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Abstract
SENSING THE AUGER SPECTRA FOR SOLIDS: NEW QUANTUM APPROACH
S. V. Ambrosov, A. V. Glushkov, L. V. Nikola

It is proposed new approach to sensing Auger spectra of solids and calculation of charac-teristics
of Auger decay within S-matrix Gell-Mann and Low formalism. The energies of Auger electron
transitions in solids (Na,Si,Ge,Ag) are calculated with account for correlation effects.
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Pesiome
JETEKTYBAHHS OXKE CIIEKTPIB TBEPIUX TLI: HOBUI KBAHTOBUI TILAXIT

C. B. Ambpocos, A. B. Inyuixos, JI. B. Hixoaa

Po3BrHyTO HOBMIA Tiaxin mo AeTeKTyBaHHS Oxe-CHeKTpiB TBEPAUX Til Ta PO3paxXyHKY Xapak-
TepucTtuK Oxe po3nany B Mexax S-MaTpuyHoro ¢opmaiizmy Iemn-Mana ta Jloy. 3 ypaxyBaHHSIM
KopeJsuiiHuX epekTiB po3paxoBaHi eHeprii Oxe nepexoniB y Na,Si,Ge,Ag.

Knrouosi ciioa: nerexkryBaHHs OXe CIIEKTpiB, TBepi TeJla, KBAHTOBUI pO3PaXyHOK

Pesiome
JETEKTUPOBAHUME OXE CITEKTPOB TBEPIBIX TEJ: HOBBIN KBAHTOBBI IMoaxoa

C. B. Ambpocos , A. B. Inywros, JI. B. Huxoaa

Pa3BuT HOBBII MOIXOM K HeTeKTHUpOoBaHMIO OXe CIIEKTPOB TBEPAbIX TEJI M pacueTy XapaKTepucC-
tuk Oxe pacrajga B paMKax S-MaTpuyHoro popmanusma Iei-Mana u Jloy. C yueToM Kopesuisiim-
OHHBIX 2(peKToB paccunTaHbl s3Heprunu Oxe nepexonos B Na,Si,Ge,Ag.

Knrouessie ciioBa: nerekrupoBaHue Oxe CIIEKTPOB, TBEPIbIE Tejla, KBAHTOBBII pacuyeT

Introduction important data for the whole number of scientific

The Auger electron spectroscopy is an effective and technological applications. When considering

method to study the chemical composition of solid ~ the method principles, the main attention is given
surfaces and near-surface layers [1-8]. Sensing the  as a rule to the models for drawing chemical infor-
Auger spectra in atomic systems and solids gives the ~ mation from the Auger spectra and to the surface
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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. Since the vacancy lifetime in
an inner atomic shell is rather long (about 10-'7 to
10-'4s), the atom ionization and the Auger emission
are considered to be two independent processes. In
the more correct dynamic theory of the Auger ef-
fect [1-4] the processes are not believed to be in-
dependent from one another. The fact is taken into
account that the relaxation processes due to Cou-
lomb interaction between electrons and resulting in
the electron distribution 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 ac-
count correctly a number of correlation effects, in-
cluding the energy dependence of the vacancy mass
operator, the continuum pressure, spreading of the
initial state over a set of configurations etc. [1-6].
Note that the effects are not described adequately
to date, in particular within the Auger decay theory
[2]. In this paper a new approach to detection of
the Auger decay characteristics for complex atomic
systems basing on the S-matrix formalism by Gell-
Mann and Low [7-15] is used for sensing the Auger
spectra of solids and calculation of its characteris-
tics. The novel element consists in an using the op-
timal basis of the electron state functions derived
from the condition that the calibration-non-invari-
ant contribution of the second order polarization
diagrams to the imaginary part of the multi-elec-
tron system energy is minimized already at the first
non-disappearing approximation of the perturba-
tion theory (PT) [10,11,15]. Earlier the method has
been applied to calculate the ionization cross-sec-
tions of inner shells in various atoms and quasimol-
ecules (c.f.[8,10])..

Method for calculating the line intensities and
widths in the Auger spectra

Within the frame of QED PT approach [8-11]
to the Auger effect description, the Auger transition
probability and, accordingly, the Auger line inten-
sity are defined by the square of an electron interac-
tion matrix element having the form:

Vigw = [(Jl)(fz )(U3)Us )[% X
1Ja A
N [ “m quRte 1234);

A
0, =03 +0. (1)

The terms QX" and Q" correspond to subdivi-
sion of the potential into Coulomb part cos|o|r, /7,
and Breat one, cos|o|r, o.,0./7,,. 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 QQ“' is expressed in terms of ra-
dial integrals R, angular coefficients S, [9]:

ReQ" = e{R,(1243)S1(1243)+

+R4(124§)SA(124§)+ 3)
R,(1233)s,(1233) + R, (1233) s, (1233)}.

As a result, the Auger decay probability is ex-
pressed in terms of ReQ, (1243) matrix elements:
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where fis the large component of radial part of sin-
gle electron state Dirac function; function Zis: :
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The angular coefficient is defined by standard way
[7]. The other items in (3) include small components
of the Dirac functions; the sign “~” means that in (3)
the large radial component £ is to be changed by the
small g one and the moment / is to be changed by
l:. =/, —1 for Dirac number x> 0 and /+1 for x <0.
The Breat interaction is known to change consider-
ably the Auger decay dynamics in some cases (c.f.

[9]). The Breat part of Q is defined as the sum:

B
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where the contribution of our interest is determined
as:
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The Auger width is obtained from the adiabatic
Gell-Mann and Low formula for the energy shift

[10]. The contribution of the A, = ' '
diagram to the Auger level width with a vacancy

nul Jm_is:

2
A k A k ) 7
2@)(1;),%,;9 (akyB)Q, (Brka), (7)

while contribution of the A = E 5 i one is:

23 3 Y0, k)0, *
(o )i prerics
ja .] A’Z
X k 4 . 8
By a){jk Jp )*1} ®

The formulas (7),(8) define the full Auger
level width. The partial items of the ﬁZ; sum
/4

answer to contributions of a'—>(By)'K channels
resulting in formation of two new vacancies By
and one free electron k: ® O, To—o,. The final
expression for the width in the representation of
ji-coupling scheme of single-electron moments
has the form:
L2018, 2)31550) = 2 (278, 2305540, 1) P (9)
Jilk

Here the summation is made over all possible de-
cay channels. The basis of electron state functions
was defined by the solution of Dirac equation (inte-
grated numerically using the Runge-Cutt method).
The calculation of radial integrals ReR (1243) is
reduced to the solution of a system of differential
equations [9]:

v = LAZY @o|ry*”
vy = [ 23 @] ryr®

Vs =DnSoSs+ vo iS5 ]Ziz) (@ |a)|r)rl"’I

(10)

In addition, y,(0)=ReR,(1243), y (0)=X,(13).
The system of differential equations includes also
equations for functions f//, g/F<-1, z® | 7® The
formulas for the auger decay probability include the
radial integrals R (okyB), where one of the func-
tions describes electron in the continuum state.
When calculating this integral, the correct normali-
zation of the function ‘¥, is a problem. The correctly
normalized function should have the following as-
ymptotic at 7—0
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When integrating the master system, the func-
tion is calculated simultaneously:

N(r)= {Ta)k[sz [a)k+(aZ)_2}+
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It can be shown that at » — o, N(r)—>N,, where
N, is the normalization of functions f,, g of con-
tinuous spectrum satisfying the condition (11). The
energy of an electron formed due to a transition jk/
is defined by the difference between energies of an
atom with a hole at the j level and double-ionized
atom at k/ levels in the final state:

E, (jk,*"L,) = E; ()~ E5' (k,*7L,) (12)

To single out the above-mentioned correlation
effects, the equation (12) can be presented as:

E,(jkI,**"L;) =

=E(j)-E(k) - E()-AKk,L*7L,)  (13)
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 ac-
count, the set of procedures elaborated in the atom-
ic theory [2,3] is used. For solid phase, the more
precise form of equation (13) is [1]:

ESA (]kl, 2S+1LJ) —

=E,(jk,*"L,)+ AE" + R, +e| (14)
where AE*is a correction for the binding energy
change in the solid; R , the same for out-of-atom
relaxation; e®d takes into account the work of exit.
In real Auger spectra, a specific line shape charac-
teristic for a given transition and for each element
arises due to the line blurring caused by the Auger
electron interaction with electrons of inner shells,
outer bands, overlapping individual multiplet lines,
multi-particle effects etc. In solids, the Auger spec-
tra are broadened in the low-energy region due to
non-elastic scattering of Auger electrons emitted by

an atom when those move within the crystal [1].
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Calculation results and conclusions

Now let us describe some calculated data for Au-
ger electron energy in 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 proportionality coefficient in
the equation coincides with the electron impact
ionization cross-section o, of the level j. Of course,
two aspects are to be considered when determin-
ing the exit probability of Auger electrons from an
atom, namely, the radiative transition under neu-
tralization of a hole at the level j and the possibil-
ity of a considerable change in the initial hole dis-
tribution at the core levels at the Auger decay via
the radiative channel jkl associated as a rule with
a considerable distinctions in the non-radiative
transition probabilities. For definiteness sake, let
the ionization of L levels in a multi-electron atom
be considered. The probability of the Auger elec-
tron 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 ioniza-
tion cross-sections of the levels L ,L, The Auger
line intensity is defined by three atomic constants:
Ajk]:G ., where a, is the non-radiative transition

probability; fi is the Korster-Kronig coefficient; o,

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 elec-
tron energy for some solids calculated using the
gauge-invariant method of this work (column C),
the semi-empirical method under Larkins’ equiva-
lent core approximation [2] (column A), the non-
gauge-invariant QED PT [8] as well as experimen-
tal data (c.f.[2]). The calculation accuracy using
method [2] is within about 2 eV as an average. Our
approach provides more accurate results that is due
to a considerable extent to more correct accounting
for complex electron interaction. The improve,ent
of our data in comparison with results [8] is con-
nected with using the fully qauge-invariant scheme.
To conclude, note that the use of the Auger elec-
tron spectroscopy in analysis of the surface chemi-
cal composition 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 inten-
sity changes of individual lines caused by the redis-
tribution 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.

Table 1

Experimental data for Auger electron energy for solids and calculated values (A, semi-empirical method [2]; B, [8];
C — present paper)

Element Auger line Experiment Theory: A Theory: B Theory: C

Na KL,.L,,'D, 994,2 993,3 994,7 994,3

Si KL,,L,, 'D, 1616,4 1614,0 1615,9 1616,3

Ge LM,M,, 'G, 1146,2 1147,2 1146,6 1146,2

Ag MNN,N,.'G, 353,4 358,8 354,1 353,5
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