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Sensitivity of electron and electron-positron momentum densities to various electron
and positron crystal potentials

H. Sormann
Institut fir Theoretische Physik, Technische Univeltsttaaz, Petersgasse 16, A-8010 Graz, Austria

M. Sob
Institute of Physics of Materials, Academy of Sciences of the Czech Repidhimyaz22, CZ-616 62 Brno, Czech Republic
(Received 12 July 2000; revised manuscript received 13 February 2001; published 28 June 2001

This paper presents a comprehensive survey of the influence of various crystal potentials used for the
calculation of electron and positron Bloch states on electron and electron-positron momentum densities. Our
investigation deals with alkali metals and the complete seriespfahd 3 metals, and it covers the behavior
of both valence and core electrons as well as the central momentum region and some umklapp regions. The
main results of this paper are the followir@: The sensitivity of the electron-positron momentum density with
respect to various crystal potentials is significantly higher fop dnd 3 metals than for alkali metal$ii) For
all metals of the 8 series, the electron-positron momentum densities are generally more sensitive to the
potentials than the corresponding electron momentum densities. Possible complications regarding the compari-
son of theoretical and experimental electron-positron momentum profiles, and means for extracting information
on electron-positron interaction, are also discussed.
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[. INTRODUCTION able comparison of theoretical and experimental results. For

example, in order to test various approaches for a theoretical

This paper reports on a consequent continuation of ouflescription of electron-positron enhancement factors, and
previous work regarding the sensitivity of theoretically ob- Other differences, caused, e.g., by various approximations of
tained electron momentum densiti€EMD) and electron- the exchange-correlation part of the potentials etc., there may

positron momentum densitig®DAP) with respect to the be_ sources of similar u_n_certainti_es in the theoretically ok_)-
crystal potentials which are used for the calculation of theta'm?d momentum densities. During the_ last years, such in-
electron and positron Bloch wave functioh. vestigations have bec_ome even more important due to the

In the present work, we continue and extend these calof SEORRST B BT S BREREE 20T e e donsr
lations in the following directiond(i) we investigate the sen-

sitivity behavior of EMD and MDAP-IPMi.e.. within the ties based on two-dimensional angular correlation of positron

) X . annihiliation radiationfACAR) projections’
independent particle moddPM)] for the complete series of 1o haner is organized as follows: In Sec. I, we present a

4sp and I metals|the metals with atomic numbers 18)  gport review of the basic formulas of EMD and MDAP-IPM,
to 30(Zn)]. (i) Our calculations do not deal only with the g gefine the principal quantities for the present investiga-
valence part of the momentum densities as in Refs. 1 and %o, section Il contains the main results of our work,
but also include the contribution ¢t least the energetically amely, a presentation and discussion of the differences be-
highes core statein order to present a complete overview yyeenthe three particular electron and positron crystal po-
on the effects to be studied, our previous results on alkalientials ysed for this studgBec. il A) and of the correspond-
metald? and results of other studiéare also included into ing sensitivities of the EMD and MDARSec. 11l B). In Sec.
the discussion (i) We present results regarding the calcu-yy ‘it s jllustrated by several examples how these potential-
lation of the MDAP beyond the IPM, i.e., including electron- .5 ;sed uncertainties of the momentum densities may
positron correlations. , , “mask” differences of MDAP profiles due to various theo-
As described in detail in Sec. Il of this paper, our inves- etica| approaches to the electron-positron enhancement ef-

tigation into the sensitivity of EMD and MDAP profiles in foct  section V contains the conclusions of our investiga-
metals is based on the use of three different electron an

positron crystal potentials, namely, on the Mattheiss
potential§ and on two particular self-consistent potentials, Il. BASIC RELATIONS AND DEFINITIONS

one of them including the local-density approximation of the . ) )

exchange-correlation potential based on the work of Ceper- The basic expressions of this study are the well-known
ley and Alder® and another one including only Slater's ex- formulas for the EMD,

change potential. It should be emphasized that it is not the

purpose of this paper to decide if one of these potentials is pe(P)=2>, f(n,k)d(p—k—K)

“better” than the others. The main aspect which we want to nk
demonstrate is that even small differences between the po-

tentials may lead to considerable changes in the EMD and %
MDAP results. This may complicate or even prevent a reli-

2

if g3 —i 1
o rexp(—ip-r)¢n(r)| D
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and for the MDAP—IPM, VY : Self-consistent muffin-tin potentials, where only the
exchange part of the electron-electron interaction according
to Slater’s formula is taken into account, and correlation ef-
=2, f(n,k)d(p—k—K ¥
preu(P) %:’ (n.k)o(p ) fects are completely neglected. The positron potenVﬁYQ,
5 VA and V(Y have been obtained by taking the corre-

% f d3r exp(—ip-r) (). (r)| , (2) sponding electron potentials without the exchange-
Q

correlation terms, and by using the opposite sign compared

. ‘to that for the electrons.

wherefip represents the electron or the electron-positron pair Here we would like to stress that we have chosen these

g‘.omegt“”."t; r.espfecnv.ely,f anﬂ(n,lk) denotes t?% Fgrmg three potentials asxamplegto investigate the influence of
Irac distribution function for an electron state of band Index, 4 jos approximations to crystal potentials frequently used

n and (reduced BIO.Ch vectork. The funCtionS¢“k and ¢, in EMD and MDAP calculations, for example employing
are the wave functions of an electron in the state) and of ~ 5j5 electron exchange-correlation potentials or, for the
a thermalized positron, both normalized to unity in the vol-pogiron crystal potential, the inclusion of an electron-
ume of the Wigner-Seitz cell). K denotes a reciprocal- ,gitron correlation ternneglected in the present investiga-
Iattlce_vector such thap'—K lies in the first Brillouin ZONe.  tion). In this paper, we compare the following pairs of po-
Equations(1) and (2) give the EMD and MDAPper spin_ invials: (CAS) represents the comparison of two self-
direction, i.e., without a factor 2 for the spin degeneracy. The,ngistent potentials with different choices of the exchange-
quantity p is normalized such that correlation(xc) part of the crystal potential of the electron.
(M, S) represents the comparison of potentials including the
20Q) 2 J d*%k pu(k+G)=1 same approximation of the xc pdriamely, simply Slater's
(2m)3N G Jez Pe ' exchangg but without or including self-consistency. Conse-
quently, the comparison of (CA) represents the combined
whereG is a reciprocal-lattice vector, aidimeans the num- influence of these two effects.
ber of core and valence electrons per atom taken into ac- In order to characterize the sensitivity of the EMD and
count. In Secs. Il and Ill, we deal exclusively with electron- MDAP with respect to various crystal potentials, we may
positron momentum densitiesvithin the independent- define therelative deviation in the potentidly
particle model Therefore, in these sections, we write simply
MDAP for MDAP-IPM.

The electron and positron wave functions,(r) and f d3r |V (r) =V
. (r) are solutions of the one-particle ScHiager-like AV @B = @
equations t ’

[ arvin
Q

2

[ A
—=—A+V(r ry=kE r
| 2m el )} Y1) =Enic (1) wheret stands fore or p (electron or positron and («,B)

means the potentials to be compared. Since all crystal poten-

and tials employed here are of the muffin-tin type, they are
52 spherically symmetric inside the muffin-titMT) spheres
— o= A+ V() | (N=E. ¢.(1), with radiusry,t and constant in the interstitial regid,;.
| 2m As the potential is determined up to an additive constant, we

may shift it such that its constant value b, is equal to
Lero. However, if we compare two muffin-tin potentials,
fheir shapes may be quite different and their average values
in the interstitial space do not have to be the same. In addi-
tion to this, there is no absolute scale for the crystal
potentialst! so that we do not knova priori how to adjust

the compared potentials with respect to each other. There-
fore, we better define the quantityV, as a function of the

respectively, wheré&/(r) andV,(r) are the corresponding

electron and positron crystal potentials. For the present p
per, the following three electron crystal potentials have bee
used.

VM) - Non-self-consistent muffin-tin potentials based on
Mattheiss’ construction scheréd,e., on a superposition of
atomic electron densities. For alband metals investigated
in the present study, the atomic configuratiaii'3! 4s* has
been used, as it turned out that this configuration yields thgarametem,
band structures closer to the self-consistent gees Refs. 8
and 9. The exchange part of the potentials has been approxi- ~ AV{*#)(7)
mategIAaccording to Slater’s formula. o

VEY: self-consistent muffin-tin potentials, obtained by 47Tf dr r2VE (1) = V() + 5l + Qoud 7]
the conventional nonrelativistic augmented-plane-wave 0
method. For the exchange-correlation part of the potentials, Mt
we used a local-density approximation based on correlation 47TJ drr2Vi(r)|
energy calculations by Ceperley and ARIéEA) in the pa- 0
rametrized form of Vosket al*° (3)
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where » means the difference between the constant parts of TABLE I. Basic information on the metals investigated in this
the two potentials within(),,,. We choosey that AV, be-  paper.Zis the atomic number, aralis the lattice constant in a.u.
comes a minimum; such a comparison seems to be more

appropriate than just to set the averages of both potentials in z structure a
the interstitial space to the same value, i.e, to pet0 in |, 3 bee 6.597
Eq. (3). Therefore, all values oAV, used in this work are K 19 bee 9882
based on this method. Cs 55 bee 11.423
The relative deviation in the momentum densitissde- i
fined by K 19 bcc 9.882
Ca 20 fcc 10.56
d3k| (@) B Sc 21 fcc@ 8.772
pi(k+Gj) = pi” (k+G)) Ti 22 fec? 7.812
Ap{§P= . @ v 23 bec 5.7145
fd3k p{(k+G)) Cr 24 bce 5.4519
Mn 25 fcc 6.909
wherep; , for i =e or wherei is the IPM, is given by Eq1) ~ 7© 26 bee 54169
Co 27 fcc? 6.686

or (2), (a,B) has the same meaning as in Eg), and the

integration ink space goes over the first BZ. The secondNi 28 fec 6.6590
subscriptj takes the values 0 du, indicating whether the CU 29 fc‘; 6.8308
calculation ofA p is performed within the central momentum Zn 30 fec 7.43

region [ Go=(000)] or within one of the nearest umklapp
regions[ Gy=(110) for bcc metals an&;=(111) for fcc
metald.

The main purpose of our work is to investigate how thethese electron potentials are much more sensitive to the
quantitiesp.(p) (EMD) andp;pm(p) (MDAP) are influenced — choice of the xc potential than to the self-consistency pro-
by changes in the electron potentisl,. Therefore, the C€SS.

aDenotes a hcp metal which is treated as a fcc metal.

proper basis for all further discussions are the ratios However, for the 8 metals investigated, the situation is
considerably more complicated. We observe that the values
Apo/AV, and Appy/AV (5) of AV, are generally smaller than for the alkali metpds-
e e e

pecially for (CAM) and (CAS)], an effect which is obvi-
ously caused by the appearance of thelectrons. Apart

defined by the Eqg3) and(4), which d ibe th ’ . 4 P
efined by the Eqd3) and (4), which describe the response from this fact, two different domains can be distinguished: at

of p. andppy to aunit changein the electron potential. We
call these quantities theensitivitiesof the EMD and MDAP
with respect toV,. 0.15———— —— ——

0.1 T
Ill. RESULTS AND DISCUSSION =®

In this section, we discuss the deviatiah¥, andAV/, in “0.08}
the crystal potentials according to E®) and the sensitivity
of the momentum densities according to Eg). All inves- 0
tigations presented in this paper have been performed for Li.
K, and Cs as representatives of the alkali metals, and for the .15
metals of the 4p and 3 group with atomic numbers from
19 (potassium to 30 (zinc). Most of these metals have the 01t
body-centered-cubi¢bco or the face-centered cubidcc) >
crystal structure; Sc, Ti, Co, and Zn, with their hexagonal <]0.05—
close-packedhcp) structure, are also treated as fcc metals
with the same atomic volume as in the hcp case. Some basi ob——
guantities of the metals investigated in our work are given in L K Cs KCa
Table I.

Ti Cr Fe N Zn
FIG. 1. Relative deviations df) electron andb) positron crys-

tal potentials for alkali metald.i, K, Cs), calcium, and the series of
A. Deviations in the crystal potential metals from scandium to zinc. The valuesspin Eq. (3) are chosen

. . such that the deviations are minimum—see the discussion in the
Our results ofAV, [Fig. I(@)] andAV,, [Fig. Ub)] show  oyi For clarity of the figure, only every second name of the series

an interesting behavior. To start the discussion With, for -5, 56, Ti— V— Cr— Mn— Fe— Co— Ni— Cu— Zn is indicated
the alkali metals investigated, these values lie approximatelyiong the horizontal axis. Solid lines with circles: comparison of

between 0.038 and 0.047 farvV{™*") and AV{A9, and potentials CA,M); dashed lines with squares: comparison of po-
between 0.007 and 0.014 fmkVéM’S), which means that tentials CA,S); solid lines: comparison of potential$/(S).
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the beginning(Sc, Ti) and the end of the @ region except
for Zn (Co, Ni, Cu, the values of botA V{¢*® andA VM-S
are quite similar, which shows that, for these metals, the
effects of the choice of the xc potential and of self-
consistency are of the same importance. As concerns th 45|
region between V and Fe, the dominant influence come:
from self-consistency. Another interesting feature of the
whole region of @ metals(again, with the exception of Zn =
is that the two deficiencies of the Mattheiss potentials, com-__10r
ing from their non-self-consistency and the neglect of the %‘"
correlation potential, partly compensate, resulting in a sur-
prising similarity of the potentialy’“® andVv(™ .

This behavior ofAV, could mislead us into the obvious
conclusion that, in accordance with Mattheiss’ procedure for
calculating the electron and positron crystal potential, this

20—

construction method is the more reliable the greater the num 0 cz:ﬂ/a - A S
ber of relatively tightly bound electronsd{electron$ in- Li K G KCa Ti Cr Fe Ni Zn
cluded in the calculation.

However, as we learn from our results farv, [Fig. FIG. 2. Valencesensitivities (A peo/AVe)'? in the central mo-

1(b)], this argumentation is too simple. While the values ofmentum region for the EMD in alkali metalsi, K, Cs), calcium,
AV, and AV, are similar for the alkali metals, they behave and the series of metals from scandium to zinc. The meaning of the
completely differently for thed-band metals. This effect is three curves and the notation of the horizontal axis is the same as in
not only quantitative(generally, allAV, are significantly ~ Fig. 1.

larger than the corresponding values\df,), but even quali- L o

tative, as we can see from the reversed order of the curve§0re) sensitivities, and the values dfp; ;/AV, which in-

for AV(CAM) and AVM-S) in the electron and positron case. cludeall electrons re_presem thqtal sensitivities. o

To be able to explain this different behavior, we performed Let us start the discussion with the v.ale_nce sensitivity of
detailed investigations where we separately calculated th&'® EMD for the central momentum regidhig. 2). For the
deviations of both the Hartree part and the xc part of thetlkali metals and for all cases investigat¢dCA,M),
electron potentials. It turns out that both deviations are—(CA,S), and M,S)], one observes small values for this
especially ford-band metals—of similar magnitude but dif- duantity, with the tendency to increase with increasing
ferent sign, and the resulting compensation effect is resporatomic number: for exampleApSG"/A V)" amounts to
sible for the observed small values®d¥,. However, for the 0.463 for lithium, 0.519 for potassium, and 1.036 for cae-
positron potentials, such a compensation is no more effectivéium, in agreement with our previously published results of
due to the nonexistence of exchange dat least in our Ref. 1.

approximation correlation terms, which consequently leads Generally, for the @8 metals, the valence sensitivities are
to the large values ofV, shown in Fig. 1b). significantly higher than for the alkali metals, and, apart from
this, a detailed interpretation of the sensitivity curves is more
N complicated. In order to discuss these results properly, it is
B. Sensitivities of the EMD and MDAP necessary to remember that—in contrast to the alkali
We are now going to discuss the sensitivities of the EMDmetals—more than one valence band contributes to the mo-
and MDAP with respect to the changes in the electron pomentum density. If we separately investigate the EMD val-
tential AV, . These quantitiefdefined by Eq(5)] have been ues of thefirst (energetically lowestvalence band and the
calculated both for the central momentum regip@®  highervalence bands, we learn that the individual contribu-
=(000)] and for the nearest umklapp regions centeredions to Ap, are quantitatively similar and of the opposite
around the reciprocal-lattice vectdes=(110) for bcc metals  sign. For these reasons, we should expect a cancellation of
andG=(111) for fcc metals. In all EMD and MDAP calcu- the potential-caused deviations for thest and thehigher
lations performed for this paper, we took into account thebands resulting in small sensitivities of the EMD for the
(occupied valence states and tlienergetically highest core  whole d-band region. However, this expectation is not ful-
states of the electrons. To be specific, we considesedtg,  filed by the results for £p{G 9/AV)@  and
and 6 valence bands for Li, K, and Cs, respectively, the 4 (Ap%«S)/Ave)va' shown in Fig. 2. Conversely, we observe a
band for Ca, and thecBand 4s bands for the series of metals monotonous increase of these quantities from K over Ca and
from Sc to Zn. What concerns the core states included intall 3d metals up to nickel where remarkable values of 15 and
our study, we took the d state for Li, the 3 and 3 states more are reached, indicating that the EMD of tiik rBetals
for K, and the § and 5 states for Cs. For all metals from is very sensitively influenced both by the xc part of the crys-
Ca to Zn, the 8 and 3 core states have been taken intotal potential and by the fact of whether the potential is self-
account. Here and henceforth in this paper, we use the fokonsistent or not. The reason for this increase is thafitsie
lowing terminology: the values akp; ;/AV, which include  valence band is always completely occupied whereas—for
only the valence (core) electrons are called thegalence most of the @8 metals—some of the higher bands intersect
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Li K Cs KCa Ti Cr Fe N Zn Li K Cs KCa Ti Cr Fe N 2Zn
FIG. 3. Core sensitivities QA pgo/AV,)®" in the central mo- FIG. 4. Total sensitivities Q peo/AVe)@ in the central mo-

mentum region for the EMD in alkali metalki, K, Cs), calcium,  mentum region for the EMD in alkali meta(i, K, Cs), calcium,

and the series of metals from scandium to zinc. The meaning of thand the series of metals from scandium to zinc. The meaning of the
three curves and the notation of the horizontal axis is the same as three curves and the notation of the horizontal axis is the same as in
Fig. 1. Fig. 1.

the Fermi level and are therefore only partially occupied.
Consequently, the cancellation effect mentioned abowe-is
completefor all metals from Sc to Ni; only for the last two

contribution is very small foG=(000). Therefore, the val-
ues of the total and the valence sensitivity are quite similar.
However, for the 8 metals, the role of the core electrons is

metals investigated, copper and zinc, with their filled 3 ) ) S )

shells, this compensation effectrigarly (Cu) or completely more important, Wh'CQt;Fads to a significant reduV(;tllon Qf the
(Zn) perfect, which explains the abrupt decrease of the Sen\{alues. of (Apeio./AVE) compared t0 4 peo/AVe) Th|s
sitivity curves in Fig. 2 for these metals. effect is especially pronounced for the (QW) sensitivities

Until now, we have not discussed the curve for (GA in the region from Sc to Fe, where the values of the total
in Fig. 2 with its relatively complicated shape. At first, e Sensitivity are by a factor of 2-3 smaller than those of the

. L.~ valence sensitivity.
?obrS((aCr:V: m?t’isfosrrsglirmtit:rlf ff;?TCi;)toal::j, t(r':/le ;;3 n_srlrt:i\;lty The valence sensitivities of the EMD within the nearest

L : klapp region are presented in Fig. 5. Compared to the
indicates a further compensation process, namely, betwe dbrresponding results faB— (000), one observes a consid-

the effects of different xc-potentials and of self-consistency.
Another strange feature of this curve is the decrease of
(Ape/AV)(CAM) for Mn— Fe— Co, followed by a steep in- 20—+
crease to Ni. As a result of numerous calculations, we ob-
tained that this behavior is due to a change of the sign of the
differences betweep™™ andp{™: p{cN < pM for all met-
als before Co, ang{“”>pM for all metals after Co, lead-
ing to the very small value o&0.97 for the sensitivity for
this metal. =®
It is interesting that the core sensitivities for the alkali <441
metals in the central momentum regi@ffig. 3) are signifi- 2
cantly higher(roughly by a factor of 4-7than the corre- <
sponding valence sensitivities. The opposite is true for the
3d metals where £p o/ AVe) ™ is generally smaller than 5r
(Apeo/AVe) Y. This is especially significant in theM,S)
case which reflects the well-known fact that the core contri-
bution to the EMD is only weakly dependent on the fact if
the crystal potential is self-consistent or not. 0 i K Cs KCGa Ti ©C Fe N zn
The total sensitivities in the central momentum region
(Fig. 4) are qualitatively similar to the corresponding valence F|G. 5. Valencesensitivities Bpeyu/AVe)*@ in the nearest um-
sensitivities. Quantitatively, the influence of the core eleckiapp momentum region for the EMD in alkali metdls, K, Cs),
trons on (A\pe o/ AV,)*?is, of course, dependent on the fact calcium, and the series of metals from scandium to zinc. The mean-
how much the core electrons contribute to the total electroiing of the three curves and the notation of the horizontal axis is the
momentum density. For the alkali metals and calcium, thissame as in Fig. 1.

151
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0 / , , ’ . . ' | | | . ) ) ) 0 ﬁ; % T, S i v— L L L L L L
Li K Cs KCa Ti Cr Fe N Zn Li K Cs KCa Ti Cr Fe N Zn
FIG. 6. Total sensitivities A pe,, /AV,)"°® in the nearest um- FIG. 7. Valencesensitivities A pipvo/AVe)*@ in the central

klapp momentum region for the EMD in alkali metdls, K, Cs), ~ momentum region for the MDAP-IPM in alkali metalsi, K, Cs),
calcium, and the series of metals from scandium to zinc. The mearalcium, and the series of metals from scandium to zinc. The mean-
ing of the three curves and the notation of the horizontal axis is thénd of the three curves and the notation of the horizontal axis is the
same as in Fig. 1. same as in Fig. 1.

erable increase of this quantity for the alkali metals and calsensitivity, both qualitatively and quantitatively. For ex-
cium (a result discussed in detail in Ref), whereas the ample, in the case of nickel, the values of the total sensitivity
sensitivities of thed-band metals are roughly of the same for (CA,S) and (M,S) are only reduced by 7.9% and 5.9%,
magnitude. What concerns the core sensitivity, our resultgespectively, compared to the valence sensitivity. For the
for G=(110) andG=(111) are significantlyby a factor of EMD, the corresponding numbers are 24.6% and 29.6%. An-
1.5-2 smaller than their counterparts f@&r=(000). On the other striking example for the small influence of the core
other hand, the contribution of the core electrons to the EMDelectrons on the sensitivity of the MDAP is the behavior of
in the umklapp region is significantly more important than invanadium, chromium, and manganese: the corresponding
the central momentum region. This leads to a strong reducalues of A p{Sad"/AVe)? and (Ap{SHIN/AV,) Y agree
tion of the total sensitivity(Fig. 6) compared to the valence within 1-5%, whereas, in the case of the EMD, one ob-
sensitivity (Fig. 5) for all metals investigated. serves differences of 46—54%. From the point of view of

We are now going to study how the inclusion of a posi-positron physics, the most importafaind unpleasantonse-
tron changes the results discussed above. For this purpose, in

Figs. 7—-10, we present some of our results regarding valence
and total sensitivities of the MDAP to the electron crystal 20—"—"7-——+—"+——"——+————————
potential.

The influence of the positron on the valence sensitivity in
the central momentum region can be discussed by comparir
the MDAP resultgFig. 7) with the corresponding EMD val- 157
ues(Fig. 2): for the alkali metals, one observes a significant
decrease of this quantitia result which we have already >°
arrived at in Ref. 1 For thed-band metals, however, this =
influence is smaller and by no means uniform, i.e., it change éO‘
from a moderatalecreasein the (CAM) case to a small
increasefor (CA,S). We are not able to explain this behav-
ior in detail; all we can say is that theg¢emall changes of 5l
the sensitivity values depend on the shape of the positro
wave function for the individual metals.

A general effect due to the positron is the well-known 8
decrease of the core contribution to the MDAI®@mpared to o= e
the EMD), caused by the small annihilation probability of Li K Cs KCa Ti Cr Fe Ni Zn
the positron with the core electrons. The reduced influence of F|G. 8. Total sensitivities @ ppy o/ AVe)'®@ in the central mo-
these electrons is impressingly documented in Figs. 7 and $entum region for the MDAP-IPM in alkali metaldi, K, Cs),
unlike the situation for the EMD, the core electrons hardlycalcium, and the series of metals from scandium to zinc. The mean-
contribute to the electron-positron momentum density, leading of the three curves and the notation of the horizontal axis is the
ing to rather similar curves for the valence and the totalsame as in Fig. 1.

o
<
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sensitivities, but this effect is not as strong as in the EMD
case.

20— 77 7T T

IV. POTENTIAL EFFECTS IN CORRELATED
15} ] MDAP PROFILES

As we already emphasized in the Sec. I, one of the main
goals of this investigation is to demonstrate that the strong
sensitivities of electron-positron momentum densities due to
uncertainties of the crystal potentidksspecially ford-band
metalg may deteriorate the chance of a precise comparison
between theoretical and experimental momentum profiles in
order to assess the quality of various enhancement theories.
As an illustration of this aspect, we finally present some
theoretical electron-positron momentum density profiles

where the effect of the Coulombic interaction between the
05"k s KcCa T o Fe N zn annihilating particles is approximately described by the in-
sertion of alocal electron-positron pair correlation function
Jep into the MDAP-IPM formula[Eq. (2)] leading to the
well-known local-density approactiMDAP-LDA)

FIG. 9. Valencesensitivities A ppy y/AVe) '@ in the nearest
umklapp momentum region for the MDAP-IPM in alkali metéls,
K, Cs), calcium, and the series of metals from scandium to zinc.
The meaning of the three curves and the notation of the horizontal , . (p)= 2 f(n,k)8(p—k—K) L}d?’r exp(—ip-r)

axis is the same as in Fig. 1. nk

2
quence of this situation is that, for trieband metals, the XNGed 1 NK) k() s (1)] (6)
sensitivity of the MDAP to crystal potentials is in most cases

significantly higher than for the EMD.

According to the proposal of Daniuk and co-work&rs?
Finally, if we compare the valence sensitivity of the g prop Gep

. X X ; , can be taken from the enhancement theory of thermalized
MDAP in umklapp regiongFig. 9) with the corresponding sitrons within a homogeneous electron gz, e.g., Refs.
values of the total sensitivityFig. 10, we observe the fol- 3, 214 15, namely

lowing two effects: on the one hand, the core contribution to

the momentum density is large in .the high—momentum re- el 13NK) = €nonl Is(1); Xni] (7)
gion. On the other hand, the reduction of this core influence oy

due to the positron is also quite efficient. Consequently, thaVith r{(r)=[4mn(r)/3]" > andn(r) as the totalocal den-

: PO . : - “18
total sensitivities are smaller than the corresponding valencgity of the electron gas. Following the ideas aft&**and,
independently, of Mijnarends and Singflithe quantityy

which describes the momentum-dependence of the enhance-
20— T — ment factor can be considered an energy- and state-
dependent function. However, despite the impressing success
of the LDA, the physically most convincing form of,, is
not clear. One of the first proposals for this quantisge,

15¢ 1 e.g., Refs. 12, 13, 20 and 21, and discussions thereaus
>° )(nk(r)z\/[Enk_ve(r)]/[EF_Ve(r)] (8
<
~J0 § for E,— Ve(r)=<0 and zero otherwise, whegecontains the
= local kinetic energy of the electrons. In Ref. 3, the form
<
V(Enk—Eo)/(Ef—Eq) En—Eo=0
5¢ Xnk= ) E. _E<0 9
_.-B8 nk 0
= is proposed, withE, as the bottom energy of the electron
0 conduction bands anf; as the Fermi energy. The values of

i K GCs KcCa Ti_ Cr Fe Ni zn Xnk according to Eqs(8) and(9) differ considerably for the
valence electrons and are quite similaamely, small or
FIG. 10. Total sensitivities Qppy.y/AVe) @ in the nearest zero for the core electrons.

umklapp momentum region for the MDAP-IPM in alkali metéls, Let us assume now that we want to compare the calcu-
K, C9), calcium, and the series of metals from scandium to zinclated positron annihilation profiles with experimental data to

The meaning of the three curves and the notation of the horizontgget out which of the two approaches fgi is the more
axis is the same as in Fig. 1. appropriate one. In this case, we face the problem that the
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FIG. 11. Electron-positron momentum densitigsa(p), EQ. FIG. 13. Electron-positron momentum densitigs,,(p) [EQ.
(6), in calcium along thé100] direction in momentum space. The (6)]in vanadium along thELOOQ] direction in momentum space. The
enhancement effect is described by the local-density approximatioanhancement effect is described by the local-density approximation
(see Sec. IY. All curves are normalized to 1 at zero momentum. (see Sec. IY. All curves are normalized to 1 at zero momentum.
Solid line: CA electron and positron crystal potentials; local-densityThe meaning of the four curves is the same as in Fig. 11.
approximation according to Eq9). Dashed line: CA potentials;

Iocal-den_sity approxima_tion accor_ding_ to H§). Da_tsh-dotted line: types of curves which are based on E(. and (7) with

M potentials; local-density approximation according to 8. Full  jjiferent electron and positron crystal potentials and on dif-
line with dots: S potentials; local-density approximation according ferent theoretical approaches to the enhancerfaording

to Eq. (9). to Eq. (8) or (9)].

o ) o Our results for calcium, scandium, and vanadi(fgs.
effects of (i) different theoretical approximations for the 11_13 clearly show that the difference of the MDAP-LDA
electron-positron enhancement, afiid uncertainties of the = ¢yrves with respect to different theoretical approaches for the
theoretlca_l results due to different electron and POSItron CrySg|ectron-positron pair-correlation function is significantly
tal potentials are often of the same order, which makes @maller than the difference due to different crystal potentials.
reliable analysis of differences between theory and experiag concerns the results for copp@ig. 14), one observes a
ment problematic. This is demonstrated in Figs. 11-14gjmjlar behavior for values of MDAP-LDA below the Fermi
where we show LDA-enhanced electron-positron momentumnomentum in the first BZ. Above the Fermi momentum and
densities for Ca, Sc, V, and Cu. All these figures contain foul, the umklapp region, the difference between the momen-

1.2 . : :
1.4
1 12
0.8 1
<C <€
9 9
d 0.6 08
2 :
S Sos6
0.4
0.4
0.2 0.2
1 1 0 1 !
% 0.5 1 15 0 0.5 1 15

' pinunits2r/a p in units 2n/a

FIG. 12. Electron-positron momentum densitigsa(p) [EQ. FIG. 14. Electron-positron momentum densitigsa(p) [EQ.
(6)], in scandium along th¢100] direction in momentum space. (6)] in copper along th¢100] direction in momentum space. The
The enhancement effect is described by the local-density approxenhancement effect is described by the local-density approximation
mation (see Sec. Y. All curves are normalized to 1 at zero mo- (see Sec. Y. All curves are normalized to 1 at zero momentum.
mentum. The meaning of the four curves is the same as in Fig. 1IThe meaning of the four curves is the same as in Fig. 11.
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tum densities belonging to Eg&8) and (9) for the electron- more efficient in the umklapp regions than in the central
positron interaction is very small, and does not allow anymomentum region. Additionally, it is well known that the
critical examination of these two theoretical approaches. inclusion of the positron weakens the influence of the core
electrons on the momentum density. This has the important
consequence that the sensitivity of the MDAP is frequently
larger than the corresponding sensitivity of the EMD, a state-

The main topic of this paper is the sensitivity of the elec- S : .
tron and the electron-positron momentum density in alkali"ent which is valid both for the central momentum region

metals and in 4p and 3 metals with respect to various and__f[he Umkl_app regions. L
electron and positron crystal potentials. As the results and_ (i) Quantitatively, the highest values of the sensitivity
discussions presented in the previous sections have showpPServed in our investigations appear fat Sietals in the
this sensitivity is a rather complicated quantity which is notfirst Brillouin zone if the crystal potentials differ by their
only different from metal to metal but is also strongly depen-€Xxchange-correlation term. In this case, the total sensitivity
dent on the momentum and on the special properties of thamounts to 4.4 for scandium, 7.8 for chromium, and even
potentials to be used. Nevertheless, some principal statd®6.0 for nickel, remarkable values when compared to those
ments can be formulated: for the alkali metalg0.2 for lithium up to 1.1 for cesiuin

(i) In general, the EMD and MDAP in thedBmetals are (iv) Such a strong sensitivity of theoretically obtained
significantly more sensitive to changes of the crystal potenMDAP in metals with respect to various approximations of
tials than the corresponding momentum densities in simplé¢he crystal potential, especially in transition metals, may
metals such as alkali metals, calcium, etc. have far-reaching consequences. In fact, we can conclude

(i) In many cases investigated, especially for tdenet-  from our results, in particular from those presented in Figs.
als, the values of the sensitivities are significantly smaller forl1-14, that a high sensitivity of the MDAP to the details of
the core electrons than for the valence electrons. Thereforeyystal potentials makes it very difficult or even impossible
the sensitivities of the total momentum densities are reducetb use a comparison between theoretical and experimental
by the influence of the core electrons. Of course, this effect isnomentum densities as a criterion to decide which electron-
the more important the more the core electrons contribute tpositron interaction theory is better. This is not very good
the total momentum density, and it is, therefore, generallynews for theorists working in this field.

V. CONCLUSIONS
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