band. Also visible a
peaks due to energy loss by excitation of one or two p
mons. These plasmons can be created as part of the core
creation event~intrinsic excitation! or by the passage of th
high-energy electrons through the foil~extrinsic plasmon!.
The latter contribution is removed by the deconvolution p
cess. In the discussions of plasmon intensities of core le
in photoemission experiments, one also assumes a mult
model, i.e., one assumes that the creation of the hole~which
includes the creation of intrinsic plasmon satellites! can be
separated from the propagation of the photoelectron to
surface~which may involve the creation of extrinsic pla
mons! and its subsequent escape from the surface. Base
this model Hu¨fner16 compiled creation rates of intrinsic plas
mons ~satellite intensities! for the Al 2p core state which
ranged from 11 to 34 % of the main line. Subtracting t
extrinsic plasmon contribution, by deconvolution for inela
tic scattering as discussed above, we obtain the spec
shown by the solid line in the top panel of Fig. 7. This giv
intrinsic satellite intensities of 30 and 17 % of the main li
for respectively the 2p and 2s states, values in the sam
range as the photoemission results.

The middle and bottom panels of Fig. 7 show the resu
of deconvolution for the conduction band near the Fe
edge (qy;0.9 a.u., quasiparticle peak near 0 eV binding e

FIG. 6. The measured energy loss spectrum of 25 keV elect
scattered elastically from an Al foil over 44.3°. The intensity
15.2 and 30.5 eV energy loss are due to single and double plas
creation, respectively. The fitted ‘‘loss function’’ is used to corre
the EMS data for inelastic multiple scattering as described in
text.
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ergy! and near theG point, respectively (qy;0 a.u., quasi-
particle peak near 12 eV binding energy!. Again the intensity
extends well beyond the quasiparticle peak, approach
zero at binding energies exceeding 30 eV. There is a dist
difference in shape between the loss feature nearkF and near
G. Deconvolution removes most of the sharp peak nearkF

but much of the broad satellite atG remains. Thus there is
clear experimental evidence, that for the valence band,
intrinsic satellite has a different shape nearkF than nearG.
Near G the screening related satellite is much stronger,
flecting the fact that electrons withq50 are more effectively
screened than electrons with large momenta.34 Also the qua-
siparticle feature is much broader atG than atkF.

ns
t
on
t
e

FIG. 7. Binding energy spectra for Al showing the raw da
~error bars! and the data deconvoluted for inelastic scattering p
cesses such as excitation of extrinsic plasmons~solid line!. The top
panel shows the spectra in the core region summed over all
menta from 0 to 3 a.u. The 2p3/2,1/2 peak at;72.5 eV and 2s peak
at ;117.5 eV. Each peak is followed by a plasmon satellite at
eV higher binding energy. The middle and bottom panels show
outer ~conduction! band region at, respectively, the Fermi ed
(qy;0.9 a.u.,qx ,qz.0 a.u.) and near theG point (q;0) a.u.
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FIG. 8. The deconvoluted
measured SEMD for Al at zero
momentum compared with fou
different theories. All theories are
broadened with the energy resolu
tion. The width of the LMTO
theory is equal to the experimenta
resolution. Further details are de
scribed in the text.
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In our simulations of the spectra for a noninteracting fr
electron gas~Fig. 2! the highest intensities and the sharp
peaks are near zero momentum. In contrast for the meas
ment the highest and sharpest peaks are found near the F
level. This is because lifetime broadening was not includ
in the model calculations.

The deconvolution has removed approximately the effe
of inelastic scattering but the effects of elastic scattering~de-
flection of an incoming or either of the outgoing electrons
a target nucleus! are still present. For a noninteracting ele
tron gas the momentum density decreases discontinuo
from a constant value to zero atkF . For an interacting elec
tron gas this discontinuity atkF is reduced. In principle this
could be studied by EMS by plotting the momentum dens
integrated over all binding energies. However elastic sca
ing causes a decrease of the measured step atkF as well.
Therefore it is currently not possible to use these EMS d
to study the discontinuity of~the energy-integrated! momen-
tum density at the Fermi momentumkF .28

After deconvolution for inelastic scattering it becam
clear that a small part of the spectrum was due to the s
porting carbon film. The SEMD of carbon is well known35

and it extends to higher momentum values (.1.5 a.u. com-
pared to.1.0 a.u. for aluminum!. Therefore by examining
the intensity of the characteristic carbon features at hig
momenta, we can decide on the magnitude of carbon si
to subtract. This is a relatively minor correction.

We now compare the deconvoluted spectra with four d
ferent calculations. This is done in Fig. 8 for the spectra n
zero momentum. The LMTO calculation is a band struct
type calculation, and hence electron-electron interaction
taken into account only at a mean-field level. No life tim
broadening is predicted by this theory, but the peak posi
~12 eV binding energy! is close to the peak position of th
experiment. The peak width has been artificially broade
to match the experimental energy resolution.
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A GWcalculation based on a jellium model with the sam
electron density as aluminum predicts again a peak at
right position. In the jellium model the lattice is replaced b
a homogeneous positive charge density, i.e., there is no
riodic potential. Now the calculation predicts lifetime broa
ening and satellite intensity at higher binding energies. Ho
ever, the satellite position is as much as 10 eV higher
binding energy than the experiment, and in between the
ellite and the quasiparticle peak the calculated intensity
close to zero in the theory, whereas the experiment has
nificant intensity in this energy range.

Significant improvement is obtained if theGW scheme is
replaced by the cumulant expansion scheme. First we c
sider the cumulant expansion scheme for a jellium with
same electron density as Al. Now the quasiparticle peak
comes more asymmetric, with a significant tail at the hig
binding energy side. Most importantly the position of th
satellite is now much closer to the experimentally observ
position. In this calculation the changes to the quasipart
band width due to self-energy effects were sm
(,0.2 eV).

Finally we can do the cumulant expansion calculati
based on a crystal lattice. For the uncorrelated electron ga
a jellium the eigenfunctions are plane waves. Electro
electron correlations are then introduced as a kind of per
bation, using the plane waves as a basis. Similarly one
use the Bloch functions, as obtained from the full-poten
LMTO code as a starting point. This approach results in
even more asymmetric and broader quasiparticle peak
significant intensity all the way up to the satellite. Indeed
gives much better agreement with the experiment. The
periment has some intensity at lower binding energy than
quasiparticle peak, all the way up to 0 eV. This intensity is
known artifact due to elastic multiple scattering as explain
by Vos and Bottema.36 The observed discrepancy at th
higher binding energy side has no known cause. It may ei
4-8
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QUANTITATIVE MEASUREMENT OF THE SPECTRAL . . . PHYSICAL REVIEW B 66, 155414 ~2002!
be a shortcoming of the calculation, requiring the inclus
of more diagrams, or due to shortcomings in the deconvo
tion procedure.

It could be argued that the agreement between the
theory and experiment in the spectra taken at zero mom
tum is somewhat accidental. It is therefore essential to c
pare the measured and calculated spectra over the w
range of momenta. This is done in Fig. 9 for the decon
luted experiment and the cumulant expansion theory, ba
on Bloch functions. The calculation was convoluted with t
experimental energy and momentum resolution as descr
by Eq.~1!. The agreement over the whole range of mome
is striking.

Note that for low momentum values (qy,0.3 a.u.) the
quasiparticle line shape is clearly asymmetric, both in the
and experiment, i.e., the low binding energy side is noti
ably steeper than the high-binding energy side. This is
variance with the photoemission results13 that claim a sym-
metric peak shape nearG, possibly due to the larger degre
in freedom in subtraction of the large background in the p
toemission case.

FIG. 9. The deconvoluted measured SEMD for Al at differe
momenta compared with the many-body cumulant expansion th
~smooth solid line!. The theory was broadened with the experime
tal energy resolution~1.0 eV! and the momentum resolution vecto
~0.12, 0.1, 0.1 a.u.!. A single scaling factor is used for compariso
of experiment and theory.
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B. Lithium

Compared to aluminum it is experimentally more difficu
to keep the Li film clean during the EMS experiment. A cle
signal related to lithium oxide develops quickly. The lithiu
quasiparticle intensity, however, is easily identified by
characteristic parabolic dispersion, and is at smaller bind
energies than the lithium oxide related features. The mom
tum profiles of the Li metal are shown in Fig. 10. Unfort
nately at larger binding energies, below the quasipart
band, the contribution of the lithium oxide becomes sign
cant and hence it is not possible to extract meaningful inf
mation about the presence of satellites from these data.

In the left panel the experimental data are compared w
simulated densities for a free-electron metal withkF

50.589 a.u., the appropriate value for a free electron s
with the electron density of Li. However, the correspondi
band width of 4.7 eV is clearly too large. Hence we used
effective electron massm* , as a fitting parameter. In th
calculation plotted in the left panel we usedm* 51.6me and
the corresponding band width is 3.0 eV. This band wid
gives a good description of the peak positions in the m
sured momentum profiles. This value is also in good agr
ment with the x-ray absorption measurements@3.060.1 eV
~Ref. 37!# and the photoemission data~between 2.8 and 3.2
eV, depending on the method of analysis11!. Agreement be-
tween the simulated spectra and the measured ones is
good, and the main deviations can be understood in term
a small, rather uniform background at higher binding ene
due to the tail of the oxygen feature at slightly larger bindi
energy, and the effect of lifetime broadening on the expe
mental data near the bottom of the band. Broadening of
levels in energy leads to an apparent broadening of the
mentum profiles and hence a reduction in maximum int
sity.

In the central panel of Fig. 10 we compare the measu
ment with a cumulant expansion theory using the LMT
description of the lithium crystal as starting point. The res
of the calculation was corrected for finite energy and m
mentum resolution of the spectrometer, as described be
It turned out that the real part of the self-energy correct
was rather small (.0.2 eV) and was put to zero. Howeve
due to the asymmetry of the line shape, the position of ma
mum intensity shifts from.3.5 to 3.8 eV. This approach
clearly gives a band width that is too large~3.8 eV! and
applying the calculated self-energy correction only improv
the situation marginally.

In the right panel of Fig. 10 we plot the same theory, b
now with an energy scale contracted by 20%. In this way
total band width is again near 3 eV. The peak positions
very similar to those obtained from the free electron mod
However, due to the lifetime broadening the maximum inte
sity at higher binding energy is lower, the momentum p
files are broader at these energies as well. Indeed the ca
lated intensity is close to the measured one, at all bind
energies, except for the background gradually increas
with binding energy, due to the tail of the oxygen contrib
tion centered at slightly higher binding energies.

t
ry
-
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FIG. 10. Measurement of the dispersion of the lithium valence band compared to a free electron band withm* 51.6me and kF

50.589 a.u.~left panel!, a cumulant expansion theory not corrected for self-energy effects~central panel! and the same calculation with a
energy scale contracted by 20%~right panel!.
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In the pseudopotential calculations by Northrupet al.,8

who used theGWscheme and a modified dielectric functio
a good agreement was found between the calculated b
width, and that derived from photoemission experiments
this work the effect of the self-energy correction was a c
traction by 15% of the Li binding energy scale. Our expe
mental bandwidth of 3 eV is in agreement with the pho
emission results. As is clear from the central panel of Fig.
our self-energy corrections, based on the standard ran
phase approximation~RPA! of the dielectric function, are too
small, in agreement with the findings of others.8,13 The much
larger asymmetry obtained using the cumulant expansion
proach causes an apparent shift of the calculated pea

FIG. 11. Calculated spectra for Li at zero momentum using
GW approximation~thick line! and the cumulant expansion ap
proach~thin line!. The cumulant expansion spectral function pea
at slightly higher binding energy than the density calculated wit
the GW scheme. This is due to the larger asymmetry of the pe
The LDA energy~dash-dotted line! and the LDA energy shifted by
the self-energy~short dashed! are shown for comparison.
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FIG. 12. The measured momentum densities for Al~top! and Li
~bottom! at the Fermi level~error bars!. The solid line assumes a
perfect alignment. The dashed line is obtained by assuming a
viation from the ideal alignment of 0.2 a.u. Two solid bars in t
right half of the lithium spectrum indicate the range of the Fer
vectors in the actual solid.
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QUANTITATIVE MEASUREMENT OF THE SPECTRAL . . . PHYSICAL REVIEW B 66, 155414 ~2002!
higher binding energies, and hence the required correc
due to the real part of the self-energy is even higher~see Fig.
11!. The measured quasiparticle line shape and sate
structure is better described by the cumulant expansion
proach. In the cumulant expansion approach, using the
dielectric function, the calculated band width is too larg
even slightly larger than that obtained in the equivalentGW
scheme.

In the above calculation we assumed a perfect alignm
of the spectrometer analyzers and the sample@i.e., Q15Q2
544.23° ~see Fig. 1! the small deviation from 45° is due t
relativistic corrections14#. In that case we measure along
line in momentum space that intersects the origin. Howe
due to machining errors and possible stray magnetic fie
~in spite of the fact that the whole spectrometer is enclose
a magnetic shield! the effective scattering geometry could b
slightly different. In that case we would measure along a l
that does not intersect the origin but has an offset along
px ,pz direction. In order to investigate how this could affe
the data we assumed an offset of 0.2 a.u. in thepx ,pz plane.
This is about twice the maximum deviation we can exp
based on known machining and alignment accuracies.
effect of this misalignment for the aluminum and lithiu
samples is shown in Fig. 12. Clearly such an misalignm
would not affect the aluminum momentum density atkF , but
could explain the somewhat poorer agreement between
measured and calculated spectra of the case of lithium
that case the bottom of the band would correspond touqu
50.2 a.u., rather thanuqu50 a.u. In turn this would cause
underestimation of the band width by (0.2)2/(2m* ), i.e., 0.5
eV for aluminum and 0.3 eV for Li ~assuming m*
51.6me).

Unfortunately in the case of Li we cannot say anythi
meaningful about the satellite intensity, as the oxyg
derived intensity dominates in this energy-momentum
.

T

Y.
an

B

15541
n

te
p-
A

,

nt

r,
s

in

e
e

t
he

t

he
In

-
-

gion. The quasiparticle part of the spectral function seem
display the same picture as for aluminum: near the bottom
the band a reduction in the peak height is observed cause
lifetime broadening. The measured dispersion is paraboli
a good approximation. In photoemission data38 there is re-
markably small dispersion of the peaks just belowkF . It is
explained as an artifact, due to interference of surface
bulk states. The present measurements does not see an
dication of reduced dispersion nearkF and are thus in agree
ment with the interpretation of the photoemission data
Claessonet al.38

V. CONCLUSION

We have shown for aluminum that EMS can meas
quantitatively the spectral function. For aluminum we st
approaching the goal of a quantitative spectroscopy, abl
measure the spectral function of core levels and valence b
in a uniform way. The one measurement contains the in
mation about dispersion~including self-energy corrections!,
lifetime broadening, and the density of the quasi-particle a
satellite structures for both core and valence band.

For lithium preliminary measurements have shown t
the dispersion is close to 3 eV. The intensity distribution ov
the parabola appears similar to that of aluminum, and he
no obvious direct link to the anomalous Compton results
lithium6 was found. Momentum profiles at the Fermi lev
were in agreement with theory within 0.03–0.05 a.u.,
though for Li the low momentum side of the peaks w
somewhat less sharp that expected for a free-electron mo
a fact that is, at least in part, due to the asphericity of
Fermi surface of lithium.

The cumulant expansion calculation gives a superior
scription of the satellite structures and asymmetric l
shapes. Some problems remain in describing the band w
of these materials correctly.
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