PACS 31.15.A-

A.S. Sofronkov', A.V. Tjurin’

'Odessa State Environmental University, 15, Lvovskaya str., Odessa
’L.I. Mechnikov Odessa National University, 2, Dvoryanskaya str., Odessa
E-mail: sofronkovav@gmail.com

RELATIVISTIC AND CORRELATION EFFECTS IN AUGER
SPECTROSCOPY OF ATOMS AND SOLIDS

It is presented an advanced, consistent theoretical scheme for determination of the energy and
spectral characteristics of the Auger process (decay, transition) in atomic systems and solids with cor-
rect accounting for the relativistic and nuclear effects. As the basic approach to calculating the Auger
spectra of solids there is used a consistent theoretical method, based on the S-matrix formalism by
Gell-Mann and Low and relativistic many-body perturbation theory formalism. Universal relativistic
Dirac-Hartree-Slater method is taken as a theoretical method for calculating the electronic wave func-
tions and energies of the states and transitions. The advanced data on the Auger electron energy for
some solids (Ge,Ag) with accounting for the relativistic and nuclear finite size effects are listed.

1. In the modern atomic, molecular physics,
physics of solids and surfaces there are used
different methods of spectroscopy of electro-
magnetic radiation and spectroscopy of char-
ged particles in order to provide an analysis,
diagnose and sensing the composition (analy-
sis) of the energy and radiative properties of
atomic, molecular systems, surface and near-
surface layers of solids. Usually a classifica-
tion of the main methods of spectroscopy used
to analyze the above listed physical systems is
based on the type of particles used to excite
the spectrum and particles - carriers of infor-
mation about the composition of the substance.

One of the most effective and spread me-
thods to study the chemical composition of so-
lid surfaces and near-surface layers [1-8] is the
Auger electron spectroscopy. Analysis and
sensing the Auger spectra in atomic, molecular
systems and solids allow to get the important
information a for the whole number of scienti-
fic and technological physical and chemical
applications, including many topics of modern
optics and spectroscopy, laser, astrophysics,
ultra cold plasma diagnostics, forecasting pro-
perties of Rydberg substance, Bose-condensate
of Rydberg atoms etc. One should underline
the theoretical and practical interest for a such
of applications and related physical discipli-
nes, which include atomic, molecular, quan-
tum optics and spectroscopy, quantum electro-

nics, 1 construction of kinetic models of new
short-wave laser circuits, physics of laborato-
ry, astrophysical plasma, quantum , sensor and
photoelectronics etc.

Naturally, at the present time there are car-
ried out relatively a great number of different
theoretical models and schemes in order to cal-
culate the corresponding energy and s[spectro-
scopic parameters of the Auger transitions,
and, generally speaking, a total set of characte-
ristics of the Auger spectra. Surely there are
developed a group of effective experimental
methodises in order to measure the Auger
transitions characteristics (e.g. [1-12]).

It should be noted that there is a whole gro-
up of methods based on the use of data on pho-
toionization cross sections and measurements
of the dependence of the intensity of photo-
electron lines on the kinetic energy of photo-
electrons by varying the energy of the exciting
X-ray radiation (for example, using synchro-
tron radiation) or by choosing an appropriate
set of photoelectron lines (see, e.g., [1-5]).

The most popular in the theoretical Auger
spectroscopy is so called two-step model,
which is used most widely when calculating
the Auger spectra (transitions, decay) characte-
ristics [1-16]. The physical aspects of the cited
model are quite reasonable. It is known that
since the vacancy lifetime in an inner atomic
shell is rather long (about 1077 to 10%s), the
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atomic system ionization and the Auger emis-
sion processes are considered to be two inde-
pendent processes. Though the more correct
dynamic theory of the Auger effect [3,7-9] is
developed and the above mentioned processes
are not believed to be independent from one
another in this theory. The fact is taken into
account that the relaxation processes due to
Coulomb interaction between electrons and re-
sulting in the electron distribution in the va-
cancy field have no time to be over prior to the
transition. One should note that the consistent
and quantitively correct Auger decay theory
should take a definite number of the physically
important complicated exchange-correlation
effects into consideration. Above them one
should separate such effects as exchange-
polarization effects, an energy dependence of
the vacancy mass operator, a continuum pres-
sure, spreading of the initial state over a set of
configurations etc. In a great number of papers
it has been shown that in order to ger a current
information about energy and spectral charac-
teristics of the Auger process (decay, transi-
tion) it is necessary to provide a correct acco-
unting for the relativistic, radiation and nuclear
finite size effects contributions especially un-
der consideration of the middle and heavy ato-
mic and molecular systems, solids etc (eg.[10-
14]).

The aim of the work is to provide a consi-
stent theoretical scheme for determination of
the energy and spectral characteristics of the
Auger process (decay, transition) in atomic
systems and solids with correct accounting for
the relativistic, and  (relaxation) effects. As
the basic approach to calculating the Auger
spectra of solids we use an consistent theoreti-
cal method, based on the S-matrix formalism
by Gell-Mann and Low and relativistic many-
body perturbation theory formalism, presented
in Refs. [11-14]. However, in contrast to the
original version of the theoretical approach
used [9-14], a simpler and more universal rela-
tivistic Dirac-Hartree-Slater method was taken
as a theoretical method for calculating the
electronic wave functions and energies of the
hundred states. The numerical data on the
Auger electron energy for some solids (Ge,Ag)
with accounting for the relativistic and nuclear
finite size effects are listed. Other details can
be found in Refs. [9-16]

2. As the key moments of our method fpor
accounting the relativistic and nuclear effects
in Auger spectroscopy are shortly have been
mentioned in Refs. [9,10], here we are limited
only my the principally important model
points. It should be recalled that when collid-
ing with an atomic system, the primary elec-
tron e, which has energy sufficient to ionize
one of the main levels of the atom, knocks out
the electron ej from this level, transferring the
atom A to an ionized, unstable state A" with a
hole at the level which in the general case may
correspond to some set of final states Ea.

Following to Ref. [9,11], one should deter-
mine the uger transition probability and the
Auger line intensity through the square of an
electron interaction matrix element ( the classi-
cal golden Fermi rule) having the form
[11,13]:
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The terms Q%" and Q}' correspond to subdivi-
sion of the relativistic interelectron potential
into Coulomb part cos|w|r;»/r;> and Breit com-
ponent cos|o|r;au0/r12. The real part of the
electron interaction matrix element is deter-
mined using expansion in terms of the known
Bessel functions:

N A3 W oo o)

)
where J is the 1% order Bessel function,
(AM)=2A+1. The Coulomb part QY is expressed
in terms of radial integrals R, , angular coeffi-

cients S, [11-13]:

ReQM = %Re{Rl (1243)5;, (1243)+ B, (1243 )5, (1243 )+

3)

+ By (133)5,, (1233)+ Ry (1333)s,, (1333))

As a result, the Auger decay probability is ex-
pressed in terms of Re(0,(1243) matrix ele-
ments:
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where fis the large component of radial part of
single electron state Dirac function; function Z
and angular coefficient are defined in refs.
[7,8].

The other items in (3) include small compo-
nents of the Dirac functions; the sign «~»
means that in (3) the large radial component f;
is to be changed by the small g; one and the
moment /; is to be changed by [,=1,—1 for
Dirac number @,> 0 and /+1 for &<0. The
Breit interaction is known to change consider-
ably the Auger decay dynamics in some cases.
The Breit part of Q is defined in [7]-9]. The
corresponding basis’s of the relativistic wave
functions are determine within the standard X,
method (e.g. [11,15,16]).

The calculation of radial integrals
ReR;(1243) is reduced to the solution of a sys-
tem of differential equations [11-13]:

= f1f3Z;(3)(0°|®|r)V2+}”
ya = f2f4ZS)(a|@r)r2+x

v5=[fafa+y2/if3 ]Z;(?) (04‘4?)’1_7“ (5)

In addition,

y3(c0)=ReRx(1243),

y1(0)=X(13). (6)

In order to get the consistent relativistic ex-
pressions for the Auger widths and Auger
electron transitions energies we use an consi-
stent theoretical method, based on the S-matrix
formalism by Gell-Mann and Low and relativi-
stic many-body perturbation theory formalism,
presented in Refs. [11-14].

The Auger width is obtained from the adia-
batic Gell-Mann and Low formula for the en-
ergy shift [7]. In particular, the expression for
the key contribution to the Auger level width
with a vacancy n.lyj.m. 1s given as follows
[10-12]:

Y 2 Q,lakyB)Q, By ka)(7)
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And further the corresponding “exchange dia-
grams” contribution is as:

(%)ZZZQM (kv (kaa%‘* s i}
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(8)

The partial items of the ; zk: - sum answer
Y

to contributions of o'—>(By)'K channels re-
sulting in formation of two new vacancies By
and one free electron k: w=w,+mp—w,. The fi-
nal expressions for the width in the representa-
tion are listed in Refs. [9-13].

Regarding the accounting for the exchange-
correlation corrections. The standard Slater po-
tential and the modified correlation potential
of the Gunnarson-Lundqvist type has been
added into the Dirac-Hratree-Slater equations
(see details, e.g., [10-15]).

The key element of novelty is the genera-
tion of optimized bases of relativistic Dirac-
Hartree-Slater orbitals. To achieve this goal,
one should use the formally accurate iterative
approach, which is based on the procedure of
minimizing the contribution to the imaginary
part of the electronic energy shift due to the
relativistic perturbation theory second order
polarization diagrams associated with the ex-
change of longitudinal photons. The contribu-
tion of these diagrams depends on the calibra-
tion of the photon propagator. It is also impor-
tant to correctly take into account exchange-
correlation effects of "2" and higher PT orders,
in particular, corrections for the polarization.
The standard many-body polarization func-
tional is usually used and added to the inter-
electron interaction operator (see the details,
for example, in refs. [10-16]). Very important
point of the whole scheme is application of
correct procedure for taking into account the
states of the continuum within the Dirac-
Slater-Sturm method (see details in Refs.
[10,12]). The contribution of the lower order
radiative corrections to the energy and spectral
characteristics can be also taken into account
with using the methodology [9-15], however,
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one should wait for a quite little contribution
into studied characteristics.

The formulas for the Auger decay probabil-
ity include the radial integrals R.(okyp), where
one of the functions describes electron in the
continuum state. Following to Ref. [10], the
energy of an electron formed due to a transi-
tion jkl 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:

2+(Kkl, L

E,[jKkl,L,)=E " (10)
To single out the above-mentioned correlation
effects, the equation (12) can be presented as:

E 4Gk, 5L )= E(j) - Ek) - E() - Ak, ;25 UL )
(11)

where the item A takes into account the dy-
namic correlation effects (relaxation due to
hole screening with electrons etc.)

Further, in order to take these effects into
consideration, one should use the standard pro-
cedure, which is elaborated in an atomic spec-
troscopy (e.g.[2,3,11,15]).

For solid phase, the more precise form of
equation (11) is given by the following equa-
tion [9]:

ES 4Gk, P11 )= E Gk, 2Ly ) + AES + Ry + €9
(12)

where AE’ is a correction for the binding en-
ergy change in the solid; R,.;, the same for out-
of-atom relaxation; e® takes into account the
standard work of output. The other topics can
be, for example, found in refs. [9-16].

3. In table 1 we present our theoretical data
(column “This”) the data on the Auger elec-
tron energy for some solids (Ge, Ag) as well as
the experimental data (column E), theoretical
semi-empirical method data within the
Larkins’ equivalent core approximation [2,3]
(column A), non-gauge-invariant relativistic
Dirac-Fock method (colimn B), the gauge-in-
variant relativistic Dirac-Fock method (column
O)[1,3,10].

Table 1. Experimental and theoretical data for Auger
electron energy: E- experiment; A, semi-empirical
method - [2]; B- [8]; C—[15]; D —[3], E- this work;

Solid| Auger line E Th: A | Th: B
Ge | LsMysMys'Gy | 11462 | 1147.2 | 1146.6
Ag | MsNysNys'Gy | 3534 | 358.8 | 354.1

Solid| Auger line E Th: C This
Ge | LsMysMys'Gy | 1146.2 | 1146.2 | 1146.3
Ag | M5sNysNys 'Gy | 3534 | 3534 | 353.6

The analysis of the presented data shows
that, firstly, the computational accuracy of the
classical Larkins’ method is about a few eV as
an average. The data, obtained within the rela-
tivistic perturbator theory methods ([10] and
ours) are more correct. The corresponding im-
provement of the calculational accuracy is
reached due to a considerable extent to more
correct and consistent accounting for complex
interelectron (vacancy) exchange-correlation
effects as well as the relativistic and other
solid state corrections. The data in the columns
“C” and “This work” are more correct in com-
parison with data in the column B because of
the more correct gauge-invariant procedure of
generating the relativistic wave functions ba-
sis’s. Besides, application of correct procedure
for taking into account the states of the contin-
uum within the Dirac-Slater-Sturm method
(see details in Refs. [10,12] is also very impor-
tant for adequate model. Naturally, accounting
for the effects of the polarization interaction of
quasiparticles (electrons and vacancies) and
the screening on the basis of the using effec-
tive relativistic exchange-correlation function-
als is important too. There is of a great interest
an application of the method to studying the
Auger processes in more heavy systems.
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Sofronkov A.S., Tjurin A.V.

RELATIVISTIC AND CORRELATION EFFECTS IN AUGER SPECTROSCOPY OF
ATOMS AND SOLIDS

Summary. It is presented an advanced, consistent theoretical scheme for determination of
the energy and spectral characteristics of the Auger process (decay, transition) in atomic systems
and solids with correct accounting for the relativistic and exchange-correlation (relaxation) nu-
clear effects. As the basic approach to calculating the Auger spectra of solids there is used a con-
sistent theoretical method, based on the S-matrix formalism by Gell-Mann and Low and rela-
tivistic many-body perturbation theory formalism. Universal relativistic Dirac-Hartree-Slater
method is taken as a theoretical method for calculating the electronic wave functions and ener-
gies of the states and transitions. The advanced data on the Auger electron energy for some
solids (Ge,Ag) with accounting for the relativistic and nuclear finite size effects are listed.

Key words: atomic spectroscopy; Auger spectroscopy; relativistic theory; energy approach;
atomic, plasmas, solids systems.
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PEJATUBICTCHKI TA KOPEJAIINHI EOEKTH B OXKE-
CIIEKTPOCKOIII ATOMIB TA TBEPJIOT'O TLIA

Pe3ome. IIpencTaBieHO BJIOCKOHAJIEHY IOCHIOBHY TEOPETHYHY CXEMy JJsi BU3HAUYEHHS
E€HEPreTUYHUX 1 CIIEKTPaIbHUX XapaKTepHcTUK mporecy Oxe (po3many, Mepexoay) B aTOMHHX
cucTeMax 1 TBepIuX TUIaX 3 KOPEKTHUM BpPaxXyBaHHSAM PEJIATUBICTCHKHX 1 KOpesUiiHuX (pena-
KcalliiHuX) edekTiB. B gKOCTI OCHOBHOTO MiIXOQy N0 po3paxyHKy Orke-CIeKTpiB aTOMHUX CHU-
CTeM, 1 Jaji TBepAUX T BUKOPUCTOBYETHCS MOCIIIOBHUNA TEOPETUUHUI METOJ, 3aCHOBaHUI Ha
dopmanizmi S-matpuni ['enn-Manna 1 Jloy Ta ¢opmanizmi peiasiTUBICTCbKOI Teopii 30ypeHb
OaratboX TiJ. YHiBepcalbHHH pensTuBicTchkuil Metos ipaka-Xaptpi-Crnerepa Oeperbcsi sk
TEOPETUYHUN METOJl PO3PaxyHKY €JIEKTPOHHUX XBWJIbOBUX (YHKIIH 1 €Hepriil cTaHiB Ta mepe-
xoxiB. HaBesieHo nmepesoBi JaHi Mpo €HEPrito 0Xke-eNeKTPOHIB s Aeskux TBepaux Tin (Ge,Ag)
3 ypaxyBaHHSIM PEJIATUBICTCHKOIO Ta SAEPHOTO €(PEeKTIB KIHLIEBOTO PO3MIpY.

KarouoBi cioBa: aromHa crnekTpockoris; OxXe-CHeKTPOCKOIIis; PeNsTHBICTChKA Teopis;
€HEePTeTUYHUHN MMiIX1; aTOMHI CHCTEMH, IJIa3MOBE CEPEIOBHUIIE, TBEP/EC TLJIO.
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