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Nonlocal effects in the electron-positron interaction in metals

A. Rubaszek
W. Trzebiatowski Institute of Low Temperature and Structure Research, Polish Academy of Sciences,

P.O. Box 1410, 50-950 Wrocław 2, Poland

Z. Szotek and W. M. Temmerman
Daresbury Laboratory, Daresbury, Warrington, WA4 4AD, Cheshire, United Kingdom

~Received 11 September 2000; revised manuscript received 20 December 2000; published 5 April 2001!

We study the importance of the nonlocal electron-positron interaction for positron annihilation characteris-
tics in simple and transition metals. This is accomplished by using the weighted density approximation, giving
rise to nonlocal and energy-dependent electron-positron correlation functions. We apply this formalism to
study the momentum-dependent and momentum-averaged electron-positron enhancements of the positron an-
nihilation rates and the three-dimensional electron-positron momentum densities. The results of the present
approach are compared to those obtained within the local density approximation, generalized gradient approxi-
mation, Bloch modified ladder approximation, and experimental data. We find that while nonlocality of the
electron-positron correlations is of substantial importance for the core andd electrons in transition metals, for
nearly-free-electron bands the energy dependence of the electron-positron correlation functions is of more
significance.
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I. INTRODUCTION

Positron annihilation spectroscopies are very useful
studying electronic structure of solids, and in particular,
electron momentum density~EMD!.1,2 Unfortunately, the lat-
ter, as measured by the positron annihilation technique
modified by both positron charge distribution and stro
electron-positron (e-p) attraction. The effect of the electron
positron attraction, leading to the formation of an electr
screening cloud around the positron, can be adequately
resented by the so-called electron-positron enhancement
tor. It is defined as a ratio of thee-p annihilation rate to its
independent particle model~IPM! counterpart. Thise-p en-
hancement factor, together with the positron charge distr
tion, are the two ingredients that are indispensible for
interpretation of the positron annihilation data, in terms
the electron momentum distribution. The usefulness of
information recovered from the positron annihilation data
crucially dependent on the accuracy of thee-p correlation
functions that give rise to thee-p enhancement factors. O
course, thee-p correlation functions, giving account of th
many-bodye-p interactions, depend both on the positr
position and the initial electron Bloch state. This can also
seen from angular correlation of positron annihilation rad
tion ~ACAR! data. When interpreting their ACAR spectra f
simple metals, Stewart and co-workers3 concluded that the
e-p enhancement factors in the first Brillouin zone~BZ!
were strongly momentum dependent. This strong momen
dependence of thee-p enhancement factors translates
rectly into a strong energy dependence of thee-p correlation
functions and was extensively studied in Refs. 3–11. Imp
tant conclusions concerning thee-p correlation functions
could also be drawn from the interpretation of the tw
dimensional~2D! ACAR spectra in transition metals6,12 by
fitting to the theoretically derived, momentum-depende
Kahana-likee-p enhancement factors.13 This led to the ob-
0163-1829/2001/63~16!/165115~13!/$20.00 63 1651
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servation of negative slopes of the momentum-dependen
hancement factors ford electrons, implying a strong positio
dependence of thee-p correlation functions. Nevertheless,
most theoretical calculations of the positron annihilati
characteristics in metals, the position dependence of thee-p
correlation functions has been either neglected4,6 or included
only locally.9,12,14 Most recently the nonlocal effects of th
e-p correlation functions have been studied, for instance
Refs. 8, 11, and 15.

In the present paper we apply the nonlocal and ener
dependent approach of the weighted density approximatio11

~WDA! to study thee-p momentum densities and band
decomposede-p enhancement factors in simple and tran
tion metals. Among all metals we have studied, detailed d
cussion of thee-p momentum distributions and momentu
dependent enhancement factors is presented only for
simple fcc metal Al and two 3d transition metals, Cu and V
which crystallize, respectively, in the fcc and bcc structur
Cu is a classical 3d system that has been most thorough
studied both theoretically and experimentally, and is the
fore an ideal benchmark for an assessment of any new m
odology. Aluminum serves a similar purpose, but on t
more free-electron-gas-like side. Regarding V, it has b
chosen mainly because it is a bcc system, but also bec
there exist results in literature that we can compare aga
while discussing the importance of the nonlocal effects
the positron annihilation characteristics.

The remainder of the paper is organized as follows. In
next section, we briefly present the theoretical backgrou
for calculating thee-p correlation functions, and with thes
functions thee-p momentum densities and enhancement f
tors. In Sec. III, the results for the positron lifetimes, ave
age, and totale-p enhancement factors, and momentum de
sities are presented and discussed in detail for Al, Cu, and
in comparison with other theoretical calculations by mea
of the local density approximation~LDA !, nonlocal general-
ized gradient approximation15 ~GGA!, Bloch modified ladder
©2001 The American Physical Society15-1
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~BML ! approximation,8 and experiments.1,16–18We conclude
the paper in Sec. IV.

II. THEORY

The e-p momentum density,r(p), is calculated as1,2

r~p5k1G!5(
j

r j~p!

5(
k j

occ U(
l
E

V
e2 ip•rc1~r !ck j

l ~r !Agk j
l ~r !drU2

,

~1!

where p is the electron momentum in the extended zo
scheme, andG is the reciprocal lattice vector. The angul
momentum,l, decomposed electron wave functions,ck j

l (r ),
with the wave vectork and band indexj, are calculated
within the local density approximation to density function
theory ~DFT!,19 using the linear muffin-tin orbitals~LMTO!
band structure method with the atomic sphere approxima
~ASA!.20 To improve on the ASA, in the present calculatio
of r(p) we have implemented also the Jarlborg-Sin
correction.12 For the core electrons, the frozen core appro
mation has been used. The wave function,c1(r ), of a ther-
malized positron in its ground state, is the solution of t
Schrödinger equation, with the positron potential consisti
of the external potential due to ions, the Hartree poten
and thee-p correlation (Vcorr) potential. The latter, describ
ing the positron interaction with the electron screening clo
can be determined from the Feynmann theorem.11,14,21,22The
positron Hartree and external potentials are equal to the
spective electron potentials, but with the opposite sign.

The state-dependent two-particlee-p correlation function,
gk j

l (r ), is defined as a ratio of the angular-momentum- a
state-resolved electron charge density, at the positron p
tion r , to the corresponding quantity in the absence o
positron. Thee-p correlation function accounts for the fa
that when positron enters a solid a polarization cloud
formed, as a result of which the densities of the individu
electron states,k j , at the positron positionr , become
strongly enhanced with respect to their initial values. T
e-p correlation function, combined with the electron char
density, gives rise to the so-callede-p momentum-dependen
enhancement factor

e~p!5r~p!/r IPM~p!,

where r IPM(p) is the e-p momentum density calculate
within the independent particle model. Thee-p momentum-
dependent enhancement factor may be further decomp
into the individual band contributions

e j~p!5r j~p!/r j
IPM~p!,

which are useful quantities for a detailed analysis of the p
itron annihilation results.

In most theoretical approaches to thee-p correlations in
real solids, use is made of thee-p enhancement factors fo
16511
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the homogeneous electron gas~of densityn0), eh(uku,n0). In
the LDA, the correlation functions,gk j

l (r ), are approximated
by the respective quantities for the homogeneous elec
gas,13,23 gk j

h
„n(r )…, with the local electron density,n(r ), at

the positron positionr . In this approach, thee-p correlation
functions,gk j

l (r ), are approximated by the energy-depend
Kahana-likee-p enhancement factors,eh

„Ek j /EF ,n(r )…, as
proposed in Refs. 4 and 9, withEk j being the electron eigen
values in the initial statek j andEF the Fermi energy. Within
the LDA one can define both the state-independent~see, e.g.,
Refs. 12, 14, 15 and 21! and state-dependent9,10 correlation
functions, but they are always local quantities. To take i
account nonlocal effects, beyond the LDA description, B
biellini et al.15,24used a parameter-dependent, GGA-type
proach and defined the nonlocal, but state-independent,
relation functions. Using the weighted densi
approximation, Rubaszeket al.11 determined both the state
dependent and nonlocal correlation functions,eh

„Ek j /
EF ,ñl(r )…, which, unlike the LDA correlation functions, de
pend on the angular momentum decomposed effective e
tron density,ñl(r ), in the whole space. Details on calculatin
the WDA e-p correlation functions, which will be used in
this paper, can be found in Ref. 11.

To finish this section, let us define two additional quan
ties that will be used in the next section. The first, introduc
by Genoudet al.,6 is a semiempirical,r -independent, but
angular-momentum-resolved and energy-dependente-p cor-
relation function of the form4,13

ḡk j
l 5al1blEk j /EF1cl~Ek j /EF!2. ~2!

The angular-momentum-dependent parametersal , bl , and
cl have been obtained by fitting the product of Eq.~2! and
the IPM momentum density to the experimental 2D ACA
spectra. In what follows, whenever appropriate, we sh
compare our results for thee-p momentum distributions and
enhancement factors in V and Cu to the corresponding se
empirical quantities, calculated according to Eqs.~1! and~2!
using the parametersal , bl , andcl determined in Ref. 6.

The second quantity, which we shall refer to while d
cussing our results, is the momentum-averaged, but ang
momentum-decomposed,e-p enhancement factor

G l5l l /l l
IPM , ~3!

defined as a ratio of the angular-momentum-decomposed
nihilation rate,l l , to its IPM equivalent,l l

IPM . Summing up
the former over the angular momentuml gives the total an-
nihilation ratel as

l5pr 0
2c

V

~2p!3E r~p!dp

5(
l

pr 0
2cE uc1~r !u2(

k j

occ

@ uck j
l ~r !u2gk j

l ~r !#dr

5(
l

l l , ~4!
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NONLOCAL EFFECTS IN THE ELECTRON-POSITRON . . . PHYSICAL REVIEW B63 165115
with V, r 0, and c being, respectively, the volume of th
sample, the classical electron radius, and the velocity
light. The inverse ofl defines the positron lifetimet.

III. RESULTS AND DISCUSSION

In this section, we study the influence of the sta
dependent and nonlocal two-particle correlation functi
gk j (r ), on a variety of positron annihilation characteristics
metals. We present results for the angular-momentu
decomposed average enhancement factors and positron
times for a large cross section of metals. Moreover, we
cuss in detail the importance of the nonlocal effects for
e-p momentum densities on the example of Al, Cu, and
Both valence and core electrons are considered. In addi
the momentum-dependent enhancement factors are ana
in terms of individual electron bands. Wherever possible,
compare our calculations against the experimental data
semiempirical results.

In what follows we present calculations for the positr
annihilation characteristics, performed within the nonlo
and state-dependent WDA approach, and compare the
the LDA results. The latter may appear as either sta
dependent LDA results, where the energy-dependent
hancement factors,eh

„Ek j /EF ,n(r )… @selective enhancemen
factor ~SEF!# are used, or as the state-independent LDA
sults, utilizing the constant enhancement factors~CEF!. We
shall refer to these two different LDA results, respective
as LDA-SEF and LDA-CEF. Additionally, to illustrate th
importance of the state selectivity of the two-particlee-p
correlation functions,gk j (r ), we compare the WDA result
to another nonlocal, but state-independent, approach, na
GGA. Finally, we also discuss comparison of the WDA r
sults with those of the BML approach, which is both non
cal and state-selective.

A. Average enhancement factors and positron lifetimes

In order to get a general feeling for the importance of
nonlocal effects, in Fig. 1 we display the average enhan
ment factors,Gs,p,d1 f

WDA(LDA) @see Eq.~3!#, for various angular-
momentum channels and a substantial cross section
simple and transition metals. It can be seen that the ave
WDA enhancement factors fors andp electrons,Gs(p)

WDA’s, are
slightly larger than, but otherwise very similar to, their LD
counterparts,Gs(p)

LDA’s, implying that for the nearly free elec
trons the nonlocale-p correlation effects are of no signifi
cance. In contrast, ford and f electrons in transition metal
the nonlocal effects are seen to substantially alter the re
ing enhancement factors. Indeed, the distributions of thed-
and f-electron contribution to the electron screening clo
around the positron differ considerably between the WD
and LDA approaches.11 Thed ( f ) part of the electron screen
ing charge distribution, calculated within WDA, is shifte
with respect to its LDA counterpart from the positron po
tion towards the intermediate region of the Wigner-Se
sphere, whered and f electrons reside, while the positro
distribution has the highest weight in the interstitial regio
Consequently, the values ofGd1 f

WDA’s are considerably smalle
16511
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than those ofGd1 f
LDA’s, indicating that the nonlocal correlatio

effects are crucial for the calculations of the positron ann
lation characteristics in transition metals. Note that for any
the 3d, 4d, and 5d metal series, differences between t
WDA and LDA results increase with filling up the respectiv
d shells. Although similar trends inGd

WDA(LDA) are also ob-
served in alkali metals, thed-electron contribution to the
positron annihilation rates in these systems is almost ne
gible.

As can be seen in Fig. 2, also positron lifetime,t, cap-
tures the above features of the average WDA enhancem
factors. For alld electron metals WDA gives higher positro
lifetimes, and with the exception of Nb and Mo, leads
better agreement with experiments.25,26 In simple metals, the
nonlocal effects do not alter much the valence electron c
tribution to the total lifetime. Therefore, the observed i
crease of the WDA positron lifetimes in K and Rb, as co
pared to LDA, seems to be mainly due to a large co
electron contribution.

FIG. 1. Average enhancement factors fors, p, and d1 f elec-
trons. The connecting lines serve only as a guide for eyes.
superscript inG defines the approximation used for thee-p corre-
lation functions in Eq.~4!, while the subscript refers to the type o
electrons. Note that to fit the values of the alkali metals in
figure, the cubic root ofG ’s, with a prefactor of 1.5, has bee
plotted.

FIG. 2. The relative percentage deviations in the calculated p
itron lifetimes with respect to experimental values for a variety
metals. The experimental values for V, Cr, Fe, Ni, Cu, Pd, and
come from Ref. 26, and for other metals from Ref. 25.
5-3
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A. RUBASZEK, Z. SZOTEK, AND W. M. TEMMERMAN PHYSICAL REVIEW B63 165115
Finally, the nonlocale-p interaction effects should, in
principle, be reflected differently for different types of ele
trons in the corresponding momentum-dependent annih
tion characteristics,e(p) and r(p). Since thee-p momen-
tum densityr(p) is a representation of hybridizeds-, p-, d-,
andf-electron bands, one can expect that for any momen
p, deviations between WDA and LDA partial annihilatio
rates~or e-p enhancement factors! should provide reliable
information on the degree ofd andf character in the electron
bands contributing to the EMD in the host material.

B. Aluminum

Before discussing the calculated positron annihilat
characteristics let us start with the band structure of
shown in Fig. 3, which is a very important input to the ca
culations. In aluminum three valence electrons fill co
pletely the first and partially the second band, marked in
figure respectively by 1 and 2. Both bands aresp-like, with
a very small admixture ofd character. Therefore, the nonlo
cal e-p interaction effects are not expected to make a
impact on the calculatede-p momentum densities and en
hancement factors in the first BZ. The same should be
up to the Fermi momentum in the second BZ, as the parti
occupied second band, which is also free-electron-like, p
vides the main contribution tor(p) in this region. This
nearly-free-electron character of the occupied valence ba
is reflected in the positron annihilation characteristics, sho
in Figs. 4 and 5. In these figures we compare results of
ferent approximations, namely WDA, LDA, and GGA, wit
the experimental data and the results of a semiempir
analysis by Nakashimaet al.,17 for, respectively,@100# and
@111# directions. These semiempirical results were obtain
by combining the IPM momentum densities with th
Kahana-like enhancement factor of the form

e~p!5a1b@p/pF#21c@p/pF#4, ~5!

FIG. 3. The annihilation active energy bands in Al along tw
crystallographic directions in the$001% plane.
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wherepF is the Fermi momentum. The parametersa, b, and
c were determined individually for the three main crystall
graphic directions by fitting the resulting values ofr(p) to
3D reconstructed ACAR spectra.

Looking at Fig. 4, where thee-p momentum densities
along @100# direction are displayed, one can see that up
the Fermi momentumpF , the WDA and LDA-SEFe-p mo-
mentum densities are almost identical. Moreover, the hi
momentum components~HMC’s! of the valence contribution
to r(p) are very small, confirming that thed-electron char-
acter in the electron wave function is almost negligible. T
nonlocale-p interaction effects hardly influence the resu
ing e-p momentum densities in the whole momentum spa
The e-p momentum densities, calculated within the sta
dependent approaches of WDA and LDA, have a Kaha
like increasing slope, which is typical for an electro

FIG. 4. Electron-positron momentum densities for Al along t
@100# direction, calculated within WDA, LDA-SEF, and GGA, an
compared to the semiempirical and experimental results. All
spectra are normalized to unity atp50 and the momenta are ex
pressed in milliradians. In the upper panel the core electron co
bution is also shown.
5-4
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NONLOCAL EFFECTS IN THE ELECTRON-POSITRON . . . PHYSICAL REVIEW B63 165115
gas.13,23,27Also, as can be seen in the lower panel of Fig.
the experimental ACAR spectra, corresponding to the cen
Fermi surface~FS!, are well described by the biparabol
Kahana form of Eq.~5!. Note further that, the LDA and
WDA e-p momentum densities are slightly less increas
functions of momentum than the respective semiempir
curves. A possible reason for this may be the isotropic ch
acter of the jellium enhancement factors, used in the W
and LDA calculations, since the experimental data sh

FIG. 5. Momentum-dependent total enhancement factorse(p),
calculated for Al within various approximations along the@111#
direction.
16511
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some anisotropy.13,23,27 The e-p momentum density of the
nonlocal, but state-independent, approach of GGA is v
IPM-like and, as much as the IPM result, does not agree w
the experimental data for all values of momentum up to
Fermi momentumpF . This implies that the state-depende
two-particle correlation functions are essential for the rea
tic calculation of the positron annihilation characteristics
simple metals, at least as far as the central FS is concer

In Fig. 5 we display the totale-p enhancement factors
e(p), along the@111# direction. Similarly to the@100# direc-
tion, the WDA and LDA-SEF results are very much the sa
up to the Fermi momentumpF , and agree well both with the
semiempirical enhancement factor and the BML result. T
situation is less favorable for the state-independent
proaches of GGA and LDA-CEF, which give rather consta
enhancement factors up to the Fermi momentum. Moreo
in spite of nearly-free-electron-like character of valen
bands in Al, the nonlocality of the GGA correlation func
tions gives rise to a considerable reduction of the relev
enhancement factors with respect to their local counterpa
for momenta inside the central FS. Outside the central
the presence of the nonlocale-p interaction effects in the
e-p enhancement factors is much more apparent, due to
dominantlyd character ofr(p). It is puzzling, however, that
in this region of space the results of the two nonlocal a
proaches, namely WDA and GGA, exhibit dramatically d
ferent trends: The WDA enhancement factors,e(p), are re-
duced with respect to the LDA-SEF quantities, while t
GGA enhancement factors are considerably larger than
LDA-CEF results. In the case of WDA, such a reducti
seems quite obvious. Since thed-electron contribution domi-
nates in thee-p momentum density, WDA would naturally
deliver reduced values of thee-p correlation functions in Eq.
~1!, in agreement with the nonlocal approach of BML. T
situation does not seem to be as obvious regarding GGA,
to understand the two different trends one should refer to
experimental ACAR spectra, which unfortunately sho
rather low intensity in the high-momentum region.

Finally, it is interesting to note that in Aloverenhance-
ment, e(k1G).e(k) for GÞ0, is observed in the high-
momentum region. Thisoverenhancementis markedly stron-
ger for the state-independent approaches of GGA and LD
CEF than for the WDA, LDA-SEF, and BML approache
The WDA, LDA-SEF, and BML curves show qualitativel
very similar slopes along the@111# direction, with the non-
local effects observed in the whole umklapp region.

In summary, the nonlocal effects do not seem to be
much importance for the positron annihilation characteris
in simple metals like Al, at least for momenta inside t
central FS. The state dependence of the two-particle corr
tion functions appears to be by far most important here. T
nonlocal effects start to play some role in the hig
momentum region where, however, the intensity of the hi
momentum components in the EMD ande-p momentum
density is very small.

C. Copper

Here we present the WDA results for Cu for both thee-p
momentum densities and momentum-dependent enha
5-5
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A. RUBASZEK, Z. SZOTEK, AND W. M. TEMMERMAN PHYSICAL REVIEW B63 165115
ment factors, and compare them to the present and ea
LDA calculations, GGA,15 and BML8 results, as well as to
the experimental1,16,28and semiempirical data.4,6 Such com-
parisons are expected to shed light on the importance of
nonlocale-p correlations and the state selectivity of thee-p
correlation functions for the calculation of the positron an
hilation characteristics ind electron metals.

As can be seen in Fig. 6, in Cu, due to symmetry-rela
selection rules,29 there are only two totally or partially occu
pied valence bands that contribute to the electron ande-p
momentum densities. These bands are marked by digi
and 2 and in the following text will be referred to as the fi
and second bands. Both of them have strongly hybridi
sp- and d-like character, which is reflected accordingly
momentum densitiesr(p) shown in Figs. 7 and 8, respec
tively along the@100# and @111# directions, and calculated
within various approximations. In the upper panels of Figs
and 8, the core electron contribution tor(p) is also shown.
The first thing to note in Fig. 7 is that the two independe
experimental spectra,1,16 collected by two different groups
have very similar shapes, thus indicating high-quality
reconstructions~in Ref. 16 the 2D ACAR measuremen
were carried out for as many as 10 projections!. Regarding
the theoretical results, close to theG point, for small values
of upu, both LDA and WDA are very much the same, whic
reflects the fact that in this region the contribution of t
upperd-like band tor(p) is negligible, while the lower band
has nearly-free-electron-like character. When the momen
upu increases towards the BZ boundary, the contribution
the second band increases, while the first band beco
mored-like in character. Therefore, in this region the expe
mental spectra show an increasing slope, followed closely
the LDA and WDA curves. When thed-electron contribution
to the annihilation characteristics increases, the differe
between the WDA and LDA results becomes more appar
with the WDA curves becoming less momentum-depend
functions, improving agreement with experiments. Note, t
the nonlocal effects reduce considerably the two-particle c

FIG. 6. Energy bands in Cu along two crystallographic dire
tions in the$001% plane. The solid curves denote the annihilati
active bands, while the dashed curves indicate the inactive ban
16511
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relation functions,gk j
d (r ), in the region where thed electron

density has the largest overlap with the positr
distribution.11

Moving to the bottom panel of Figs. 7 and 8, one can s
that GGA, which is not state-selective, leads to almost c
stantr(p) for all momenta in the central FS, and therefo
does not reproduce the observed behavior of the experim
tal curves. This indicates that in this region of momentu
space not only the nonlocality, but also state selectivity
the correlation functions, is essential for the calculation
realistic ACAR spectra. With respect to the semiempiric
results, obtained using the SEF-type correlation functio

-

s.

FIG. 7. Electron-positron momentum densities for Cu along
@100# direction, calculated within WDA, LDA-SEF, and GGA
compared to the semiempirical and experimental results. In the
per panel the core electron contribution is also shown. The s
diamonds and open circles denote the experimental 3D spectra
constructed respectively in Refs. 1 and 16. The semiempirical
sults have been obtained according to Eqs.~1! and ~2!, with the
parametersas5ap51, ad50.9, bs5bp50.1, bd50, cs5cp50,
andcd520.5, as determined in Ref. 6.
5-6
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they show slightly increasing slopes. However, for mome
greater than 3 mrad, the semiempirical spectrum and
‘‘true’’ experimental data differ quite substantially. The re
son could be that the fitted value of thecd parameter ford
electrons@see Eq.~2! and the captions of Figs. 7 and 8# is too
negative, leading to a considerable underestimation of
d-electron enhancement factor.

Focusing on discontinuities inr(p) along the@100# direc-
tion, which are clearly visible in the first and second BZ
one can see that all calculated curves, shown in Fig. 7, in
sect the experimental curves approximately at half ma
mum, and this is independent of the approximation used
the e-p correlation functions in Eq.~1!. However, the GGA
and semiempirical curves cross the experimental spect
twice, because their slopes become negative when appro
ing the Fermi momentum. According to the Majumda
theorem,30 the positions of the FS breaks are a unique ch
acteristic of the electronic structure of the host material, a
cannot be shifted by either positron distribution ore-p inter-
action effect. Therefore, although the position of the int

FIG. 8. Electron-positron momentum densities for Cu along
@111# direction, calculated within WDA, LDA-SEF, and GGA
compared to the semiempirical and experimental results. In the
per panel the core electron contribution is also shown. The s
diamonds denote the experimental 3D spectra reconstructed in
1. The semiempirical results have been obtained according to
~1! and ~2!, with the parametersas5ap51, ad50.9, bs5bp

50.1, bd50, cs5cp50, andcd520.5, as determined in Ref. 6.
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section point of the theoretical and experimental curves
good test of quality of the underlying electronic structure a
3D experimental reconstruction, it cannot serve as a se
test of quality of the approximation used for thee-p corre-
lation functions entering Eq.~1!.

Note that in the vicinity of theX point ~Fig. 7!, where
only the first,d-like, band contributes tor(p), all curves,
both theoretical and experimental, have very similar nega
slopes, although the theoretical curves lie below the exp
mental spectra. This seems to suggest that all approximat
used in the present study underestimate thee-p correlation
effects. It is also possible that the relative proportions of
s andd characters in the LDA electron wave function diffe
substantially from those of the true electron quasiparti
wave function, thus contributing to the observed differenc
In addition, the finite resolution of the 2D ACAR apparat
is also an important factor here. In the high-momentum
gion, on the other hand, the agreement between theory
experiment is much more satisfactory. There, both along
@100# and @111# directions, mostlyd electrons contribute to
r(p), and therefore the nonlocal approaches of WDA a
GGA provide the best representation for thee-p momentum
densities.

In order to illustrate the importance of both the nonloc
ity and state selectivity of the two-particlee-p correlation
functions, in Figs. 9 and 10 we display the band-decompo
relative enhancement factors,e j (p)/e(0), reflecting the char-
acter of a given energy bandj, for both annihilation active
bands along the@111# direction. Starting with Fig. 9 and the
first band, one can see that as long as the nearly-free-elec
character of the band dominates, the WDA and LDA-S
enhancement factors,e1(p), are almost indistinguishable, ex
hibiting the Kahana-like increasing slopes. A similar beha
ior is observed in the BML and semiempirical curves,
though the latter, presumably due to the choice ofcs5cp
50 in Eq. ~2!, is a less increasing function of momentum
Regarding the GGA and LDA-CEF, they remain fairly co
stant functions of momentum, implying that the state sel
tivity of the two-particle correlation functions is importan
With increasing momentum towards the BZ boundary,
enhancement factor curves acquire a negative slope, ind
ing a predominantlyd-like character of the band. Note tha
the nonlocal approaches lead to more pronounced nega
slopes. For the second annihilation active band~Fig. 10!, the
negative slopes of the WDA, BML, and semiempirical e
hancement factors,e2(p), in the vicinity of theG point, re-
flect its d character. Towards the BZ boundary, where t
band becomes moresp-like, the WDA, BML, and LDA-SEF
enhancement factors increase with momentum, with the
ter resembling the Kahana-like behavior. However, the se
empirical enhancement factor decreases monotonically
wards the BZ boundary, which again is presumably cau
by a particular choice of thecs,p parameters. Regarding th
GGA and LDA-CEF curves, they remain fairly constant
the first BZ, with a moderate rise towards the BZ bounda
Outside the central FS, all curves acquire negative slo
when moving towards theG8 point and beyond, implyingd
character of the high-momentum components inr(p). Note
that in the high-momentum region the effect of nonlocal

e
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of the e-p correlations is much more pronounced in the
spective enhancement factors than it was the case in the
momentum region. Note also, that in all theoretical curv
deenhancement, e(k1G),e(k) for GÞ0, is seen in the
high-momentum region. Thisdeenhancement, first observed
experimentally,31 seems to be more pronounced in the curv
originating from the nonlocal approaches.

Concluding this subsection, it suffices to say that the n
local e-p correlation effects can be clearly observed in t
positron annihilation characteristics in the region where
d-electron character dominates. In such a case, the nonlo
ity of the two-particle correlation functions suppresses
importance of the state selectivity. When the electron ba
are nearly-free-electron-like, then the nonlocal effects har
matter, and it is the state selectivity of thee-p interaction
that plays the most important role.

FIG. 9. Momentum-dependent relative enhancement factors
the first annihilation active band,e1(p)/e(0…, calculated within
various approximations for Cu along the@111# direction.
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D. Vanadium

As can be seen in Fig. 11, in V the upper (d-like! anni-
hilation active bands are either completely unoccupied
only a tiny fraction of them dips below the Fermi level. Th
resultinge-p momentum densitiesr(p), shown in Figs. 12
and 13, respectively, along@100# and @110# directions, are
much less influenced byd electrons than in the case of Cu
Indeed, as can be seen in Fig. 12, for small values of m
mentump ~up to 3.5 mrad!, the WDA, LDA, and semiempir-
ical momentum densities show very similar increasi
slopes, reflecting the nearly-free-electron character of
only contributing band in this region. The GGA, on the oth
hand, is very IPM-like, while the experimental curve18 shows
strong oscillations, which could be ascribed to a propaga
of the correlation noise in the reconstruction process. T

or

FIG. 10. Momentum-dependent relative enhancement factors
the second annihilation active band,e2(p)/e(0…, calculated within
various approximations for Cu along the@111# direction.
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oscillatory behavior is in variance to the character of m
recent 3D momentum density reconstructed by Kub
et al.,32 which appears to be a much stronger increas
function of momentum, providing support to the present
sults of the state-dependent approaches of WDA and LD
Unfortunately, more quantitative comparison with the 3
data of Kubotaet al.32 would only be possible if one man
aged to read off the experimental points from the graph
their paper. For values of momentum greater than 4.0 m
where the character of the band switches over to predo
nantly d, both the theoretical and experimental moment
densities are decreasing functions of momentum, and the
perimental and semiempirical densities are almost indis
guishable. There exists good agreement between the W
LDA, and the experimental full widths at half maximum
~FWHM!, although the WDA momentum density show
slightly sharper structure than the LDA curve. The reason
the sharper structure is that in this region thed-electron con-
tribution dominates in the positron annihilation characte
tics. However, a noticeable difference can be observed
tween the FWHM of the GGA momentum density and t
corresponding experimental and semiempirical quantities
fact the GGA result is difficult to reconcile with either th
semiempirical or experimental momentum density in
whole momentum range. This is because the state de
dence of the two-particle correlation functions, not taken i
account within GGA, matters here even more than their n
locality.

In the @110# direction, thee-p momentum densities show
a very interesting structure, which arises from dipping of
second band below the Fermi level~see Fig. 11!. It can be
seen in Fig. 13 that the theoretical curves show sev
prominent peaks and valleys, which indicate the occupa
of the second band. In the region of the ‘‘spikes’’ one c
observe noticeable differences between the WDA and L
momentum densities that can be ascribed to a predomina
d character of the second band. In this region WDA redu
the e-p correlation effects, as compared to LDA, and im

FIG. 11. Energy bands in V along two crystallographic dire
tions in the$001% plane. The solid curves denote the annihilati
active bands, while the dashed curves indicate the inactive ban
16511
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proves the agreement with the semiempirical result. T
GGA momentum density curve does not reproduce the sh
of the semiempirical data, either for the first or second ba
In general, unlike in the@100# direction, the comparison o
the calculated curves and the semiempirical data to the
periment by Pecoraet al.18 is not very satisfactory, with the
experimental spectrum being considerably broader than
other curve shown in Fig. 13. Moreover, the sharply incre

-

s.

FIG. 12. Electron-positron momentum densities for V along
@100# direction, calculated within WDA, LDA-SEF, and GGA
compared to the semiempirical and experimental results. The
lines denote the experimental 3D spectra reconstructed in Ref
The semiempirical curve has been calculated according to the
mulas ~1! and ~2! with the fitting parametersas51, ap51.2, ad

51, bs50.1, bp50.2, bd50, andcs5cp5cd50, taken from Ref.
6. The core electron contribution is marked by the dotted line.
the spectra are normalized to unity atp50 and momenta are ex
pressed in miliradians.
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ing behavior of the theoretical curves, observed close to
N point, is not reflected in the experimental curve. T
source of these differences between theory and experim
may lie in the quality of the reconstruction technique a
finite resolution of the ACAR apparatus.18 It is encouraging,
however, that although the experimental curve shows a c
siderably smaller ‘‘peak to-valley’’ ratio, as compared to a
theoretical curve or the semiempirical data, the peak p
tions of both the theoretical and semiempirical curves are
shifted with respect to the experiment. It is also satisfy
that the structure observed in the present WDA and L

FIG. 13. Electron-positron momentum densities for V along
@110# direction, calculated within WDA, LDA-SEF, and GGA
compared to the semiempirical and experimental results. The
lines denote the experimental 3D spectra reconstructed in Ref
The semiempirical curve has been calculated according to the
mulas ~1! and ~2! with the fitting parametersas51, ap51.2, ad

51, bs50.1, bp50.2, bd50, andcs5cp5cd50, taken from Ref.
6. The core electron contribution is marked by the dotted line.
the spectra are normalized to unity atp50 and momenta are ex
pressed in milliradians.
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momentum densities is not more pronounced than that
served in other calculations.12

In Fig. 14, the relative e-p enhancement factors
e(p)/e(0), along the@100# direction, for the only annihila-
tion active band, are displayed. One can see that their be
ior is strongly linked to the underlying electronic structur
All calculated enhancement factors, as well as the se
empirical curve, similar to the first annihilation active ban
in Cu ~Fig. 9!, show negative slopes in the high-momentu
region. Moreover, adeenhancementeffect is clearly visible
in all annihilation characteristics. Also, WDA seems to pr
vide better agreement with the semiempirical data th
LDA-SEF, both in the low- and high-momentum space.
the first Brillouin zone, the WDA, LDA-SEF, and sem
empirical results show more structure than that observe
Cu, reflecting stronger dispersion of the first annihilation a
tive band. Note that a hump seen in the second BZ, be
the H point, is simply the umklapp image of the ‘‘bulge’’ in
the energy band. This local maximum is not observed in

e

ld
8.
r-

ll

FIG. 14. Momentum-dependent relative enhancement fact
e(p)/e(0…, calculated within various approximations for V alon
the @100# direction.
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semiempirical curve, implying pured character ofr(p) in
this region. Indeed, the semiempirical correlation functio
for d electrons are completely energy independent and, th
fore, the resulting enhancement factor cannot reproduce
tails of the energy band slope.

The BML, GGA, and LDA-CEF enhancement factors a
very similar, both quantitatively and qualitatively, to the co
responding quantities for the first annihilation active band
Cu. This behavior of thee-p enhancement factor is easy
understand in the case of the state-independent approach
GGA and LDA-CEF, which are hardly sensitive to the slo
of the energy band as a function of momentum. Howeve
is rather surprising in the case of the enhancement fac
obtained within the state-dependent approach of BML. T
shape of the BML enhancement factors for vanadium, al
the @100# direction, is almost indistinguishable from the co

FIG. 15. Core electron annihilation probability densitiesN(pz)
for Al, from the present calculations within the IPM, LDA, an
WDA approximations, in comparison with the experimental Do
pler broadening data and GGA calculation, for core electrons o
extracted by scan from the paper by Asoka-Kumaret al. ~Ref. 24!
~lower panel!. The GGA curve, unlike the IPM, LDA, and WDA
results, has been convoluted with a Gaussian to mimic the fi
experimental resolution. Due to normalization of the experimen
data to unit volume, the IPM, LDA, and WDA curves have be
normalized tolc /lexp.
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responding quantity in copper, despite the fact that the
ergy dispersion in the first band differs considerably betwe
these systems. This could suggest that some important te
in the BML scattering amplitudes of thee-p wave function
have been neglected during the BML optimizatio
procedure.8 Finally, note that for momenta inside the fir
BZ, the BML, GGA, or LDA-CEF cannot reproduce the in
creasing slope of the semiempirical curve in V.

E. Core electrons

In this section we briefly discuss the influence of the no
local e-p correlation effects on the one-dimensionale-p mo-
mentum densities

N~pz!5E
upzu

`

prc~ upu!dp,

-
y,

te
l

FIG. 16. Core electron annihilation probability densitiesN(pz)
for Cu, from the present calculations within the IPM, LDA, an
WDA approximations, in comparison with the experimental Do
pler broadening data and GGA result, for core electrons only,
tracted by scan from the paper by Barbielliniet al. @Ref. 15~c!#
~bottom panel!. The GGA curve, unlike the IPM, LDA, and WDA
results, has been convoluted with a Gaussian to mimic the fi
experimental resolution. Due to normalization of the experimen
data to unit volume, the IPM, LDA, and WDA curves have be
normalized tolc /lexp.
5-11
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originating from the core electron contribution,rc(upu), to
the totale-p momentum density given by Eq.~1!. TheN(pz)
curves, calculated within IPM, LDA, and WDA, for Al an
Cu, are shown, respectively, in Figs. 15 and 16, and co
pared to the experimental Doppler broadening spectra
GGA calculations from Refs. 15 and 24. The most import
point to be made about these results is that including thee-p
correlation effects improves the agreement with the exp
mental data, over the IPM result. Both LDA and WDA giv
fairly satisfactory results, although the WDA curve ru
higher than the LDA curve, for both metals. The noticea
higher values of the WDA curve for Al seem to be caus
mainly by the shape of the positron wave function.11 The
latter may also be partially responsible for the observed
ferences between the WDA and GGA curves, although
fact that the WDA curve has not been convoluted with
Gaussian has to be kept in mind too. For Cu, on the o
hand, both nonlocal approaches, WDA and GGA, appea
deliver nearly the same degree of consistency with the
perimental spectrum although, as in the case of Al, the W
curve has not been convoluted with a Gaussian to mimic
finite experimental resolution. In general, however, due
statistical errors occurring in the experimental data in
very-high-momentum region, the issue of identifying t
preferred or best theoretical approximation seems to be
most immaterial here. In addition, the BML approximatio
another nonlocal approach discussed in the present pa
due to its very construction, cannot be applied to evalua
the core contribution to theN(pz) densities.8

IV. CONCLUSIONS

In summary, we have shown that the nonlocale-p inter-
action effects play essential role in the calculations of
e-p momentum densities and enhancement factors
d-electron metals, especially for momenta close to the
boundary and in the umklapp region. In simple metals,
o,
.

d
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ev
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momenta inside the central Fermi surface, the nonlocality
the e-p correlations is not of much importance for the po
tron annihilation characteristics, but the state dependenc
the e-p correlation functions is important both in these sy
tems and in transition metals.

In transition metals thedeenhancementof r(p), predicted
by experiment,1,31 is observed in the umklapp region, whil
in simple metals thee-p momentum density isoveren-
hanced. In transition metals this effect is moderated with
the local theories but is strongly enhanced by the nonloca
of the e-p interaction. In simple metals the state-depend
approach of WDA reduces theoverenhancementeffects in
comparison with the local quantities, while the sta
independent approach of GGA seems to increase theoveren-
hancementwith respect to the LDA-CEF result.

Finally, we have shown that thee-p enhancement factor
strongly depend on the underlying electronic structure an
particular the dispersion of the energy bands and the cha
ter of the wave functions. The results of the present w
indicate that comparison of the ACAR spectra with Compt
profiles could provide some information on thed character in
the electron wave function and resulting EMD. These effe
are most pronounced in the high-momentum region, and
would therefore wish to encourage more experimental w
in this region of momentum space. This should be feas
with the latest positron annihilation technology and wou
open up new avenues of obtaining from positron annihilat
experiments much more information about the electro
structure than just the Fermi surface breaks.
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