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Three-dimensional electron momentum density of aluminum by„g,eg… spectroscopy
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We report on the measurement of the three-dimensional electron momentum density~EMD! of aluminum.
150 keV photons with an intensity of 231011 photons/s from a multipole wiggler of the European Synchrotron
Radiation Facility have been scattered at a 100 nm thin self-supporting aluminum foil and measured in
coincidence with their recoil electrons. To improve the agreement with a full potential linear muffin-tin orbital
theory, electron correlation effects have been incorporated via the so-called Lam-Platzman correction@Phys.
Rev. B9, 5122~1974!#. A comparison with two-dimensional angular correlation of annihilation radiation has
been made and demonstrates the strong influence of the positron wave function on the EMD. In analogy to
these experiments, we used the first derivative of the EMD as an indication of the Fermi breaks.
@S0163-1829~99!13115-1#
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I. INTRODUCTION

The strong interest in the electronic structure of solids
to the development of a large variety of experimental me
ods for the study of energy dispersion and density of sta
both for occupied and unoccupied bands: photoemiss
spectroscopy,1 inelastic x-ray scattering,2 electron-loss
spectroscopy,3 x-ray-absorption spectroscopy,4 to name but a
few. In contrast, a few methods exist which measure dire
wave-function-related quantities such as the real-space e
tron density~x-ray form factors! or momentum densities. To
the latter belongs the two-dimensional angular correlation
annihilation radiation5 ~2D-ACAR! — which, strictly speak-
ing, measures the electron-positron pair densityr2g(p),6 see
Sec. II — (g,eg) and (e,2e) spectroscopy.7 (g,eg) experi-
ments are an extension of the conventional Compton sca
ing where the double differential cross section describing
energy and angular distribution of the scattered radiatio
proportional to the so-called Compton profile, which is d
fined as a twofold integration over the electron moment
distribution~EMD!. This integration results from the lack o
information about the momentum distribution of the reco
ing electrons. Since integration averages over large volu
in momentum space, detailed information about solid-s
effects such as Fermi surfaces or electron correlations m
become difficult to obtain. It is therefore desirable to me
sure the EMD directly by fixing the complete scattering
nematics: if the momenta of the primary and scattered p
ton in addition to that of the recoil electron are measu
simultaneously, i.e., in coincidence, the momentum of
PRB 590163-1829/99/59~16!/10512~9!/$15.00
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electron in its initial state can be determined in a unique w
The corresponding triple differential cross section is prop
tional to the EMD itself.~We mention that the 3D-EMD can
also be obtained indirectly by noncoincident Compton sc
tering if a rather large number of directional Compton pr
files is measured and finally reconstruction techniques ba
on Fourier transforms are employed.8! The main difficulty of
a (g,eg) coincidence experiment originates in the stro
incoherent elastic scattering of the recoiling electron with
the target which disturbs the determination of the recoil m
mentum by multiple scattering. Since the mean free path
elastic scattering of electrons with a recoil energy of 51 k
is only about 44 nm in aluminum, self-supporting targets
required which are as thin as possible. In (e,2e) experiments
the photon is replaced by an electron. Though the scatte
cross section is orders of magnitude larger than in the pho
case~Rutherford versus Klein-Nishina!, these experiments
suffer even more from multiple scattering, partly becau
now two electrons are involved and partly since, at least
to now, rather low recoil energies (;1 keV) are used in
these experiments.9

In the discussion of the 3D-EMD of aluminum, emphas
is put on electron correlation effects. In general, theoret
EMDs are obtained from an effective single-particle Sch¨-
dinger equation where the band states are populated du
occupation numbers from the interaction-free jellium mod
They are corrected by the Lam-Platzman scheme10 for elec-
tron correlation. Recent high-resolution conventional Com
ton scattering experiments on Li~Refs. 8 and 11! and Be
~Ref. 12! indicate even stronger electron correlation effe
10 512 ©1999 The American Physical Society
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PRB 59 10 513THREE-DIMENSIONAL ELECTRON MOMENTUM DENSITY . . .
than expected in the Lam-Platzman approach based on a
mogeneous interacting electron gas.13

II. METHOD

If a photon with energyv and momentumk is scattered at
an electron with energye.0 and momentump, energy and
momentum conservation laws yield for these energies
momenta

e5v2v82E8, ~2.1a!

p5k81p82k, ~2.1b!

where (v8,k8) and (E8,p8) are the energies and momenta
the photon and electron after the interaction. Thus, ifk, k8,
andp8 are known experimentally,p can be determined in a
unique way. For the coincident detection of both the sc
tered photon with (v8,k8) and the recoil electron (E8,p8),
the triple differential cross section

d3s

dv8dVgdVe

5
v

v8
p8S ds

dVg
D

KN

r~p! ~2.2!

holds,14 where r(p) is the EMD and (ds/dVg)KN is the
Klein-Nishina cross section for linearly polarized photon
The validity of the so-called impulse approximation is a
sumed. We mention that the term ‘‘impulse approximatio
has a different meaning for the triple and the double diff
ential cross section, respectively. Whereas for the triple
ferential cross section the final electron states are appr
mated by plane waves, one assumes in addition plane w
also for the initial state in case of the double different
cross section. The momentum distribution of the plane wa
is that of the EMD of the initial state. The possibility of th
approximation~the so-called ‘‘potential cancellation’’! relies
strongly on the completeness relation for the elect
states15,16 which cannot be used in the case of the triple d
ferential cross section. Eisenberger and Platzman15 have
evaluated the nonrelativistic photon scattering matrix e
ment within the first Born approximation with correct eige
states of the unperturbed Hamiltonian for the initial and fi
electron states. This matrix element can be calculated
lytically. One can easily show that for a given momentu
transfer the impulse approximation works better in the c
of the double than of the triple differential cross sectio
Whereas in the former case the momentum transfer can
be of the order of the initial electron momentum, it should
larger at least by an order of magnitude in the latter cas
order to obtain a reasonable approximation. It was dem
strated by Suric´17 that this statement holds also for the re
tivistic external field S-matrix element within the
independent-particle approximation.

Usually, the EMD for crystalline solids is obtained from
band-structure calculation. Due to translational invarian
the corresponding wave functions are Bloch waves

fk,i~r !5uk,i~r !eik•r, ~2.3!

where the crystal momentumk is restricted to the first Bril-
louin zone andi is the band index. From the lattice perio
icity of uk,i(r ) follows
ho-
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uk,i~r !5(
g

Ag,i~k!eig•r. ~2.4!

Evaluating the Fourier transformfk,i(p) of Eq. ~2.3! yields
the EMD r(p),

r~p!52(
k,g,i

ni~k!ufk,i~p!u2

52(
k,g,i

ni~k!uAg,i~k!u2d~p2k2g!. ~2.5!

ni(k) are the occupation number densities. Within t
independent-particle model they are equal to unity for m
menta smaller than the Fermi momentum and zero abo
This holds for the reduced zone scheme. Nondiagonal
mentsni j of the occupation number density due to electro
electron interaction~equivalent to configuration interactio
in Hartree-Fock theory! are believed to be negligible, at lea
when the nearly-free-electron approximation is applicable18

For comparison we mention that the corresponding exp
sion in the case of ACAR yields for the electron-positr
pair density19

r2g~p!52(
k,g,i

ni~k!uAg,i
12~k!u2d~p2k2g!, ~2.6!

where the Fourier components of the corresponding elect
positron Bloch state are given by

Ag,i
12~k!5(

g8
Ag8

1
~0!Ag2g8,i

2
~k!, ~2.7!

A2 and A1 being the separate Fourier components of
electron and positron wave function, respectively. It
readily seen that, except for a positron wave functi
u0

1(r )5const, i.e.,Ag
15d(g), the densities of Eqs.~2.5! and

~2.6! are different.

III. EXPERIMENT

The experiment was performed at the high-energy x-
scattering beamline ID15A of the ESRF.20 An asymmetric
wiggler with seven periods and strong poles of 1.8 T w
used with a critical energy of 44.1 keV at a gap of 20.3 m
The white beam was monochromatized by a~220! bent Si
crystal in Laue geometry@Dv50.74 keV full width at half
maximum~FWHM!#. The photon beam entered an evacua
target chamber (1023 Pa) with an externally mounted intrin
sic Ge diode~energy resolution 0.4 keV FWHM at 100 keV!
at a scattering angle ofu5140°. The electrons were mea
sured by means of a two-dimensional position sensitive
tector ~PSD! which consisted of 16316 individual photo-
diodes~Fig. 1!. The experimental setup will be described
more detail in a forthcoming publication.21 The center of the
array was placed in the direction of the momentum trans
vector q05k2k08 , wherek08 is the momentum of photon
scattered at electrons at rest. Since both the energy resol
of the photon and electron detector are large compared to
binding energye of the valence electrons — which domina
the EMD — we measured the direction ofp8, but the modu-
lus was obtained from the energy conservation law of E
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10 514 PRB 59C. METZ et al.
~2.1!: up8u5@(v2v8112e)221#1/2, neglectinge, which is
of the order of tens of eV at most compared tov
5150 keV andv8>v08599 keV. For the same reason th
influence of the work function on the electron energy is d
regarded. From kinematics one obtains22 for the Cartesian
components of the initial electron momentump

px5q0bx1v sin~u!Dv8/q0 , ~3.1a!

py5q0by , ~3.1b!

pz52vDv8/~q0v08!, ~3.1c!

wherebx and by are the angular deviations ofp8 from q0

~see Fig. 1! andDv85v82v08 with

v085
v

11v@12cos~u!#
~3.2!

the energy of photons scattered at electrons at rest~we use
natural units with\5m5c51). For a primary photon en
ergy v5150 keV and a scattered energyv08599 keV the
momentum transferq0563 a.u. is very much larger than th
initial momentump which is essential for the validity of the
impulse approximation.15 Detailed Monte Carlo~MC! simu-
lations of the momentum resolution of the (g,eg) spectrom-
eter included the correlated scattering due to the triple
ferential cross section of Eq.~2.2!, solid angle and energy
resolution of the Ge diode, energy broadening of the prim
beam, and the extension of the beam spot at the target.
variance vector for the momentum errors in the three Ca
sian directions obtained by these MC calculations wassp
5(0.18,0.43,0.20) a.u. Emission patterns of the recoil
electrons which were broadened due to this variance ve
were recorded by the 2D electron detector with a granula
of about 0.14 a.u inpx and 0.28 a.u. inpy . Thus, the vari-
ance both in thepx andpy direction extended over approx
mately 1 pixel. The time resolution of the coincidence w
about 200 ns, considerably longer than the bunch distanc
3 ns in the so-called 2/3 fill mode of the ESRF. Time cor
lation spectra showed very little chance coincidences wh
nevertheless were taken into account. The overall coi
dence rate due to a primary beam of about 231011 photons/s
was about 1.5 Hz at an average beam current of 100 mA
total of 5.43105 coincidence events were accumulated.

The target was a 100 nm thin self-supporting polycrys
line Al foil with a diameter of 12 mm@the beam spot was
1.2 mm ~horizontal!34.0 mm ~vertical!#. Targets prepared
by aluminum evaporation on a thin Betaine fil

FIG. 1. Experimental setup: Ge, Ge diode;T, target; PSD,
position-sensitive electron detector.
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(C5H11NO2•H2O) which had a fine crystallinelike structur
that acted as a replica for the Al film and guaranteed so
mechanical stability. Finally, the Betaine film was dissolv
in water and the Al foil was put free standing onto frames
is well known that aluminum metal readily oxidizes at i
surface. Though passivation of aluminum leads to a satur
oxide layer with thicknesses of about 1.5–2 nm only,4,23,24

we have investigated our foils quantitatively by elastic rec
detection analysis~ERDA! of fast heavy ions at the Munich
heavy ion accelerator. A 210 MeV127I beam hits the Al film
while a 2D-ionization chamber at a large scattering an
detects recoil ions emitted from the target.25 The energy loss
DE of the recoils ions, dominated by electronic processes
analyzed by an energy dispersive detector. SinceDE;Z2, Z
being the nuclear charge of the recoil ions~Bethe-Bloch re-
gime!, and the scattering cross section, in this case the
therford cross section, is well known, the ERDA method
able to determine quantitatively the composition of the t
get. Figure 2 shows the relative energy lossDE/E of the
recoil ions as a function of the recoil energyE. There is a
distribution of recoil energies since the recoil atoms are d
tributed within the target. Figure 2 holds for a 100-nm th
Al target. Very clearly the signals from Al, O, and C can b
seen. The intensities correspond to a contamination of
at.% oxygen and 0.6 at.% carbon. Figure 3 shows the in
sity of oxygen recoil ions as a function of their energyE.
There are two prominent contributions, indicating that ox
gen is deposited on the front and backside of the foils~and
not in the interior!. With the assumption that two Al2O3
layers have been formed, we calculate a thickness of 1.0
for each of them. While this thickness coincides with me
surements of aluminum passivation,4,23,24 it is in contrast to
results by Sakuraiet al.,26 who estimated by electron spec
troscopy for chemical analysis~ESCA! an oxide layer of 20
nm on an 85-nm thin aluminum foil. The authors used t
relatively strong contribution of Al2O3 to explain that their
(g,eg) experiment showed a remarkably broader EMD th
expected from pure aluminum.

FIG. 2. Scatter plot of the ERDA measurement: relative ene
lossDE/E against recoil energyE. The contributions from Al, O,
and C are indicated.



eo
ee
hi

of
en
ar

i
ia
s.
in
ric
d
on
p

ed
ed

io

F
ta
lu
he
hin
o
u
is
ly
of

th

en-

f.
ut
e-
la-
ve
al

the

-
e
c.

nc
e

e

PRB 59 10 515THREE-DIMENSIONAL ELECTRON MOMENTUM DENSITY . . .
IV. EXPERIMENTAL RESULTS AND DISCUSSION

A comparison between the experimental EMD and th
retical results from band-structure calculations has b
made by normalizing both to the same integral value wit
an integration volumepx561.4 a.u.,py562.5 a.u.,pz5
66 a.u., which is given primarily by the finite extension
the electron detector. In essence, the Fourier compon
Ag,i(k) of Eq. ~2.4! have been calculated by the line
muffin-tin orbital method either in the atomic sphere27

~ASA-LMTO! or the full potential approximation
~FP-LMTO!.28 In the ASA-LMTO a unit cell of the crystal is
substituted by a number of overlapping atomic spheres w
no room left for the interstitial region. The electron potent
is assumed to be spherically symmetric inside the sphere
the FP-LMTO a number of nonoverlapping muffin-t
spheres is introduced, the potential is expanded in sphe
harmonics inside the spheres, and is Fourier transforme
the interstitial region. This treatment of the interstitial regi
provides superior accuracy at the price of increasing com
tation time.

LMTO is one of many computational schemes deriv
within the general density-functional philosophy. A detail
comparison of ASA-LMTO with (e,2e) experiments is given
in Refs. 9 and 29 with additional attention to photoemiss
spectroscopy. The occupation number densityni(k) for both
approximations is that of the noninteracting electron gas.
comparison with experimental data, a MC code was es
lished which, in addition to the experimental finite reso
tions of Sec. III, incorporated the theoretical EMD and t
elastic multiple scattering of the emerging electrons wit
the target~due to the energy resolution of about 2.8 keV
the electron detector, inelastic multiple scattering mainly d
to plasmon losses of about some tens of eV has been d
garded!. The treatment of multiple scattering follows close
that of Salvatet al.,30 using the elastic cross sections
Wigner-Seitz atoms in a solid.

2D or 3D EMDs of aluminum have been measured in
past both by ACAR~Refs. 5 and 31! and by the (e,2e)

FIG. 3. The intensity of scattered oxygen recoil ions as a fu
tion of their energyE. Signals from both sides of the Al foil can b
identified.
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technique.9,29,32 For comparison with 2D-ACAR data we
have evaluated from our results the angular correlation d
sity

r2D~px ,py!5E r~px ,py ,pz!dpz , ~4.1!

which is plotted in Fig. 4 together with 2D-ACAR from Re
31. It is readily seen that in the ACAR data the EMD is c
off at px5py>1 a.u. due to the positron wave function b
ing repelled from the ion core. Recent calculations by A
talo et al.33 show a drastic reduction of the positron wa
function in aluminum for distances below 2 a.u. in re
space. Nothing like that happens in the (g,eg) experiment,
which shows appreciable intensity beyond 1 a.u. due to
core states. Figure 5 shows the EMD atpx5py50 as a func-
tion of pz in comparison with the FP-LMTO theory includ
ing the Lam-Platzman~LP! correction, see below, and th
contribution from the Al2O3 layer on both surfaces, see Se

-
FIG. 4. 2D angular correlation plots for (g,eg) and ACAR

measurements~Ref. 31!.

FIG. 5. The experimental EMDr(0,0,pz) ~dots! compared to
theory ~solid line! including the instrument resolution. From th
global normalization one hasxL

253.9.
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10 516 PRB 59C. METZ et al.
III. For the a-Al2O3 EMD ~corundum structure! we used an
ASA-LMTO calculation with von Barth and Hedin param
etrization for the exchange-correlation potential.34 Figure 6
shows the spherically averaged theoretical EMDs for alu
num anda-Al2O3 normalized to the same number of ele
trons. One observes immediately the sharp Fermi break
to unfilled bands in the metal aluminum in contrast to t
smooth EMD of the ionic insulator Al2O3. In all the EMD
figures shown in this work the contribution due toa-Al2O3

has been added. The likelihoodxL
2 ,

xL
25~2/n!(

i 51

n

@yi2xi1xi ln~xi /yi !#, ~4.2!

whereyi is the theoretical prediction andxi is the experimen-
tal value in thei th bin,35 amounts for the experimental re
sults of Fig. 5 toxL

253.9 in the range26 a.u.<pz<6 a.u.
We would like to stress that this value was not obtained
minimizing with respect to the theoretical curve of Fig. 5 b
was calculated from the global normalization. Figure 7 de
onstrates that the quality of agreement is roughly the sam
the comparison between theory and experiment is exten
from px5py50 to the whole (px ,py) plane.

EMDs obtained from the pseudo-wave-functions
density-functional theory~‘‘Kohn-Sham equations’’! are not
correct due to exchange-correlation effects.36 Their accuracy
can be improved by adding the Lam-Platzman correctio10

DrLP(p) to the EMD,

DrLP~p!5dEXC/dep>E
V

r~r !3DN/~4ppF
3 !d3r ,

~4.3!

where the correction term is given by the derivative of t
total exchange-correlation energyEXC with respect to the
individual electron energyep , r(r ) is the electron density
and DN5Nie(p)2Nf(p). Nie and Nf are the occupation
number densities of the homogeneous interacting and

FIG. 6. The spherically averaged theoretical EMDs of Al~solid
curve! and Al2O3 ~broken curve! normalized to the same number o
electrons.
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free electron gas~jellium!, respectively. Connection with Eq
~2.5! is made by recognizing that

N~p!5(
i

ni~p! ~4.4!

in the repeated zone scheme. The integration in Eq.~4.3!
extends over the volumeV of the Wigner-Seitz sphere~Al:
V5110 a.u.3).

In the following we will focus on the question of whethe
our experimental data indicate the significance of the La
Platzman correlation correction term. To do so, we have
culatedDr(p) with a parametrization ofDN due to Schu¨lke
et al.,8

DN5H 2a2 1
2 ~12a2ZpF

!S p

pF
D 8

for p<pF

1
2 ~12a2ZpF

!S pF

p D 8

for p>pF

~4.5!

with a59(12ZpF
)/64. It is obvious that for an interacting

electron gas with a renormalization constantZpF
,1, also

states above the Fermi momentumpF become occupied.13

According to Lundqvist37 the single-particle hole couples t
the plasmon~yielding a quasiparticle called plasmaron! with
a lifetime broadening near the Fermi momentum which
sults in the (p/pF)28 tails of Eq.~4.5!. The spectral weight
of this mode is given byZpF

. To obtainDrLP(p) we used the

FP-LMTO electron densityr(r ) since in the spirit of the
local-density approximation bothpF and ZpF

become func-

tions of r s , i.e., of the electron densityr(r ): pF

5(9p/4)1/3r s
21 . For ZpF

(r s) we used Eq.~36a! of Ref. 38.

For comparison we have also calculated the correctionDrLP
v

for the constant valence electron densityrv53/V in alumi-
num. For this case Eq.~4.3! yieldsDrLP

v 5DNV/(4p3) with
the Fermi momentumpF50.93 a.u. and a renormalizatio

FIG. 7. Isodensity plot of the likelihoodxL
2 in the (px ,py) plane,

indicating that the agreement between experiment and theor
comparable to that of Fig. 5 for the whole (px ,py) plane.
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constant ZpF
50.763 which corresponds tor s5@3/

(4prv)#1/352.1. This value ofZpF
has been calculated b

Hedin39 within the so-calledG0W0 approximation of the
self-energy operator. Figure 8 shows bothDrLP

v andDrLP as
a function of the momentump. A comparison of both cor-
rections demonstrates that the Lam-Platzman correctio
dominated by the valence electrons: with increasing elec
densityr(r )DN tends to zero: a large density means als
large kinetic energy of the electrons (}r s

22) which outbal-
ances the increased electrostatic interaction between the
trons (}r s

21), i.e., they behave more like a free-electron g

FIG. 8. DrLP
v ~solid! andDrLP ~dashed! for the renormalization

constant of Ref. 38.

FIG. 9. A comparison between the experimental EMD~error
bars! and the LMTO calculation with~solid! and without~dotted!
the Lam-Platzman~LP! correctionDrLP . ~a! holds forpx50.1 a.u.,
py50.2 a.u.; ~b! for px51.1 a.u., py50.2 a.u. The likelihood
amounts toxL53.5 ~with LP! andxL53.9 ~without LP! for ~a! and
xL55.8 ~with LP! andxL56.6 ~without LP! for ~b!. Representative
error bars due to statistical uncertainties are indicated.
is
n

a

ec-
.

Quantitatively the correctionDrLP amounts to a subtraction
of 3% from r(0) at p50. Clearly, momentum density is
transferred from low momenta to higher ones. Figure
shows experimental EMDs together with curves from t
FP-LMTO theory including~solid line! and without~dotted
line! the Lam-Platzman correction.~Treated by the MC
simulation, the difference of both Lam-Platzman correctio
of Fig. 8 becomes considerably less than the experime
uncertainty. Actually we usedDrLP

v in the following.! Figure
9~a! holds for px50.1 a.u.,py50.2 a.u., Fig. 9~b! for px

51.1 a.u.,py50.2 a.u. The correction is most pronounced
pz50, which corresponds to electron momentap50.2 a.u.
@Fig. 9~a!# andp51.1 a.u.@Fig. 9~b!#, respectively. From the
different sign of the correction it becomes evident that m
mentum density is transferred to momenta larger than
Fermi momentumpF50.93 a.u. The likelihood change
from xL53.9 to xL53.5 if the LP correction is included
@Fig. 9~a!# and fromxL56.6 toxL55.8 for Fig. 9~b!. These
values hold for the range21.5 a.u.<pz<1.5 a.u., though, of
course, the fit of theory to experiment results from the glo
normalization. It is evident that the LP correction improv
the agreement between theory and experiment in the re
of the valence electrons. Comparing Figs. 9~a! and 9~b!, it is
also evident that the shape of both EMD cuts is remarka
different: whereas in Fig. 9~a! a pronounced change of th
slope can be seen atpz>0.9 a.u., which is a reminiscence o
the Fermi break, Fig. 9~b! represents the continuous decrea
of the EMD due to core states. The LMTO calculation h
been done for the valence electrons only, i.e., lacking c
orthogonalization18,40 ~the core momentum density was ca
culated from the Roothaan-Hartree-Fock wave functions
Bungeet al.41!. Since the lattice potential has a very we
influence on the valence electrons, we assume that the
thogonalization effect in aluminum is just as small as in s
dium, where it was demonstrated by Lundqvist and Lyde´n18

that the generation of high momentum components due
orthogonalization is negligible compared to electron corre
tion effects. We remark that a recent fully self-consiste
GW self-energy calculation,42 where the self-consisten
Green’s functionG is obtained from Dyson’s equation
yields for the renormalization constantZpF

50.846 atr s52,
a value which would slightly reduce the agreement of Fig
For a recent review of theGW method, see the article o
Aryasetiawan and Gunnarsson.43

If all the events for a constantpz value are summed up
we obtain what is called a coincident Compton profileJcoinc,
a procedure which increases statistics considerably. Du
the limited range of our experiment in thepx and py direc-
tion this coincident Compton profile is not identical to
noncoincident one, but it has the advantage of increas
statistics within the region of the valence electrons while
contribution of core states is reduced. In addition, the trig
condition provides photon spectra free of any backgrou
radiation. In Fig. 10 we compareJcoinc with theory: the dash-
dotted curve is due to ASA-LMTO, the dotted curve resu
from FP-LMTO, whereas the solid curve incorporates in a
dition to FP-LMTO the LP correction. Clearly, the agre
ment with experiment is progressively improved. This is a
demonstrated on a larger scale in Fig. 11, where the dif
enceDJcoinc, i.e., experiment minus theory, is plotted as
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function ofpz . Open circles represent ASA-LMTO, dots FP
LMTO, and the solid line the LP correction~the ‘‘noise’’ on
this curve results from the MC simulation!. It is evident that
the FP-LMTO is superior to ASA-LMTO in describing th
experiment by transferring intensity from low momenta
higher ones. The LP correction further improves the agr
ment between experiment and theory, though it is not p
fect. We mention that the band structures for the occup
states from both theories are very similar. Differences
including those of bandwidth and gaps — are at the m
level and would thus be hardly detectable on an abso
scale, e.g., by angle-resolved photoemission experime1

Though also the EMD’s of both theories differ by a fe
percent only, this effect can be detected by Compton sca
ing unambiguously as shown by Figs. 10 and 11. We a
remark that the LP correction is insensitive to the spe
representation of the occupation number densityNie of Eq.
~4.5!. Using the slightly different expression of Faridet al.38

does not change the LP correction of Fig. 11.
The influence of electron correlation has also been inv

tigated in earlier Compton profile measurements by Cardw
and Cooper.44,45 An improvement in the agreement betwe
experiment and calculations based on density-functio
theory was observed. High-resolution Compton profile m
surements by Shiotaniet al.46 showed a deviation of the ex
periment from the inverted parabola of the free-electron
aroundpF but no quantitative analysis according to the La
Platzman correction was made. Finally we want to comm
on the influence of multiple electron scattering. In princip
one could argue that multiple scattering broadens the EM
thus transferring intensity from low to higher momen
which could mimic correlation effects. That this in fact do
not happen relies on the very different influence of multip
scattering on the three Cartesian components of the mom
tum p. Since it changes primarily the emission anglesbx and
by of the emerging electrons, it is readily seen from t
kinematics of Eq.~3.1! that only the componentspx andpy

FIG. 10. The coincident Compton profileJcoinc. Dots: experi-
ment ~the dot size represents the statistical uncertainty!; dash-
dotted: ASA-LMTO approximation; dashed: FP-LMTO approxim
tion; solid: FP-LMTO approximation including the LP correctio
The inset shows the curves at low momenta on an enlarged sc
e-
r-
d

y
te
s.

r-
o
l

s-
ll

al
-

s
-
nt
,
,

,

n-

are dominantly influenced by multiple scattering. The diffe
ence of the coincidentpz-dependent photon spectra for a
arbitrary thin and an infinitely thick target — with respect
electron multiple scattering — is that of a cut through the
EMD and an ordinary Compton profile. Compared to a co
pletely flat distribution in thepx and py direction for the
latter case, this is a rather small change. This is also subs
tiated by our MC code: enlarging the foil thickness by 50
— actually the thickness can be determined within 5%
does not change the shape of the theoretical curves in F
remarkably. It should be noted that these arepz-dependent
cuts through the EMD. Thus we conclude that multiple sc
tering cannot simulate correlation effects.

As stated in the Introduction, ACAR measures not t
EMD but the positron-electron pair correlation densi
Though the positron strongly polarizes the electron gas,
position of the Fermi breaks remains unchanged.6 It is for

le.

FIG. 11. The differenceDJcoinc between experiment and theor
~open circles: ASA-LMTO approximation; dots: FP-LMTO ap
proximation!. The solid curve represents the LP correction.

FIG. 12. First derivative]r/]pz of the EMD~stars! compared to
theory ~solid line!. The data hold forpx50.1 a.u.,py50 and the
distance between the extrema amounts toD51.55 a.u.
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this reason that the ACAR measurements have widely b
used for the evaluation of the Fermi surface topology~fermi-
ology! mostly by differentiating the angular correlation da
and looking for the extrema. Though our data have sign
cantly fewer statistics and lower resolution, we will briefl
discuss the outcome of such a procedure for (g,eg) mea-
surements. Figure 12 shows]r/]pz as a function ofpz for
px50.1 a.u,py50. Black stars are the experimental deriv
tives, whereas the solid line represents the LMTO the
including LP correction. Forpx50.1 a.u.,py50 the distance
D between the experimental extrema amounts toD51.55
a.u. In Fig. 13 the distanceD is plotted as a function ofpx
for py50. Stars are taken from the experimental derivativ
open dots from the corresponding theory. For an arbitr
good resolution all points should be represented by
nearly-free-electron result~solid line! within the range2pF
<px<pF . Finite resolution causes that approximately 80
of the extreme value at the descending part of the deriv
yields the correct Fermi surface, an experience also mad
ACAR measurements.47 For upxu.pF the distanceD in-
creases again due to the influence of core states. The slig
asymmetric behavior of the theoretical points in Fig. 13 w
respect topx results primarily from the kinetics of Eq.~3.1a!:
while multiple scattering is symmetric inbx its influence on
Dv8 is negligible, which means an offset of the symmet
We conclude this section with some general remarks ab
the possibilities of the (g,eg) technique. The strong influ
ence of electron multiple scattering restricts the method
thin foils and lowZ material, nevertheless we emphasize t
investigations of CuxNi12x alloys have been successful

FIG. 13. The distanceD between the extrema~see Fig. 12! as a
function of px for py50. Stars are from the experiment, open do
hold for theory. The solid line represents the free-electron-
model without any folding with resolution.
en
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made.48 Since epitaxially grown films are available, me
surements with single crystals are possible. On the exp
mental side a multiple pixelg detector could easily improve
the count rate by an order of magnitude.

V. SUMMARY

We have measured the 3D EMD of thin polycrystalline
foils and compared it with a LMTO calculation, which i
based on the density-functional idea. The agreement betw
experiment and theory could essentially be improved by t
ing into account electron correlation. Though theory inc
porated the exchange-correlation potential with the para
etrization of van Barth and Hedin,49 a further important
effect of electron-electron interaction is a change of the
cupation number density from that of the free-electron g
The interaction pushes a part of the occupied states be
the Fermi momentumpF to momenta abovepF . Within the
spirit of the local-density approximation~LDA ! this change
of occupation number density can be accounted for by
so-called Lam-Platzman correction.10 Applied to the EMD of
aluminum, the agreement for momenta bothp,pF and p
.pF considerably improved. The renormalization consta
ZpF

50.76 is that of the interacting electron gas atr s52.1. In
spite of its great simplicity, this correction seems to repres
electron correlation in momentum densities quite correc
recent calculations50 of the Compton profile of silicon byab
initio nonlocal pseudopotential variational quantum Mon
Carlo techniques, where correlation has been included
the many-body wave function via a Jastrow factor, dem
strate that correlation correction to the LDA Compton profi
is well reproduced by the Lam-Platzman term. 2D angu
correlation plots are compared to 2D ACAR and show
strong influence of the positron wave function. Despite
rather poor statistics and low resolution, we have shown
the extrema of the first derivative of the EMD~which corre-
sponds to the second derivative of a Compton profile! give
an indication of the Fermi momenta, which do agree w
with respect to theoretical calculations. We also emphas
that complex many-body effects such as positron-indu
polarization, which results in an enhancement of the elect
density,6,5 are naturally absent in the (g,eg) reaction.
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