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Calculation of positron binding to silver and gold atoms
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Positron binding to silver and gold atoms was studied using a flflyinitio relativistic method, which
combines the configuration-interaction method with many-body perturbation theory. It was found that the
silver atom forms a bound state with a positron with binding energy(328%) meV, while the gold atom
cannot bind a positron. Our calculations reveal the importance of the relativistic effects for positron binding to
heavy atoms. The role of these effects was studied by varying the value of the fine-structure earstaimé
nonrelativistic limit,a«=0, both systeme® Ag ande*Au are bound with binding energies of about 200 meV
for e" Ag and 220 meV foe™ Au. Relativistic corrections for a negative ion are essentially different from that
for a positron interacting with an atom. Therefore the calculation of electron affinities cannot serve as a test of
the method used for positron binding in the nonrelativistic case. However, it is still a good test of the
relativistic calculations. Our calculated electron affinities for silid@&B27 e\ and gold(2.307 eV} atoms are
in very good agreement with corresponding experimental valu@93 and 2.309 eV, respectivily

PACS numbsefs): 36.10—k, 31.15.Ar, 31.25.Eb

[. INTRODUCTION tional method in positron-atom bound-state calculaties,
e.g.,[3] and references therginin this approach, the wave
Positron binding by neutral atoms has not been directlyffunction is expanded in terms of explicitly correlated Gauss-
observed yet. However, intensive theoretical study of thean functions that include factors exp@rﬁ) with interpar-
problem undertaken in the last few years strongly suggestsicle distances;;. Using this method, Ryzhikh and Mitroy
that many atoms can actually form bound states with a possbtained positron bound states for a whole range of atoms
itron (see, e.g[1-8]). Most of the atoms studied so far were (Be, Mg, Zn, Cu, Ag, Li, Na, et¢. This method is well
atoms with a relatively small value of the nuclear chafgkt  suited for few-particle systems. Its application to heavier sys-
is important to extend the study to heavy atoms. The mairtems is done by considering the Hamiltonian of the valence
obstacle in this way is the rapid rise of computational diffi- electrons and the positron in the model potential of the ionic
culties associated with increasing the number of electronsore. However, for heavier atoms, e.g., Zn, the calculation
However, as we show in this paper, an inclusion of relativ-becomes extremely time consumiftg, and its convergence
istic effects is also important. The role of these effects incannot be ensured.
positron binding to atoms has not been properly investigated. Another nonperturbative technique is the configuration in-
Indeed, one can say that due to strong Coulomb repulsion, teraction(Cl) method widely used in standard atomic calcu-
positron cannot penetrate to short distances from the nucleuations. This method was applied to the positron-copper
and remains nonrelativistic. However, the positron binding isoound state ifi6]. In this work, the single-particle orbitals of
due to interaction with electrons that have large relativisticthe valence electron and positron are chosen as Slater-type
corrections to their energies and wave functions. The bindingrbitals, and their interaction with the Cicore is approxi-
energy is the difference between the energies of a neutrahated by the sum of the Hartree-Fock and model polariza-
atom and an atom bound with a positron. This difference igion potentials. The calculation shows slow convergence
usually small. On the other hand, relativistic contributions towith respect to the number of spherical harmonics included
the energies of both systems are large and there is no reasonthe CI expansionl =210 being still not sufficient to
to expect they are the same and cancel each other. Therefoextrapolate the results reliably tg,,,—. In their more re-
some relativistic technique is needed to study positron bindeent work, the same authors applied the Cl method to a pre-
ing by heavy atoms. liminary analysis of such systems as Ps#,Cu, e'Li,
For both light and heavy atoms, the main difficulty in e*Be, e™ Cd, and CuPs.
calculations of positron interaction comes from the strong In our previous paper, we developed a different version of
electron-positron Coulomb attraction. This attraction leads tahe CI method for the positron-atom probleft3]. The
virtual positronium(P9 formation[9]. One can say that it method is based on the relativistic Hartree-Fock method
gives rise to a specific short-range attraction between théRHF) and a combination of the Cl method with many-body
positron and the atom, in addition to the usual polarizationaperturbation theoryMBPT). This method was first devel-
potential, which acts between a neutral target and a chargasped for pure electron systerhi$4], and its high effective-
projectile[1,9-12. This attraction cannot be treated accu-ness was demonstrated in a number of calculafitfs-18.
rately by perturbations and some all-order technique idn the papef13], it was successfully applied to the positron
needed. In our earlier work4,9-19 we used the Ps wave binding by copper. There are several important advances in
function explicitly to approximate the virtual Ps-formation the technique as compared to the standard nonrelativistic Cl
contribution to the positron-atom interaction and predictedmethod that make it a very effective tool for the investigation
e*Mg, e"Zn, e"Cd, and a few other bound states. The sameof positron binding by heavy atoms:
physics may also explain the success of the stochastic varia- (1) The method is relativistic in the sense that the Dirac-
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FIG. 1. Second-order diagrams for the self-energy of the va- FIG. 3. Screening of the positron-electron Coulomb interaction
lence electron ie operatoy. Summation over excited electron (iep operatoy.
statesa and 8 and core hole statam andn is assumed.

The two-particle electron-positron wave function is given

Hartree-Fock operator is used to construct an effectivddy the ClI expansion,
Hamiltonian for the problem and to calculate electron and
positron orbitals.

(2) B splines[19] in a cavity of finite radiusk were used
to generate single-particle basis sets for an external electron
and a positron. Th&-spline technique has the remarkable where ¢ and ¢ are the electron and positron orbitals, re-
property of providing fast convergence with respect to thespectively. The expansion coefficierg are determined by
number of radial functions included in the calculationsthe diagonalization of the matrix of the effective CI Hamil-
[20,21]. Convergence can be further controlled by varyingtonian acting in the Hilbert space of the valence electron and
the cavity radiusR while the effect of the cavity on the the positron,
energy of the system is taken into account analyticilB].
Convergence was clearly achieved for #1eCu system in HS = ﬁe+ﬁp+ﬁ

wre,rp):iEj CijUf(re) YP(ry), 1)

Ref.[13] and for thee* Ag ande* Au systems as presented °
below. R 7€ a4 A

(3) We use MBPT to include excitations from the core  he=ca-p+(8—1)mc?— r—+V31 ' Veent 2e,
into the effective Hamiltonian. This corresponds to the inclu- € )

sion of the correlations between core electrons and external

particles(electron and positrgrand of the effect of screen- 762
ing of the electron-positron interaction by core electrons. ﬁpzca.p+(ﬁ—1)mc2+——V§*1+ip,
These effects are also often called the polarization of the core Mp
by the external particles. We include them in a fidly initio 5
manner up to the second order of the MBPT. fo___® 43
In the present paper we apply this method to the problem ep [re—rpl ep

of positron binding by silver and gold atoms. Using a similar . .
technique we also calculate electron affinities for both thesevhere h, and h, are the effective single-particle Hamilto-

atoms. Calculations for negative ions serve as a test of thgjans of the electron and positron, aﬁglp is the effective
technique used for positron-atom binding. We also study thjectron-positron two-body interaction. Apart from the rela-

role of the relativistic effects in neutral silver and gold, silver . ... Hio operatorfi, andfy, include the direct and ex-

and gold negative ions, and silver and gold interacting with a . 1
positron. This is done by varying the value of the fine- change Hartree-Fock potentials of the core electr‘qigis

structure constant towards its nonrelativistic limitv=0. and Vg, respectively. The addition& operators account
for correlations involving core electron&. and X, are
single-particle operators that can be considered as a self-
l. THEORY energy part of the correlation interaction between an external
A detailed description of the method was given in Ref.€lectron or positron and core electrons. These operators are
[13]. We briefly repeat it here, emphasizing the role of theoften called “correlation potentials” due to theAanangy with
relativistic effects. We use the relativistic Hartree-Fockthe nonlocal exchange Hartree-Fock potentil, repre-
method in theVN~! approximation to obtain the single- sents the screening of the Coulomb interaction between ex-
particle basis sets of electron and positron orbitals and tternal particles by core electrotisee[14,13 for a detailed

construct an effective Hamiltonian. discussion
We use many-body perturbation theory to calculateAll
a B b second-order diagrams in the residual Coulomb interaction

are included. Diagrams fa, are presented in Fig. 1. The

only second-order diagram fax, is presented in Fig. 2.
n Diagrams forX, are presented in Fig. 3. We includein

FIG. 2. Second-order diagram for the positron self-eneﬁy( s,p, andd Stat?s only. The% in higher waves F)ra(A:tlcaIIy
operatoy. Double line denotes positron states. does not contribute to the CI energy. Calculationofin-
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volves summation over intermediate electron or positron . Ze? Nel & _

states. We restrict this summation to states Wwitt6. Con- V=-——-Vy +2, (fora positron.

vergence is very fast and states with5 do not contribute P

to thes in s,p,d states. Note that the polarization potential The nonrelativistic limit can be achieved by reducing the
—al(2r%) is often used as a local energy-independent apvalue of« in Eq. (4) to @=0.

proximation for the correlation potentidl. However, one The relativistic energy shift in atoms with one external
needs only a dipole multipole in the Coulomb interaction in€lectron can aiso be estimated by the following equation

S, to obtain the expression for this potential. According to the

calculations, the dipole term really dominates3n How- E, )
ever, the contributions of the higher multipolarities are not An=7(2a)
small and we include them as well. Note also that the fast

convergence in the wave expansionfis in contrast with  whereE, is the energy of an external electronjs the ef-
the very slow convergence of the Cl expansion of the twofective principal quantum numbeEf=—0.5/? a.u). The
particle electron-positron wave function. As was discussedgoefficientC(Z,j,I) accounts for many-body effects. Note
above, this slow convergence is caused by strong attractiothat formula(7) is based on the specific expression for the
between positron and valence electrons, which leads to thelectron density in the vicinity of the nucleus and therefore is
virtual positronium formation. There is no such interaction innot applicable for a positron.

the S operator. Indeedie has no positron-electron interac-

tion at all.ip andiep do include positron-electron interac-
tion but with the core electrons only. The effect of attraction e calculated electron affinities of silver and gold atoms
of positron to core electrons is not as strong as that for anostly to test the technique used for positron-atom binding.
valence electron and practically does not lead to the virtualhe calculation of a negative ion Agor Au~ is a two-
positronium formation. This problem was also considered irparticle problem technically very similar to positron-atom

—C(Z.j.D], )

j+1/2

lll. SILVER AND GOLD NEGATIVE IONS

Ref. [15].

binding. The effective Hamiltonian of the problem has a

To study the role of the relativistic effects we use theform similar to that of Eq(2):

form of the operators, andh,, in which the dependence on

the fine-structure constant is explicitly shown. Single-
particle orbitals have the form

1 Fa(M)Q/1)jim
zﬂ(r)nilm:?(iagn(r)ﬁ(r/r);|m>' ¥
Then the RHF equations
(hi—en) =0, (i=ep)
take the following form:
(1) + 2 1(1) = [2+ @%(ey— V) 1gn(1) =0,
(4)

94(1) =~ n(r) + (=) Ty(1) =0,

wherex=(—1)""1*Y4(j+1/2) andV is the effective poten-

tial. For the core electron stat&is the sum of direct and
exchange Hartree-Fock potentials

. Zé -
V=———+Vg Ve

exch*
e

©)

For the states above cofelectron or positron S is the sum
of the Hartree-Fock potential and correlation potential

/_ ze? N-1_\N-1, <
V__r_e+vd —Veyxeh T2 (for an electrom, (6)

H(ca:flf: I:‘e(rl)‘{'ﬁe(rz)‘{'ﬁee’

R g2 R

=+
ee |re_rp| 2691

where. . represents the screening of the Coulomb interac-
tion between external electrons by core electr@ee Refs.
[14,13 for a detailed discussignElectron affinity is defined
when an electron can form a bound state with an atom. In
this case the difference between the energy of a neutral atom
and the energy of a negative ion is called the electron affinity
to this atom. Energies of Ag, Ag Au, Au~ obtained in
different approximations and corresponding electron affini-
ties are presented in Table | together with experimental data.
The energies are given with respect to the cores*(Agd
Au™). Like in the case of Cu [13], the accuracy of the
Hartree-Fock approximation is very poor. The binding ener-
gies of the 5 electron in neutral Ag and theséelectron in
neutral Au are underestimated by about 21% and 23%, re-
spectively, while the negative ions are unbound. Inclusion of
either core-valence correlation¥ Y or valence-valence cor-
relations(Cl) does produce binding but the accuracy is still
poor. Only when both these effects are included does the
accuracy for the electron affinities improve significantly, be-
coming 20% for Ag and 11% for Au. Further improve-
ment can be achieved by introducing numerical factors be-

fore 3. to fit the lowests,p, andd energy levels of the
neutral atoms. These factors simulate the effect of higher-
order correlations. Their values afe=0.88, f,=0.97, f,
=1.08 for the Ag atom anfl;=0.81, f,=1, fy=1.04 for the
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TABLE |. Ground state energie6n a.u) of silver, gold and TABLE II. Electron affinities of Ag and AueV). Comparison
their negative ions calculated in different approximations. with other calculations and experiment.
Neutral atom Negative ion Electron affinity ~ Ag Au Ref. Method
Silver Theory
RHFP —0.22952 —0.20156 —0.027 95 1.008 1.103 [25] Nonrelativistic quadratic configuration
RHF+3 © -0.27990 —0.30231 0.022 41 interaction method
cld —0.22952 —0.25675 0.027 22 1.199 2.073 [25] Relativistic quadratic configuration
Cl+3,° -0.28564 —0.33560 0.049 96 interaction method
Cl+Se+3ef ~028564 —0.34298 0.057 34 1.254  2.229 [26] Relativistic coupled cluster method
Cl+fS,+3,,9 —027841 —0.32721 0.048 80 1.022 [4] Nonrelativistic stochastic
Experiment’ —~0.27841 —0.32626 0.047 84 variational method
Gold 2.28 [27] Fock-space relativistic
RHF® ~0.27461 —-0.26169  —0.01292 coupled-cluster method
RHF+S ¢ ~034900 —0.41046 0.061 46 2.26 [28] Fgck-space coupled-cluster method
cid ~0.27461 —0.31369 0.03908 ggzg%?“mga{zzzggﬂvis i
Cl+3.¢ —-0.35536 —0.43913 0.08376 1327 2307 Present work
Cl+3+3.f  —0.35536 —0.44943 0.094 07 T Evoeriment
Cl+f3.+3.9 —0.33903 —0.42389 0.084 86 1,303 |02309 [29]
Experiment’ —0.33903 —0.42386 0.084 83 ) '

Negative affinity means no binding. . . . ..
PRelativistic Hartree-Fock; a single-configuration approximation,gl.?rsl presenttfdtlr:\ the tab.le arfeAtWO'derthl_erhenerg'E:u)f
no core-valence correlations are included. with respect to the energies of Agind Au'. 1he number o

“Single-configuration approximation, core-valence correlations ar(!,:"jldlal orbitalsn in each partial wave is fixed at=16. Fig-
included by means of MBPT. ures 4 and 5 show the convergence of the calculateq energy
dStandard Cl method. Wlth. respeqt ton wher_1 maximum moment.um of.the. single-
°Self-energy part of core-valence correlations are included by ado‘:-)artIC|e orbitals was fixed at=10. The cavity radius in both
cases wafk=30a,. Table Ill and Figs. 4 and 5 show that
even for a larger cavity radius, convergence was clearly
achieved. Table Ill also shows the convergence in different
approximations, namely, with and without core-valence cor-
93, in different waves are taken with factors to fit energies of arGI_atlons &). One can see that W_h'le inclusion &f does
neutral atom. shift the energy, the convergence is not affected.
hRefs.[23,24) Table IV shows how positron binding by silver and gold
is formed in different approximations. This table is very
similar to Table | for the negative ions except there is no
IRHF approximation for the positron binding. Indeed, the
AQHF approximation for the negative ions means a single-
configuration approximation:$5 for Ag~ and 6? for Au™.
hese configurations strongly dominate in the two-electron

ing theX . operator to the CI Hamiltonian.

fC1+MBPT method, self-energy and screening correlations are in
cluded by3 operators while valence-valence correlations are in-
cluded by configuration interaction.

Au atom in thes, p, and d channels, respectively. As is
evident from Table I, the fitting of the energies of neutra
atoms also significantly improves electron affinities. Result
of other calculations of the electron affinities of silver and

gold are presented in Table Il together with the experimentaT . 27
wave function of the negative ions even when a large num-

values. . . :
ber of configurations are mixed to ensure convergence. In
contrast, no single configuration strongly dominates in the
IV. POSITRON BINDING TO SILVER AND GOLD positron binding problem. Therefore we present our results
AND THE ROLE OF RELATIVISTIC EFFECTS in Table IV starting from the standard Cl approximation. In

this approximation the energy of the positron and an atom is

As for the case of coppgf.3], we have performed calcu- lower than the energy of a neutral atom for both silver and
lations for two different cavity radiR=30a, andR=15a,. = gold atoms. Note, however, that the absolute value of the
For a smaller radius, convergence with respect to the numbenergy 0.2488 a.u. of the" Ag system is smaller than that of
of single-particle basis states is fast. However, the effect opositronium, which is 0.25 a.u. This makes the system un-
the cavity on the converged energy is large. For a largestable against dissociation in the silver positive ion and pos-
cavity radius, convergence is slower and the effect of thédtronium. In their nonrelativistic calculations, Ryzhikh and
cavity on the energy is small. When the energy shift causeilitroy get 0.260 a.u. for the CI enerdg]. The difference
by the finite cavity radius is taken into account both calcula-between this and our results is most likely due to relativistic
tions come to the same value of the positron binding energyeffects (see Table V and the discussion of the relativistic
Table Il illustrates the convergence of the calculated enereffects in the end of this sectinn
gies ofe” Ag ande™ Au with respect to the maximum value Inclusion of core-valence correlations through the intro-
of the angular momentum of single-particle orbitals. Ener-duction of 2., %, and X, operators shifts the energies
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TABLE Ill. Convergence of the calculation of the energies of 026 T T L T T L B
e"Ag and e*Au with respect to the number of included partial
waves(a.u). (Finite box size correction is not included.
L max cla Cl+3 P Cl+fs ¢
e"Ag 0 —0.2232729 —0.2800223 —0.2729038
1 —0.2271709 —0.2838360 —0.2749591
2  —0.2309207 —0.2868375 —0.2765124 027
3 —0.2350823 —0.2895691 -—0.2780571 ’5\
4 —0.2388315 —0.2916800 —0.2793784 ®
5 —0.2419251 -0.2932381 —0.2804487 :
6 —0.2443218 —0.2943470 —0.2812678 20
7 —0.246 0745 -—0.2951085 —0.2818603 2
8 —0.2472812 —0.2956100 -—0.2822647 =
9  —0.2480477 —0.2959189 —0.2825199 -0.28
10 —0.2484749 -0.2960829 —0.2826596
11 —0.2486698 —0.2961444 —0.2827143
12 —0.2487554 —0.2961682 —0.2827367
13 —0.2487928 —0.2961778 —0.2827459 r 1
14 —0.2488090 -—0.2961817 —0.2827498 |
e"Au 0 —0.2684049 -0.3500447 -—0.3330163 0.29 P RS S E ST RS BN S SR B
1 —0.2706582 —0.3526602 —0.3339500 0 5 10 15 20
2 —0.2719813 —0.3539745 —0.3344564 n
3 —0.2732705 —-0.3550481 —0.3348765 FIG. 4. Energy ofe* Ag as a function of the number of radial
4 —0.2743905 —-0.3558030 -—0.3351787 electron and positron basis functions in each partial wavg,(
5 —0.2753222 —0.3563289 —0.3353973 =10) in the cavity withR=30a,. Dashed line represents the en-
6 —0.2760539 —0.3566883 -0.3355525  ergy of neutral silver.
7 702765943 ~0.3569283 —0.3356590 respectively; see Table.[This is because of the cancellation
8 ~02769686 ~—0.3570837 —0.3357294 ¢ 40 effects of the variation d . and,. In particular, for
9 —0.2772074 —03571791 -0.3353733 gold it is accidentally very small. One can see that even if the
10 —0.2773390 —0.3572293 ~—0.3357972  ygjye of 0.0015 a.u. is adopted as an upper limit of the un-
11 -0.2773925 -0.3572449 —0.3358049 certainty of the calculations, the*Ag system remains
12 -0.2774146 —0.3572505 -0.3358078  pound while thee™ Au system remains unbound. However,
13 —0.2774239 -0.3572527 -0.3358091  the actual accuracy might be even higher. We saw that the
14 -0.2774278 —0.3572536 —0.3358095 fitting procedure significantly improves the accuracy of the

calculations for the silver and gold negative ions. It is natural
to assume that the same procedure works equally well for the
positron binding problem. The final result for the energy of
positron binding by the silver atom as presented in Table IV
is 0.0043 a.u. This result does not include the effect of the
finite cavity size. When this effect is taken into account, by
means of the procedure described in R&8], the binding

aStandard Cl method.

PCl+MBPT method.S., ands , are included whileS,, is not.
‘Same as before b, andX, are taken with fitting parameters as
explained in the text.

significantly. Thee™Ag system becomes bound and stable

while theet Au system is unbound.
y energy becomes 0.00452 a.u. or 123 meV. If we adopt the

As was discussed in our previous pap#8], the domi- o ,
nating factor affecting the accuracy of the calculations isValue 0f 0.0015 a.u as an estimation .Of t.he uncertainty of the
esult, then the accuracy we can claim is about 30%.

higher-order correlations that mostly manifest themself vid . X I

the value of the> operator. An introduction of the fitting i The ca:jlculfilgon of }he potsnror:_ blntdmgd bx\llc?hpd%]’t

parameters as described in the preceding section can be ¢ IVer, and gold reveal an interesting trend. ree atoms
ave a very similar electron structure. However, the positron

sidered as a way to simulate the effect of higher-order cor; "~ . . ;
relations. Also, the energy shift caused by the fitting can bj)lndmg energy for silve{123 meVf is considerably smaller

: Lo ; han that for coppef170 meV[13]), while gold atoms can-
considered as an estimation of the uncertainty of the calcu=""", . . - . )
y not bind positrons at all. We believe that this trend is caused

lations. We use the same rescaling parameters fand>.  py relativistic effects. An argument that the positron is al-
(see preceding sectipr ., is not rescaled. Shift of the en- ways nonrelativistic does not look very convincing because
ergy caused by rescaling is 0.0015 a.u. in the case of silveglectrons also contribute to the binding energy. Relativistic
and 0.0003 a.u. in the case of gdkke Table IV. Note that  effects are large for heavy atoms and electron contributions
these values are considerably smaller than energy shifts fdo the positron binding energy could be very different in the
the silver and gold negative io1i8.008 54 and 0.009 21 a.u., relativistic and nonrelativistic limits. Indeed, we demon-
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TABLE IV. Positron binding by silver and gold calculated in
different approximationgall energies are in a.u.; finite box size
correction is not included

Binding
0825 - | Neutral atom Atom witre*  energy?
Silver
Cl —0.2295 —0.2488 0.0193
’:,J\ CH—Ee-i-Ep —0.2856 —0.2962 0.0105
8 CI+EE+2p+Eep —0.2856 —0.2884 0.0028
gﬁ 033 [ = CI+fEe+f2p+Eep —0.2784 —0.2828 0.0043
5 Gold
l'fJ: Cl —0.2746 —0.2774 0.0028
Cl+2e+2, —0.3554 —0.3573 0.0019
Cl+3+3,+ 3, —0.3554 -0.3519  —0.0035
0335 |- 4 CIHfS+f3,+3,,  —0.3390 -0.3358  —0.0032
aNegative energy means no binding.
istic case we start the calculations from the very beginning,
________________ putting =0 in the Hartree-Fock calculations of the core
034 — ; — 1'0 — 1'5 — 2'0 ' states. Then the electron states above the core and positron
n states are also calculated with=0. This means that our
. nonrelativistic calculations are equivalent to the fully nonrel-
FIG. 5. Same as Fig. 4 but fa" Au. ativistic calculations of other authordike Mitroy and

Ryzhikh, see, e.d2]). Note that there are “direct” and “in-
strated in Ref[22] that the relativistic energy shift consider- direct” relativistic effects. The direct effect describes the
ably changes the values of the transition frequencies ih Hg difference between the Dirac and Satlirmyer solution of the
ions and sometimes even changes the order of the energyne-body equations for an external electron and a positron
levels. If we use formulg7) with the contribution of the and the two-body Cl equations for the electron-positron pair.
many-body effect€C=0.6, as suggested in R¢R2], to es- The indirect relativistic effect describes the differences due
timate the relativistic energy shift for neutral Au, then theto different electron-charge distributions arising from the use
result is —0.037 a.u. This is about an order of magnitudeof Dirac-Hartree-Fock equations or Schioger-Hartree-
larger than the energy difference between Au afidu. If Fock equations for the atomic core. In our relativistic calcu-
the relativistic energy shift ie* Au is different from that in  lations both effects are included, while in the nonrelativistic
Au then the positron binding energy may be strongly af-limit («=0) both effects are neglected. The comparison be-
fected. tween the relativistic and non-relativistic calculations is pre-

To study the role of the relativistic effects in positron sented in Table V. One can see that the actual relativistic
binding in more detail we performed the calculations for Ag,energy shift for neutral Au is even bigger than is suggested
Ag~, etAg, Au, Au~, ande* Au in the relativistic and non- by formula(7) with C=0.6. The shift is 0.0805 a.u., which
relativistic limits. The latter corresponds to the zero value ofcorresponds t&€=0.08. Formula(7) with C=0.08 also re-
the fine-structure constant (see Sec. )l In the nonrelativ- produces the relativistic energy shift for neutral Ag. The rela-

TABLE V. Energies(in a.u) of Ag, Ag~, e*Ag, Au, Au~, ande™ Au with respect to the energy of the
core in relativistic and nonrelativistic cases.

Neutral Negative Atom with Electron Positron binding
atom ion a positron affinity enerdy
Silver
Nonrelativistic —0.2558 —0.2974 —0.2640 0.0416 0.0073
Relativistic —0.2784 -0.3272 —0.2827 0.0488 0.0043
A 0.0226 0.0298 0.0187 —0.0072 0.0030
Gold
Nonrelativistic —0.2537 —0.3040 —0.2665 0.0503 0.0080
Relativistic —0.3390 —0.4239 —0.3358 0.0849 —0.0032
A 0.0853 0.1199 0.0693 —0.0346 0.0112

8Positive energy means bound state.
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tivistic energy shift for an atom with a positron is of the  TABLE VI. Comparison of the relativistic energy shift with
same order of magnitude but a little different in value. Thisother calculationenergies are in a,u.
difference turned out to be enough to affect the positron

binding energy significantly. In particular, tied Au system, ~Atom/lon Present work  Schwerdtfeger and Bowmatker
which is unbound in relativistic calculations, becomes bound  ag 0.0226 0.0200
in the nonrelativistic limit with binding energy 0.0080 a.uor  aAg- 0.0072 0.0070
218 meV. In the case of silver, the positron binding energy is ay 0.0853 0.0714
considerably higher in the nonrelativistic limit. It is 0.0073  ay- 0.0346 0.0357

a.u. or 199 meV. lt is interesting to compare this value with _ . — .
the value of 150 meV obtained by Mitroy and Ryzhikh using “Quadratic configuration interaction method, R&5].
the nonrelativistic stochastic variational methigtl. Since

neutral atom. This means in particular that the calculation of

L . X . §he electron affinities cannot serve as a test of a nonrelativ-
maining difference should probably be attributed to the d'f'istic method chosen for the positron binding problem. How-

ferent t;cre;jatment gf the (r:]ore-v?lence correlationls. IW_e USByer, it is still a good test of the relativistic calculations. Note
many-body perturbation theory for an accurate calculation obs, ‘that our calculated relativistic energy shifts for neutral
the, oper_ator, which accoun'ts for thesg corr'e'latlons. M|trqyand negative silver and gold are in very good agreement with
and Ryzhikh use an approximate semiempirical expressiop,cjations performed by Schwerdtfeger and Bowmaker by
for the > operator that is based on its long-range asymptotiqyeans of relativistic and nonrelativistic versions of the qua-

behavior. o _ .. dratic configuration interaction methagee Table VI and
Note that the relativistic energy shift for negative ions is gt [25]).

also large. However, electron affinities are less affected. This

is beca_lus_e electron affinities are many times Iar_ger than pos- ACKNOWLEDGMENT

itron binding energies and therefore less sensitive to the en-

ergy shift. Apart from that there is a strong cancellation be- The authors are grateful to G. F. Gribakin for many useful
tween relativistic energy shifts in the negative ion anddiscussions.
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