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Abstract. The combined relativistic energy approach and relativistic many-body perturbation
theory with the zeroth order density functional approximation is applied to determination of the energy
and spectral parameters of the Auger decay for the Na, Si, Ge, Ag solids. The results are compared
with reported experimental results as well as with those obtained by alternative theoretical schemes.
The important point is linked with an accurate accounting for the complex exchange-correlation (po-
larization) effect contributions and using the optimized one-quasiparticle representation in the zeroth
approximation of relativistic many-body perturbation theory, which significantly affects the agreement
of theory and experiment.
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TEOPETUYHA OXE-CIIEKTPOCKOIIIA TBEPIOI'O TIJIA:
PO3PAXYHOK EHEPTETUYHUX ITAPAMETPIB

O. B. I'ywxos, B. B. Bysiooicu, A. B. [[youx, O. C. Yepnuwes, E. O. €Epinosa

Anorania. KoMOiHOBaHMIA PEeNSTUBICTCHKHI €HEPTreTHYHUHN MiJIX1/ 1 pesITUBICTChKA Oararo-
YaCTHHKOBA TeOpis 30ypeHb 3 HYIHOBUM HAOMMKEHHAM (DYyHKI[IOHAJIa TYCTUHU 3aCTOCOBYIOTHCS
JUIs BU3HAUEHHSI €HEPTreTUYHUX 1 CIIEKTpalIbHUX mapameTpiB Oske-mporecy B TBepAOoTiLNbHUX Na, Si,
Ge, Ag. Pe3ynpratu mopiBHIOIOTHCS 3 y3araJIlbHEHUMH EKCIIEpUMEHTAIbHUMU JTaHUMH, a TAKOXK 3
pe3ynbTaraMu, OTPUMaHUMHU Ha OCHOBI aJIbTEPHATUBHUX TEOPETUYHUX METOAIB. BaxkimuBuii MOMEHT
MOB'sI3aHMI 3 ypaxyBaHHSIM BKJIAJIiB CKIaJHUX 0araTo4aCcTUHKOBUX 0OMiHHO-KOPEISAIIMHNX e(eKTiB
Ta BUKOPHCTAHHSM ONTHMI30BaHOTO OHOYACTHHKOBOTO YSIBJICHHS B HYJIbOBOMY HAONMMKEHHI PEJIATH-
BICTCBHKOT 0araro4acTUHKOBOI T€opii 30ypeHsb, 110 CYTTEBO BIUIMBAE HA 3TOy TEOPIi Ta EKCIIEPUMEHTY.

Kurouosi ciioBa: pensituBicTcbka Teopis, Oke-CreKTpoCKoIIis, TBEpAE TLIO
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TEOPETUUYECKAS OXKE-CIIEKTPOCKOIIMSA TBEPAOI'O TEJIA:
PACUET DHEPTETUYECKUX TAPAMETPOB

A. B. I'nywros, B. B. bysiooicu, A. B. I[youx, A. C. Yepnviuies, E. A. E¢pumosa

AHHoTanus. KoMOMHUPOBaHHBIN PENSATUBUCTCKUIN SHEPreTUYECKUI MOXO0 U PEISITUBUCTCKAS
MHOTOYACTUYHASI TEOPHUS BOSMYIIICHUH ¢ MPUOIIKeHHEM (PyHKIIMOHAJIA IIOTHOCTH HYJIEBOTO TTOPSI/I-
Ka PUMEHSIOTCS JUIsl ONIPEACIICHHs] JHEPreTUYECKUX U CIIEKTPaIbHBIX [TapaMETPOB OXKE-IPOLECCaA B
TBeproTenbHBIX Na, Si, Ge, Ag. Pe3ynbsrarsl CpaBHHBAIOTCS ¢ 0000IICHHBIMU SKCIIEPUMEHTATEHBIMH
pe3yiabTaTaMu, a TakKe ¢ pe3ylbTaTaMy, MOJTYyYeHHBIMU B paMKax aJlbTEPHATUBHBIX TEOPETUUECKUX
MOAXO10B. BayKHBII MOMEHT CBSI3aH C Y4E€TOM BKJIAI0B MHOTOYACTHYHBIX KOPPESIIUOHHBIX AP dekToB
Y MCTIOJIH30BaHNEM ONITUMH3HPOBAHHOTO OTHOYACTHYHOTO MTPECTABIICHHUS B HYJIEBOM NMPUOIIKESHUN
MHOI'O4YaCTUYHOM TEOPUHU BO3MYILEHUMN, YTO CYIIECTBEHHO BIIMAET HA COIIACHME TEOPUU U DKCIIEPH-

MCHTAa.

KiaroueBble cjioBa: PEIATUBUCTCKAA TCOPHA, O)KG-CHGKTpOCKOHI/ISI, TBCPAOC TCIIO

Introduction

The Auger electron spectroscopy is an effective
method to study the chemical composition of solid
surfaces and near-surface layers etc [1-8]. Sensing
the Auger spectra in atomic systems and solids
gives the important data for the whole number of
scientific and technological applications. When
considering the method principles, the main atten-
tion is given as a rule to the models for drawing
chemical information from the Auger spectra and
to the surface composition determination methods
by the Auger spectrum decoding. It is just the two-
step model that is used most widely when calcu-
lating the Auger decay characteristics. Since the
vacancy lifetime in an inner atomic shell is rather
long (about 10'7to 10°'%s), the atom ionization and
the Auger emission are considered to be two in-
dependent processes. In the more correct dynamic
theory of the Auger effect [1-4] the processes are
not believed to be independent from one another.
The fact is taken into account that the relaxation
processes due to Coulomb interaction between
electrons and resulting in the electron distribu-
tion in the vacancy field have no time to be over
prior to the transition. In fact, a consistent Auger
decay theory has to take into account correctly a
number of correlation effects, including the ener-
gy dependence of the vacancy mass operator, the
continuum pressure, spreading of the initial state
over a set of configurations etc. [9-20]. Note that
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the effects are not described adequately to date,
in particular within the Auger decay theory [2].

The most widespread theoretical studying the
Auger spectra parameters is based on using the
multi-configuration Dirac-Fock (MCDF) calcu-
lation [1-3]. The theoretical predictions based on
MCDF calculations have been carried out within
different approximations and remained hitherto
non-satisfactory in many relations. Earlier [11,12]
it has been proposed relativistic perturbation the-
ory (PT) method of the Auger decay character-
istics for complex atoms, which is based on the
Gell-Mann and Low S-matrix formalism energy
approach and many-body perturbation theory (PT)
formalism [4-7]. The novel element was in using
the optimal basis of the electron state functions
derived from the minimization condition for the
calibration-non-invariant contribution (the second
order PT polarization diagrams contribution) to
the imaginary part of the multi-electron system
energy already at the first non-disappearing ap-
proximation of the PT. Earlier it has been applied
in studying the Auger decay characteristics for a
set of neutral atoms and quasi-molecules. Besides,
the ionization cross-sections of inner shells in
various atoms and the Auger electron energies in
solids were estimated. In this paper the combined
relativistic energy approach and relativistic many-
body PT with the zeroth order density function-
al approximation is used for sensing the Auger
spectra of solids and calculation of their energy
parameters.
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The theoretical method

In Refs. [4,5,16-22] the fundamentals of the
relativistic many-body PT formalism have been
in detail presented, so further we are limited only
by the novel elements. Let us remind that the
majority of complex atomic systems possess a
dense energy spectrum of interacting states. In
Refs. [1, 3-5] there is realized a field procedure
for calculating the energy shifts AE of degenerate
states, which is connected with the secular ma-
trix M diagonalization. The whole calculation of
the energies and decay probabilities of a non-de-
generate excited state is reduced to the calcula-
tion and diagonalization of the complex secular
matrix. In the relativistic energy approach [4-9],
which has received a great applications during
solving numerous problems of atomic, molecular
and nuclear physics (e.g., see Refs. [1, 4, 5, 23-
30]), the imaginary part of electron energy shift
of an atom is directly connected with the radia-
tion decay possibility (transition probability). An
approach, using the Gell-Mann and Low formula
with the QED scattering matrix, is used in treating
the relativistic atom. The total energy shift of the
state is usually presented in the form:

AE =ReAE+iT/2, (1)
where I' is interpreted as the level width, and the
decay possibility P = I'. The imaginary part of
electron energy of the system, which is defined
in the lowest order of perturbation theory as [4]:

2
e )
mAEB) - s Vo
T a>m>f
[a<n< £]

2)

where (a>n>f) for electron and (a>n>f) for va-
cancy; V! is an imaginary part of the matrix
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Within the frame of the relativistic PT approach
the Auger transition probability and the Auger line
intensity are defined by the square of an electron
interaction matrix element having the form [2-4]:

A
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The terms QX" and @ correspond to sub-
division of the potential into Coulomb part
cos|w|r,,a,a,r, . The real part of the electron
interaction matrix element is determined using

expansion in terms of Bessel functions:
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where J is the 1% order Bessel function,
(A) =2A +1. The Coulomb part qul is expressed
in terms of radial integrals R angular coefficients
S, according to Refs [4]. The Breat interaction is
known to change considerably the Auger decay
dynamics in some cases. The Breat part of Q is
defined in [2-4].

The Auger width is obtained from the adiabatic
Gell-Mann and Low formula for the energy shift
[3]. The direct contribution to the Auger level
width with a vacancy n [ j m_is as follows:

r,o iR =0
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while the exchange diagram contribution is:
a Jy }\‘2
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The partial items of the Z Z sum answer to

pr &
contributions of a' —(By)"' K channels resulting in
formation of two new vacancies By and one free
electron k: ©, = ©, + o, + o, The calculating
of all matrix elements, wave functions, Bessel
functions etc is reduced to solving the system
of differential equations. The formulas for the
autoionization (Auger) decay probability include
the radial integrals R (akyB), where one of the
functions describes electron in the continuum
state. When calculating this integral, the correct
normalization of the wave functions is very im-
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portant, namely, they should have the following
asymptotic at » — 0:

sty o+ 0272 i ira). )

[m —(0z)~2 T/Z cos( kr+).

The important aspect of the whole procedure
is an accurate accounting for the exchange-corre-
lation effects. We have used the generalized rela-
tivistic Kohn-Sham density functional [3-5] in the
zeroth approximation of relativistic PT; naturally,
the perturbation operator contents the operator
(7) minus the cited Kohn-Sham density function-
al. Further the wave functions are corrected by
accounting of the first order PT contribution. Be-
sides, we realize the procedure of optimization of
relativistic orbitals base. The main idea is based
on using ab initio optimization procedure, which
is reduced to minimization of the gauge dependent
multielectron contribution /mAE of the lowest
QED PT corrections to the radiation widths of
atomic levels.

The energy of an electron formed due to a
transition jk/ is defined by the difference between
energies of atom with a hole at j level and dou-
ble-ionized atom at &/ levels in final state:

E kLS, =

EY() - E5 (25T Ly) . (10)

In the solids theory, to single out the important

correlation and medium effects, the equation (10)
is usually rewritten as:

EA(kL*ST L)) = B(j) - (b - E() - Ak 525 L))
(11)

where the item A takes into account the dynamic
correlation effects (relaxation due to hole screen-
ing with electrons etc.) To take these effects into
account, the set of procedures elaborated in the
atomic theory [3-5,11,12] is used. All calculations
are performed on the basis of the modified numer-
al code Superatom (version 93).

Results and conclusions
Below we present the advanced data for Au-
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ger electron energy in some solids. As mentioned
above, the exit probability of Auger electrons
from an atom via different channels associated
with ionization from a core level is defined by the
matrix element (1). In addition, the proportional-
ity coefficient in the equation coincides with the
electron impact ionization cross-section ajof the
level j. Of course, two aspects are to be considered
when determining the exit probability of Auger
electrons from an atom, namely, the radiative tran-
sition under neutralization of a hole at the level
j and the possibility of a considerable change in
the initial hole distribution at the core levels at the
Auger decay via the radiative channel jkl associat-
ed as a rule with a considerable distinctions in the
non-radiative transition probabilities [11,12]. For
definiteness sake, let the ionization of L levels in
a multi-electron atom be considered. The prob-
ability of the Auger electron emission from the
atom via the channel L K/ (taken as an example) is
defined by the ionization cross-section of the level
L, as well as by a certain effective cross-section
depending on the ionization cross-sections of the
levels L ,L,. The Auger line intensity is defined
by three atomic constants: A,=0 ]: » where ay
is the non-radiative transition probabllity' fiis
the Korster-Kronig coefficient; 0., the ionization
cross-section defined by the matrix element (1)
calculated for wave functions of bound state and
continuum one. In table 1 we present the data on
Auger electron energy for some solids calculated
using the presented approach (column C), the
semi-empirical method with using the Larkins’
equivalent core approximation [8] (column A),
the perturbation theory approach [11,12] as well
as experimental data (c.g.[1]).
Table 1
Experimental data for Auger electron energy for
solids and calculated values (A, semi-empirical
method [1]; B, [11,12]; C- present)

g Auger line | Experiment |Theory:|Theory:|Theory:
= A B C

=
Na| KL, L,.'D, | 9942 |993.3 | 994.7 | 994.1
Si KLz,me 1D2 1616.4 |1614.0|1615.9|1616.2
Ge LJ,M4'5M4’5 ’G4 1146.2 1147.2 1 1146.6 | 1146.1
Ag|MN, N, 'G,| 3534 |3588 |354.1 | 3532
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The calculation accuracy using method [1] is
within about 2 eV as an average. Our approach
provides more accurate results that is provided
by more correct accounting for complex electron
interaction. Some improvement of the present data
in comparison with results [9,10] is connected us-
ing the optimized one-quasiparticle representation
in the relativistic many-body perturbation theory,
which significantly affects an agreement between
theory and experiment.

To conclude, let us note [12] that using the Au-
ger electron spectroscopy in analysis of the sur-
face chemical composition and elements [1,3,30-
34] requires consideration of Auger spectra and
the corresponding characteristics of the Auger
transitions, interpretation of effects like the shape
transformations of the valence Auger spectra due
to appearance of new lines, position and intensity
changes of individual lines caused by the redistri-
bution in the electron state density of the valence
band. The correct theoretical estimations of the
spectral characteristics are of critical importance
for their full understanding.
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Summary

The Auger electron spectroscopy is an effective method to study the chemical composition of
solid surfaces and near-surface layers. Sensing the Auger spectra in atomic systems and solids gives
the important data for the whole number of scientific and technological applications. When considering
the method principles, the main attention is given as a rule to the models for drawing chemical infor-
mation from the Auger spectra and to the surface composition determination methods by the Auger
spectrum decoding. It is just the two-step model that is used most widely when calculating the Auger
decay characteristics. The relaxation processes due to Coulomb interaction between electrons and re-
sulting in the electron distribution in the vacancy field have no time to be over prior to the transition.
In this paper the combined relativistic energy approach and relativistic many-body perturbation theory
with the zeroth order density functional approximation is applied to determination of the energy and
spectral parameters of the Auger decay for the Na, Si, Ge, Ag solids. The results are compared with
reported experimental results as well as with those obtained by alternative theoretical schemes. The
important point is linked with an accurate accounting for the complex exchange-correlation (polari-
zation) effect contributions and using the optimized one-quasiparticle representation in the relativistic
many-body perturbation theory zeroth approximation, which significantly affects the agreement of
theory and experiment.
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Pegepar
Enextponna Oxe-creKTpocKomist € e(eKTUBHIM METO]] BUBYEHHS XIMIYHOTO CKJIA/Ty TBEPIHX
MIOBEPXOHB 1 MPUTIOBEPXHEBUX MIapiB. BuBueHHs criekTpiB Oxe B aTOMHUX, MOJIEKY/ISIPHUX CUCTEMAX 1
TBEP/MX TiJaX Ja€ BKJIMBI JaHi Uit 0araTourMCcIIeHHIX HayKOBO-TEXHIYHUX 3aCTOCYBaHb. SIK mpaBuiio,
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TOJIOBHA yBara NpUAUISETbCA MOACISIM oOuucieHHs: O)Ke-CIeKTpiB Ta OTpUMaHHIO iHpopMaLii mpo
OCHOBHI €HEpreTUYHi Ta CIIEKTPaJIbHI IMapaMeTpH, a TAKOXK BU3HAYECHHIO CKJIaly TOBEPXHI HA OCHOBI
po3mudpoBku Oxe-cnekTpiB. B naniit po6oTi kOMOIHOBaHUHN PENSATUBICTCHKUN €HEPTeTUYHUN
MAX1J 1 peNATUBICTChKA OararTo4acTUHKOBA TEOPist 30ypeHb 3 HyIbOBUM HAOIMKEHHAM (DyHKITIOHAIA
T'YCTHHH 3aCTOCOBYIOTHCS JIJIsl BU3HAUCHHS CHEPTeTUYHHX 1 CIIEKTPabHUX napaMeTpiB Osxe-mporecy
B TBepIOTUTbHUX Na, Si, Ge, Ag. Pe3ynbraru nopiBHIOIOTECS 3 y3arajJbHEHUMU EKCIIEPUMEHTATbHUMU
pe3yapTaTaMu, a TaKoX 3 pe3yJabTaTaMy, OTPUMAaHUMHU Ha OCHOBI aJIbTEPHATUBHUX TEOPETHUHUX
MeToAiB. BaxauBuii MOMEHT NOB'S3aHUN 3 KOPEKTHUM YpaxyBaHHAM BHECKIB CKJIaJHUX
0araTo4acTUHKOBUX OOMiIHHO- KOpENALIMHUX €(EeKTiB Ta BUKOPUCTAHHSIM ONTHUMiI30BAHOTO
OZTHOYACTHHKOBOT'O YSIBIICHHS B HYJbOBOMY HAOIMXEHHI PEIATUBICTCHKOI 6araro4acTHHKOBOI Teopii
30ypeHb, 110 CYTTEBO BIUIMBAE HA 3rO/ly TEOPii Ta EKCIIEPUMEHTY.
Kurouosi cioBa: pensituBicTchka Teopis, Oe-creKTpoCcKoIlis, TBEpAE TiI0
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