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 Abstract. Momentum densities of annihilating electron—positron pairs, positron lifetimes, work
functions and binding energies as well as electron—positron enhancement factors at the surfaces

. of simple metals and cadmium are studied. The effect of electron—positron comelations on the
surface-state positron annihilation characteristics is set out. '

1. Introduction -

Studies of slow positron interactions with ‘metal surfaces (for reviews, see e.g. [1]-141)
opened a new channel in investigations of the electronic structure of solids by positron
anpihilation. In particular, the extended- well known angular correlation of annihilation
radiation (ACAR) technique (for reviews, see e.g. [5,6]) has been successfully applied to
probing electron and positron surface states (SS) in Al ([7—10]), Cu [11], Ni [9,10,12], Pb
- 13}, Si [9,10] and graphite {14]. '

Slow-positron experiments have confirmed the presence of the positror $8 at the clean
Al [110} surface {15]; the S5 component of the measured lifetime spectrum amounts to
580 ps, i.e. about 15% more than the spin-averaged free positronium value. This result
is surprising from Vthe point of view of positron annihilation characteristics in bulk matter.
Furthermore, unlike the ACAR spectra from the Cu, Ni and Pb surfaces [9-14], which
display strong anisotropy (in agreement with theoretical expectations), the §$ components
of the two-dimensional {2D) ACAR spectra from any of three low-index surfaces of Al ((100),
(110) and (111)) are nearly isotropic and face independent [9, 10]. The question is how far
these unexpected features of the §$ annihilation characteristics in Al may be attributed to the
nearly free character of valence electrons in the bulk aluminium? A clear answer would give
the positron annihilation parameters at the surfaces of other simple metals, characterized
by nearly parabolic valence bands in the bulk. The experiment on clean surfaces of simple
metals is, however, very difficult to perform; these metals are very active and the oxidation
layer is created at the surface within 2 few minutes, changing the properties of the material
(e.g. electron and positron work functions) appreciably. Thus, if an ultra-high vacuum is
not available, the positron $S may not even be observed [16].

In theoretical studies of the lifetime and ACAR spectra of a positron n'appcd at a metal
surface, various effects should be taken into account. First, the knowledge of distributions of
individual electronic states in the host material is of vital importance, at least for the region
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where the positron is found with high probability [17]. For this reason the mixed density
approximation [18] should be abandoned in calculations of ACAR spectra at the surface, as
noted in [20]. Electron—positron correlations must be treated very carefully in the near-
surface region. If the enhancement of electron density on the positron is neglected (see
[18,19,21-23]), the ss lifetime is one order of magnitude longer than the experimental one.
The local density approach (LDA) to electron—positron correlations leads to underestimation
of the ss lifetime at the Al surface [18, 19] arid to too harrow ACAR spectra [24]. Moreover,
the expected image form of the electron—posiiton corrélation potential far outside the surface
plane is never reproduced within LDA. Application of the weighted-density approximation
(WDA) (introduced by Gunnarson et &f [25]) allows the avoidance of these deficiencies of
LDA and provides the correct theoretical value of the lifetime for a positron trapped at
the Al surface [17,26]. Finally, the shape vf the positron wave function, which depends
on both the unperturbed electron density distribution in the material and electron—positron
correlation effects, has a crucial influence on the resulting annihilation characteristics (cf
{27-29]). All the problems at issue should be treated on a broad basis in a consistent way
when the annihilation parameters for positrons trapped at the metal surface are investigated.

Simple metals seem to be most convenient for studies of the influence of various effects
on the $s annihilation characteristics. The jellium-like character of valence electrons well
inside these metals (see [30]), and therefore in the planes parallel to the surface, allows us to
evade complicated band-structure calculations at the surface, which are necessary in the case
of the d-electron metals (in both cases the core-electton contribution to the SS annihilation
charagteristics is almost negligible because the probability that the rare-gas core electrons
escape from the metal to vacuum is very low). As a consequence, one avoids possible
imperfections of the standard band-structure mmethods adapted to the surface problem, which
can occur if the fact that the periodicity conditions aré violated normal to the surface plane
is not taken exactly into account in the formalism. Moreover, in contrast to the transition
meetals, for which the correlation effects should be considered separately for d- and sp-type
electronic populations (cf [29,31, 32]), in sirple metals we are able to get rid of difficulties
connected with determining energy dependence of eleéctron—positron enhancement factors at
the surface {e.g. if the approximation developed in [17] is used).

In the present work an approach proposéd in [20] and [17] is applied to calculations of
the SS ACAR spectra, lifetimes and enhancement factors from the surfaces of Al, Cd, Mg, Li,
Na and K. Electron wave functions in the host material are determined in the way developed
by Kiejna [33]. Electron—positron comelations are ificluded to the formalism within WDA.
In the positron model the energy levels ini the bulk, following from the linear-muffin-tin
orbital (LMTO) average-spheres approximation (ASA) results of [29], are taken into account
providing positron work functions and binding energies.

3. Formalism

Thie positron partial and total annihilation rates are given by the expressions (see, e.g:
[6,34-36])

wr? S |
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and _ : _
A= f g@) dp = rrde(—i) f Gepl(rt, 7t; rt+,i_-r+) dr
=mrje ) f it mfdr o @

respectively. Here ro, c énd'SZ are the classical electron radius, velocity of light, and volume
of the sample, respectively. ;7 (r., rp) in equations (1) and (2) are the pair wave functions
'of the thermalized pesitron 4t v, and the electron in the initial state i at 7, and Gep is the
zero-temperature electron—positron Green’s function related to ylrfp (re, Tp) a5

Gep(Tet, Tt Tt +, ""1',! ) = (i) Z['ﬁp (e, Tp)i*"ﬁp (., 'r;,) &)

. foce

(for more detalls see appenchx) Summation in (1)~(3) runs over all occupied initial -
electronic states i. ' '

The slow-positfon beam technique enablés us to measure the S8 positron Tifetime
T = 1/A and 2D or 1D projections of p(p), i.e.

N(per p) =& f o(p) dp,

Nip:) = f N(px_,pz)dpx N(p.) = f N{(px, p:) dp:

where £ is a normalization constant.

It i$ apparent thai when one determines positron annihilation characteristics p(p) and
A, the knowledge of Gep(¥;”) is necessary, at least for #, = r,. This problem however has
not yet been solved for a real metallic system.

In the region of strongly varying density (at the metal surfaCe) the pair wave functions
1& P(re, rp) may be approximated in the form (for moré details see [17] and [20])

i’(r. (e, Tp) = 1,0'+(1'p)$0(1-=)[1 + Ap(reimp, @ = l)jne[('l'e)]llz 4

where 1,!:0(1'.,) dre the electron wave functions in thé host matenal (in the absence of a
_ positrah), ¥, () stands for a positron wave funcuon and

na(r) = 3 WPEE ' ®)

is the electron density in the host material. The electron—positron interaction parameter
Q in équation (4) may be understood -as the charge of a light particle embedded in’ the
many-electron system -and

Ao, T, @ =1) = Y [P (o, 7o) /19 ) — mea(re) ©

denotes the coniditional electronic sci'eeuihg charge density at r; assuming that the positron
is at 75, For any positron position #, the charge-neutrality condition

f Ap(re; vp, @) dre = Q. | 7

should be satisfied ([17] and references cited therein).
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The electron wave functions 1/:,9 (r) are usunally determined within the Hohenberg—Kohn—
Sham formalisin [37,38] as the solutions of the set of one-particle Schrijdinger equations
with an effective potential V_(r.) = Ve(re) + Vic(re), which consists of the Coulomb (V)
and electron—cicctron correlation—exchange (Vi) parts. The Coulomb potential Vi and
electron density ry generate each other, according to equation (5) and the Poisson equation.

The positron wave function is an eigenfunction of the Schridinger equation with the
potential Vi (1) = —Ve(r) + Veor(r) being the sum of the electvon Conlomb (with opposite
sign) and electron—positron correlation potentials, —V¢ and Vo, respectively (cf, e.g.
[1819,22,23,26-29,39-41]). Potential energy seen by electrons and positrons at a surface
is schematically shown in figure 1.

energy
vacuum

4 a2 4
N P
A VetrVxe

bulk Ve Mo /
.

-D H+ Ve
— ¢+ vacuum . ’

1 _E+_-T _____ _\‘ ------- —e¥4z

Ve= -\etVeorr

Figure 1. Polential energy as seen by electrons and positrons at a surface.

The correfation potential Veor(rp) should be thought of as the work done to bring the
positron to r, against the Coulomb forces between the positron and electronic polarization
cloud and is determined by the form of screening charge distribution Ap(re; 75, @). In the
calculations of the present work the approach based on the Feynman theorem is used (for
more details see {17]). The correlation potential acting on the positron located at 7, can be
expressed as

1 _
Veon(r) = = [ 40 [ 80(0ui . e =yl ®
Within the approximation (4) partial and total annihilation rates for a positron trapped at

the surface rzad as
2

_ mrgc —iper 0 . /2
p(p) = TZ [g P (P (M) + Ap(rs v, @ = 1)/na(r)] dr ®
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A =mric f W @) Paa@)l + Ap(ri v, @ = 1)/ng(r)ldr. (10

If the quasi-IPM is applied [1819,21-23], Ap(r;r, @) in equations (9} and (10) is
set equal to zero (while Vo in the positron Schrodinger equation is not constant, in
disagreement with equauon (8); internal consistency of this model is dxscussed in [17]
" and [20]).

When the present approximations (4), )] and (10) are used, the problem of determining
_positron annihilation characteristics at the surface reduces to the knowledge of electron wave
functions in the host material, wo(re) (which determine ny(r.) according to equation (5)),
the positron wave function r,.(r,) and the screenmg charge distribution Ap(r,; rp, Q),
least for re = 7, :

2. I Unperturbed electron wave funcuons at-the surface

"As shown on mathematical grounds [30], from the point of view of annihilation
characteristics p(p) inside the central Fermi sphere and A, valence electrons in the bulk
simple metals are described within the jelliusn model reasonably well, except the momenta

" close to the Brillouin zone boundary. This property should be conserved paralle! to
the surface plane. Within this model the ions are thought of as forming the positive
background charge within the metal, nin(2) = npf(—z), where @ is the unit-step function
and ng = 3/(4xr]) is the average electron density in the bulk material. The resuiting
electron and positron potentials, V_(re) and V.(7p), vary only in the direction normal to
the surface and the electron and positron wave functlons labelled by the wavevector k are
cons1dered to be of the form

vher) = s—uzexp[;(k,x+k,y)m,(z) o - an
LY () =85y (z) ' ' : (12)

where r = (x, ¥, z), the z axis is normal to the surface and § is the area of the surface
plane. The boundary conditions for ¥, (z) are ¥, (z) = sin[k,z — 8(k;)] for z — —o0,
where §(k,) is the phase shift, and yy_(o0) = 0. In this way the self-consistent solution of
the 3D Hohenberg—Kohn—Sham equations can be reduced to the solution of ‘a-1D problem.
The calculations of the electron wave functions ¥, (z) and Coulomb potentials Vc(z)
were performed for surfaces of Al(r; = 2.07), Cd(ry = 2.571), Mg(r; = 2.638), Li(r; =
3.241), Na(r; =3.931) and K(rs- = 4.862) using the modified Monnier-Perdew computer
_ ‘codes [33,42]. The electron—electron exchange—correlation potential Vi, following from

- - the self-consistent matching procedure of Serena et al [43] (see also [33]) is applied. In

this method the LDA exchange—correlation potential in the metal is rnatched at the image
plane 71, to the non-local potent:lal of the form:

Vfi“(Z)——{1—[1+b(z—z|)/4]é"b‘_’""’}/4(z—z[) : - (13)

where b = —(16/3) Vyo(z1) is determined self-consisténtly from the condition of continuity
of Vi at z;. For the electron—electron correlanon energy inside the metal we employ the
parametrized Ceperley-Alder values [44 45].

22. Electron—pasztmn correlatwn effects and the posztron wave functmn

The screening .charge distribution Ap(re; p, @) and, followmg from it, the electron—
__positron correlation potential V., (equatlon (8)) were modelled within the wDA [17, 25, 26].
The WDA is in principle an adaption of the LDA to strongly inhomogeneous systems.
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The difference betweeri the WDA and the LDA consists in replacing the displaced-charge
correlation function, 1 + Ap{Te; Tp. O}/ ner(re), by its analog in an electron gas of some
effective electron densny n*(r,), instead of na(rp) as employed within the LDA. The values
of the density n*(r,) are determiried for any positron position 7, from the charge-neutrality
condition (7), which is freated as an equation for n*(r,). The switch from 7, to n* may be
understood as inclusion of non-local correlation effects. .

In the present work Ap(re; 7p, Q) is assumed to be of the form
Ap(re, Tps g)= Qnel('re){aa[n*(rp)]/&m*(rp)}exp{—-a[n*(rp)]ire —rpl} (14)
where the Brandt-Reinheimer [46] parametrization of a(n*) is used.

When one considers the real metal surface, the difference potential dv.. (r) shouid be
added to V. (z) iri order to reproduce correctly energy levels in the bulk, which is, otherwise
poorly represented by the potential of the uniform positive background of ions. In this
work 8v,(r) is replaced by a constant value {$v.} for z € —d/2 by the linear function
—2z(8vy)/d for —d/2 < z < 0 and by zero for z > 0, where d is the interplanar distafice

averaged over the main crystallographic dlrectlons The value of {§v..} is chosen in such a
way that inside the metal

- Ve(—o0) + Vcorr(_o_o) + (5”+} = —@;

where ¢ is the positron work function.

The electron (positron) work function for a solid is defified as the minimumi energy
required to remove an €lectron (positron) from the point inside the bulk to one in the vacuum.
This includes a bulk contribution, which is the eléctron (positron) chemical potential p_
{i14.), and a surface contribution D, which is called the surface dipole barrief, (cf e.g. [1,4)),

=D —ji_ (15a)

pp=—D-p=—(s+p)—¢-=-E—¢_ (156}

rcspectwely, where & = p, + p_. For metals p. is equal to the absolute value of the
Fermi energy and u., is the lowest energy of the positrori energy band (see figure 1).

The reference level for the potential p, must be the same as that used in calculafing
i (cf. €:g. [4,39-41]). In the present work thé electron and positron chemical potentials
were obtained within LMTO AsA, following the formalism of [29]. The electron atomic
potentials were determined relativistically using the code of Libermari ef af [47] with the
local exchange—correlation potential in the Hedin-Lundgvist form. The solid-state electron
configurations of [49] and [50] (¢f columns 3 and 4 of table 1) were applied. The Coulomb
potential iri the lattice was generated by superposition of atomic €lectron densities within the
Mattheiss [51] construction scheme. In the calculations of p., the local electron—positron
correlation potential in the form parametrized in [52] was taken into account. The zero of
tlie electron Coulomb potential at the Wigner—Seitz sphere was set as the zero energy level
in both positron and electron models.

3. Results and discussion

The electron work functions ¢ in Al, Mg, Cd, Na and K, obtained in the present work
are compared with experimental data [53] in table 1 (columns 9 and 10, respectively). It
should be noted here that all our calculations of annihilation parameters at the surface are

performed twice: on the basis of the values of ¢ and ¢7F separately, and two sets of
results are presented.
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Table 1. Energy components of the positron work function ¢ The électron work functions
¢_ calculated in this work {Column 9) ate compared with experimental data [53] {column 10).
-In colurins (5)~(8) the valu€s of energy ¥ = (g4 -+ jz_) obtained {a) in the presént work, (b)
by Fletcher et al [41], (c) by Fasjam arid Schroe [40) and (d)-by Boev ef af [39] dre presented.

~Configuration S RTEV I .. (V)
Mel 7 s P @ ® @ @ - Thswok _ Exp:
Al 207 159 141 - 382 535 443 . 409 389 - 428
Cd 257 L1808 427 640 — - — - 361 C410
Mg . 264 081 1.19 623 704 . 6863 — - 35% . 366 -
Li 324 053 047. 753 848 78 — 330 2.90
Na 393. 075 - 025 760 8457 769 - 712 299 2.75

K 486 067 033 753 282 763 705 270 230

The values of energy X, necessary in studiés of the positron work function ¢, resulting
from varidiis approaches are listed in columns 5-8 of table 1. It should be fémembered
that the present calculations aiid the ones of Boev et al [39] are based on the LMTO ASA

: [50 54), wiiile Fletcher et a! [41] and Farjam and Schroe [40] take advantage of itie work of
Moruzm et.al [55]). The discrepancies between theoretical results for £, observed in table 1,
cail also be attributed to the differences in the laitice constants a used in the band-structure
¢aléulations (our values of a, which determine the electron density parameter rs: are taken
from [49, 50])-

3.70

Y, (eV)

: 0'30200 300 .- "4.00 . 500
o : rs fa.u)

- Figure 2. Positron work function as a function of #; obtained according to equanon (ISb) with
¢ as obtained in this work (full circles connected by a sofid fine) and $°° (empty squares)
compared with the theoretical results of Boev. et af [39] for Al, Na and K of Farjam and Schroe

[40] for Mg and Li (black squiates). The broken line connects jellium-like metals and the dotted
lines show how the ‘effective’ electron densny parameter in cadmium (asterisk) is detecmined,
as described in the text.

The positron work functions, calculated accoi"ding to equation (15b), are presented in
figure 2 as a function of the electron density parameter r.. The results of [39] and [40]
are quoted in figure 2 for comparison. According to our best knowledge, the experimental
values of ¢.. are available for Al low-index faces only (¢F = ~0.19 eV at the (100);
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~0.05 eV at (110); and —0.04 €V at (111) surface), while for Cd ¢} is known to be
positive (cf [1,2]).

The distribution of electronic charge screening a positron located at 7 and the electron—
positron correlation potential were modelled within the wpa, according to equations (7),
(8) and (i4). For positron positions z, well inside the metal, the values of the effective
WDA electron density n*(z,) coincide with n.(zp). When the positron is in the vacuum
(zp = 00), nalzp)/n*(zp) — 0. The screening cloud, which is spherically symmetric in
the bulk, deforms as the positron approaches the surface and is left behind at the image
plane located at z; for positron positions far in the vacuum. Asymptotic behaviour of
Veorr(2p) ~» —1/{2(zp ~ z1)] is observed and the potential well is formed in the near-surface
region. These results are difficult to obtain within the LDA.

-3.50

Es (eV)

-4.50

-5.50 X L ;
200 300 400 5.00

rs{a.ul

Figure 3. Ground-state energy eigenvalues of the positron Schrtdinger eguation as a function
of r;. The chain line connects jellium-like metals, while the dotted lines and the asterisk have
the same meaning as in figure 2.

The positron ground-state energies E.. (referenced to the vacuum level) are shown in
figure 3 as a function of the bulk electron density parameter r.. In contrast to the positron
work function, £ appears not to be sensitive to the switch from ¢=F to ¢¥ in the model.
The resulting value of binding energy (relative to the bulk) for a positron frapped at the Al
surface is in good agreement with experimental data for the AI(100) face, Eg = —3.05 eV
(1] or 2.8 eV [2].

Except for Al, the positron work functions take positive values in the metals under study
{cf figure 2 and table 1). This result could suggest positron trapping inside the metal. This
is not the case, however, because the positron energies E.. are lower than —¢4 (compare
figures 2 and 3), and the positron is localized inside the potential well at the surface. The
positron distributions at the surfaces under study are presented in figure 4.

In Al and Cd the major part of the positron distribution is found on the vacuum
side. With increasing values of ry, the peak of ¥.(z) moves to the metal and portion
of the positron wave function found in the metal side of the surface plane becomes non-
negligible. This fact is reflected in the positron lifetime at the surface, calculated according
to equation (10). In figure 5 the values of T obtained within the present formalism are
compared with experimental lifetime data in the bulk. It is apparent that with decreasing
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electron densi_ty in bulk, the S8 positron lifétime becomcs more and more bulk-like. In our

‘opinion, this result is mainly due to the shape of the positron wave function at the surface.

In Al and Cd the values of v exceed the spin-averaged free positronium value of 500 ps.
- Theoretical results for Al (580 and 590 ps for models based on ¢ and ¢, Tespectively)
are in éxcellent agreement with experimental data of Lynn'et af [15], =% = 580 ps at the .
Al(110) surface. In Cd thc lifetimes obtained w1thm the two models amount to 538 and
555 ps, respectively.

“The *“regular” shape of qb_,.(rs), E.(rs) and z(rs) is broken at Cd (compa:e solid and
broken lines in figures 2, 3 and 5). This behaviour of §$ positron annihilation parameters
in cadmium is not quite unexpected. The band structure calculation results show (see,
-e.g. [49,55]) that Cd is difficult to treat as a free-electron metal since the core d band in
cadmium lies close to the bottom of the conduction band. This feature is reflected in the

energy parameter = and, through the positron work function ¢, in £ and 7.

' On might suggest that, from the point of view of the annihilation characteristics,
cadmium could be considered as a free-electron metal if the electron density parameter
rs were teplaced by some ‘effective” value r'°Ef Recently Kontrym—Sznajd and Daniuk {56}
have made an attempt to determine #$* in a series of bulk metals. The value of: r£¥ in
a real metal was extracted from comparison of the bulk lifetime obtained within the LDA
[29] with the one following from electron gas theory, in the way schematically shown in
the lower part of figure 5 by the dotted lines and by the asterisks on the r; axis. It should

" be noted here that this procedure is highly risky, ambiguous and difficult to substantiate at

- the surface of a real metal, as shown on the example of cadmium. As seen in figures 2, 3
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Figure 5. Positron ss lifetime as a function of ry obtained within the present model using

the theoretical electron work function ¢ (upper black circles connected by a solid line) and

¢= (empty circles connected by a broken line) compared with experimental values of positron

lifetime in the bulk {lower black circles connected by a solid line). Chain and dotted lines

and asterisks bave the same meanings as in figure 2. The black and empty triangles are the

‘effective” density parameters based on ¢ (r5) (asterisk in figure 2) and E.(r:) (asterisk in
~ figure 3), respectively.

and 5 (dotted lines and asterisks as well as the triangles in figure 5), the choice of &7 is
strongly dependent on the annihilation parameter under study (¢, E. and 7, respectively).
Moreover, even in the case when only the positron lifetime is considered, the values of
the ‘effective’ electron density also differ for the bulk and surface characteristics, When
one determines annihilation parameters at the surfaces of d-electron metals, no electron
density parameter ¢ applied to the jellium model can describe properly ¢, £, and ©
simultaneously. ,

Partial annihilation rates p(p) were calculated according to equation (9) with the wDA
screening charge given by equation (14). For electron and positron wave functions in the
form (11) and (12}, the 1D projections of p(p), N(p,) and N(p,), read as [17]

N = e [ =2 dl [~ 1y @P P + P @)/ B ) (160)

—-co

kp (=] - - 2
N(p:) =, fu (k%—k%)dfcz\ f e, @1 + P In" @)/ Ban* @)1} 2 dz| (16b)

where e, and ¢, are the normalization constants, &z denotes the Fermi momentum in the
bulk and ¥ = (k& ~ p)!/2.

The 1D momentum distributions N{(p,)/N{(p. = 0) and N{(p,;}/N(p, = 0} in Al, Cd,
Mg, Li, Na and K are represented in figure 6 by broken and solid lines, respectively.
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1.00 ~ — _ . . L s - L.
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Figure 6. 1b momentum distributions N(p;) (long-dashed curves) and N{px) (solid curves)

. obtained within quasi-tem (left portions of graphs) and enhanced models (right’ portions of -

graphs). The inverted parabola, comresponding to bulk material, is denoted by the short~dashed
curves The full widths at half maximum are marked by the honzoma.l lines.

Their quasi-iPM analogs, obtained according to formulae (16) with a*[n*(z)] = 0 (i.e. for
Ap(reiry, 0) =0 but with Veor(7p) # const) are given in figure 6 for comparison. The
inverted parabola 1 — p? (which corresponds to the momentum distribution of the nearly-free
electrons in the bulk} is gwen as a dotted line. Momenta are cxpressed in units of the Fermn
momentum ke, :

It is apparent that including electron——posltron correlations causes narrowing of
theoretical ACAR spectra and decreases anisotropy with respect to quasi-independent particles
model (1PM). For Al the agreement between theory and experiment ([9, 10]) is appreciably
improved when the electron—positron correlations are taken into account in the ACAR

- formulae (16) (see also [17]). The discrepancies between theory and experiment are
pronounced for momenta close to the Fermi-momentum and higher. This is obviously
the result of neglect of lattice effects when the form (11) of the clectron wave functions at
the real metal surface is considered.

Except for K, all the spectra obtained within the enhanced model are almost isotropic,

-with the normal component slightly narrower than the parallel one. ' As the density parameter
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rs increases, the ACAR spectra become more and more bulk-like (compare differences
between the solid and dashed lines in Al and K), This feature, which is common for
the $8 momentum distributions and lifetimes (see relation between p(p) and A), should be
attributed to the fact that the probability of finding the surface positron inside the metal
increases when the positron work function becomes more and more positive.

Since quasi-IPM ACAR spectra must not be related directly to experimental ones, in the
interpretation of slow-positron annihilation data the knowledge of momentum-dependent
enhancement factors €(p) = p(p)/pTM(p) is needed. The resulting quasi-IPM ACAR
spectra are anisotropic, and therefore it seems to be more reasonable to consider two
separate parameters €(p;) = N(p,)/N™(p,) and e€(p.) = N(p:)/NTM(p,), instead
of the isotropic one, €{(|p[), often used on the case of bulk metal (for reviews see, e.g.
[30,36]). In figure 7 the parameters e(p,)/e(px = 0) and ¢(p,)/e(p, = 0) are shown by
solid and broken lines, respectively. In Al the reasonable agreement between e(p;) and
the ‘experimental’ enhancement factor, extracted from [10] is found. Since for momenta
px = kg both N(p,) and NPM(p,), obtained according to equation (16a) are equal to zero,
enhancement factors e(p;) are well-defined only for p. < k.

1.00
AY ~
\\‘ \\\
o Ay
Y A
o7afF b
\\ \
Al N [ Li \\
;2,07 ‘\\ T2 N
0.40 = > = .
\ N
Y hY
— A \
= S Y
W - \ \
~ 0.70F \\\ '
Q. i LY
> Cd \\ Na \\
52,57 N | =393 AN
040 ~ =
\ Ay
\ A
\ - N
'\\ \\
070 \ \\
Mg s - K AN
re"2.66 \\ 786 N
040 L -
0.0 10 00 1.0 Figure 7. Momentum-dependenit enhancement factors
p {units of pF] at a surface, e(p;}/e(p: = Q) (broken curves) and

€(pr}/e(pr = 0) (solid curves).

In all the metals under study, both e(p.) and e(p,) are decreasing functions of
momentun, as the enhanced ACAR spectra are narrower than the quasi-IPM ones (in the bulk
metal the enhancement factors for nearly parabolic valence bands are always increasing
functions of momentum, see e.g. [30,36]). On the other hand, the decrease of e(p) for
strongly varying electron densities {e.g. the metal surface) is in agreement with theoretical
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predictions of €(p) for localized electrons in the bulk, where the negative slope of (p) was
found for core [29,57] and d [32] electrons.

For ali the metals presented in figure 7, enhancement factors ¢(p.) exhibit a stronger
tendcncy_to decrease than e(p,). This feature may be attributed.to the following factors.

" (i) The enhanced spectra are almost isotropic with the parallel component slightly
broader than the normal one, while for any of quasx-IPM densmes the parallel component is
narrower than the perpendicular one.

(i) As shown on mathematical grounds, based on the electronic band-structure
calculations in the bulk [30, 31], the higher the degree of localization of electronic population
in a real metal, the stronger the tendency e(p) shows to decrease. Comparison of €(p,)
and ¢(p;) clearly indicates that the electron wave functions in the host material are more
strongly localized normal to the surface plane than paraliel to it. This conclusmn is well
" justified by the form (11) of yir).

" 4. Conclusions

Annihilation characteristics for positrons trapped at the surfaces of simple metals and Cd
are studied. Theoretical resuits for the positron lifetime and ACAR spectrum from the Al
. surface, obtained within the proposed approach, are found to be in fairly good agreement
with expenmental data [9, 10] and [15] in spite of the fact that the calculations are performed'
within 2 crude approximation to the electron wave functions and to the pseudopotential
. of ifons inside the metal. Inclusion of electron—positron enhancement effects appreciably
improves the agreement between theory and experiment in Al, in comparison with quasi-
®M. Unfortunately, the slow-positron experiment has not been performed on the surfaces of
other simple metals, due to technical problems [16], and practical verification of the present
theory is still required..

Positron energy and. hfetxme at the surface are found to be decreasing functmns of
the bulk density parameter r;, while the positron work function increases with ;. This
behaviour of ¢.(r;) is well justified by the fact that in nearly free electron metals, the
electron chemical potentlal in the bulk (equal to the Ferrm energy Ep) is approximately
proportional to r;

As the avcrage electron dcnsny in the bulk metal decrcases the lifetime and ACAR
spectra for a positron in the Ss become more and more bulk-like. This feature may
" be attributed to the localization of the positron potential well, determining the positron
annihilation characteristics through the positron distribution at the surface.

Electron—positron enhancement factors ‘at the surfaces of simple metals and cadmium
appear to be decreasing functions of momentum. The normal components €(p,) show a
stronger tendency to decrease than ¢(p,). This resuit indicates that the electrons are more
strongly localized normal to the.surface than parallel to it, in agreement with expectations.
It should be stressed here that the degree of localization of electrons, clearly observed in the
_enhancement factors (for more detailed discussion see [30] and [311), is difficult to deduce
from the shape of thé surface ACAR spectra. This fact might have been the reason for
the controversial conclusions drawn by other authors (cf e.g. [18, 19, 23]) that the isotropic
shape of ACAR spectra from the Al surfaces (9, 10] is in dJsagxeemcnt with delocalization
of valence electrons paraliel to the surface plane.

The surface positron parameters are found to be sensitive to the electron band structure
in the bulk. The difference between the electronic properties in bulk cadmium and free-
electron metals is reflected in the positron work function, binding energy and lifetime. This
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result leads to the conclusion, that in d-electron metals the exact electron band-structure
calculations are necessary in the interpretation of positron annihilation charactcristics at the
surface. Without doubt any ‘universal’ effective electron density parameter &%, reproducing
properly at the same time the positron work function, surface energy and lifetime as ¢ (r"ff),
E.,.(r‘"f) and r(r_‘“’) in the free-electron metals, cannot be found in the d-electron metals,
as clearly follows from fitting data for Cd to broken lines in figures 2, 3 and 5. It should
be added here that seeking the effective electron density parameters on the basis of the
total annihilation rates in real bulk metals [56] is also controversial, even for the valence
electrons in simple metals. The values of the ‘effective’ electron density parameters based
on various annihilation characteristics (e.g. A, ATM, €(p)) are usually different or impossible
to determine.
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Appendix

Let us consider the one-positron N-electron system in the ground state [0} described by the
wave function

|0} = ®ep(Tips T - - -, 7). | (AD)
The Green’s function of the system reads as
Geplret, Tots i, Tt = (—DXOIT W (ret) Vo rpt) Wi (it ] (110}
' = (=01 OV T (re) Y (rp) 10)
i
N

where T is the Wick’s operator and ¢ (1) are the annihilation (creation) operators.
Within the independent particles model (1PM) formula (3) follows directly from the
fact that @ is the product of the positron wave function and the Slater determinant of

unperturbed electron wave functlons tfro(r, ), where { are the lowest energy (occupied) states,
ie.

f dry...dry Sep(rp, 7ei T2, - s TN Pep(Ty, 74, T2y ..., TN) (A2)

(o, 1, 7Y = Pa ) (N T2 detly ) ()] (A3)
This determinant may be expanded with respect to the first column as
det[yP(r)] = Z( 1"+ y? (rl)detw“(r,)]m "= Zw, D filr2...rn). (A4
m=i .

Since ¥ are orthogonal, i.e.

(WP = & ' ‘ (A5)

(il 3 =fd‘-"z--- drnLfilrs.. . oWT fi@2 ... vn) = (N = Dlgy. - (A6)
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As a result of (A3)(A6), integration in (A2) simplifies to -
GoMret, gt 1 70T vt ) = (D2 ) (W ¥ e U YD)
= ,
which provides equation (3) with ¥ (re, rp) = Vs (rp) Y0 (re).
In the interacting system the wave function ®., may be written in the form
| Dep(Tps T1s oo s ) = Y T Pelts - ey TN Tp) SRR X))
where . : , |
¥ () = f dry ... drn|@ep(rp, 71, ooy T

and BT, TN Tp) I8 the conditional N-electron -wave function for a positron at Tp.
Similarly as in the case of IPM, we have the N -fermion function which may be written as
a Slater determinant of the conditional quasi-particle wave functions ¢;(r;; rp). Here

$ilre; 1) =V (res 1)/ ¥ (rp)

(A8)

¢1 (re; T’p) = ’J’ (Tc) -+ 81!!, (Te; 'rp)
The penurbanve tenns 8yr; are orthogonal to 7 and therefore _
(& l¢;) =. f drie; (T', Tp)]*‘;bj('r T ) =8+ f dr[a v (7' Tp)]*&h(r ). B (A9)

Since perturbation dv; is of local character, the non-orthogonal term {5 |61,b'J in (A9)
is of the second order of smallncss (cf e [36]) If one neglects this term, one gets (cf

(2)-a5) K ) | .
Geplret, ot; 7t 1 X ~(—1)22w+(rp)¢.(re, LY ). - (AlD)

Expressions (A8) and (A10) lead to formula (3). :
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