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In this paper a theory developed by Stumpf [1] will be used in order to calculate Auger transi-
tion probabilities in semiconductors. The main feature of the calculations is the incorporation of
the coupling of impurity electrons to the surrounding lattice by phonons, using dynamical elec-
tronic wave functions for impurity states. The final result is an expression for transition probabi-
lities, describing multiphonon assisted Auger transitions in semiconductors.

Introduction

The optical properties of impurity centers in
semiconductors are often described in a one-
impurity center approximation. In this model all
processes at one center are independent of the
presence of other surrounding impurities. For large
concentrations of defects this assumption cannot be
justified any longer and interactions between
centers have to be taken into account. A particularly
interesting case of interaction is the resonant
transfer of excitation energy from one impurity to
another. There are two mechanisms leading to such
processes, first the reabsorption of radiation
emitted by decaying excited centers, and secondly
the direct Coulomb and exchange interaction
between these centers. The latter processes are
called Auger transitions. In this paper we will
discuss these processes. Our model is based on a
theory developed by Stumpf and coworkers [1—7].
In this theory in a first step a microblock model is
proposed to describe processes at one impurity
center. In a second step these microblocks are
collected to form a mosaicblock which will be the
basic model for our calculations.

Auger processes in semiconductors were often
studied in literature. There are many papers by
Landsberg and coworkers [8—12]. They try to
calculate Auger recombination rates and impact
ionisation coefficients. In their calculations Lands-
berg et al. restrict themselves to the pure electronic
part of the transitions without coupling to the
phonons. This restriction may be justified for semi-
conductors with narrow energy gaps or impurities
with low trap depth. Similar calculations were made
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by Haug [13, 14] and Schéne [15] for band-band
trasitions.

On the other side, there are only few investiga-
tions about the phonon assisted transitions. Eagles
[16] used the second order perturbation theory to
include phonons in the transitions via the electron
phonon interaction. Another method of Rosenthal
[17] provides a unitary transformation of the
perturbation part of the Hamiltonian, consisting
of an electron-electron and an electron-phonon
interaction part, to describe such processes. By this
way Auger transition probabilities for creation or
destruction of two phonons are obtained.

In this paper weinvestigate by means of the theory
mentioned above the transition probabilities with
an arbitrary number of phonons. Thereby we
restrict ourselves to pure theoretical discussions
without numerical results which will be given in a
following paper. In the first section we summarize
all the definitions we need. In section 2 the basic
theory for our calculations will be outlined. In a
further section we calculate the Auger operator for
the special case of halogenid crystals with colour
centers. Then we treat in the following section the
corresponding Auger transition probabilities and
derive calculable expressions.

1. Definitions

All abbreviations to be used are given in this
first section. If possible, the notations of paper [1]
are applied.

a) Notation of the Crystal Structure

e  := charge of the electron;

rj := position of the i-th impurity electron;

l = index of the I-th elementary cell of the ideal
lattice;
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1 := index of the ions in the elementary cell;
ey = charge of the lu-th nucleus;
Ny, := ideal lattice position of the lu-th nucleus;

My, = lattice position of the lu-th nucleus in the
distorted lattice;

R, := static lattice position of the lu-th nucleus
in the distorted lattice when the impurity
electron is in state n;

Ay = (em+ Z e) charge of the lu-th ion; (1.1)

Aip
My := Ry — Ny,, ionic displacement from

ideal lattice position; (1.2)

Xl

,‘ ionic displacement from

static lattice position
when the impurity electron

. n
= Nyp— R,

is in state n; (1.3)
ltut with 1 <4 <s:= lattice points of the
impurities; (1.4)
:= sum over all lattice points exclud-
s ingltut, 1=<1=<s; (1.5)
z = Z with ¢ =%=7; (1.6)
] ]
C(t,v') :=|v—1'|71,
C(v, Ru) i= |t — R |2, (1.7)
C(r,lp) :=|t— Ry,|"1, Coulomb potentials;
m := electron mass; (1.8)
My, := mass of the [u-th nucleus. (1.9)
b) Quantum Mechanical and Thermodynamic
Quantities
i} := (k7)1 Boltzmann factor; (1.10)
Zppon 1= partition function of the whole
phonon system ; (1.11)

fm(T) = Zplexp{—pBE}} thermo-

dynamic steady state distribution

of the phonon system; (1.12)
Pr(t) := occupation probability of the

v-th photon mode; (1.13)
o(t) := statistical operator of the whole

mosaicblock system; (1.14)
25 (¢, N) := total electronic wave function; (1.15)
gm(N) = total lattice wave function of

the mosaicblock ; (1.16)
oy := shell quantum number of the

lp-th ion; (1.17)
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N, %€M := {p¢| 0 = Il ui resp. ¢ with
l1=i<sand e=1,...,rk}
:= quantum number of impurity

states; (1.18)
wy(t, N) := one particle functions of the

impurity state; (1.19)
ay,, (t, R):= one particle functions of the

atomic state « in the lu-th ion; (1.20)
my, = > e [a¥al (v — Ry dr

iy

:= electronic dipole moment of

the lu-th ion; (1.21)
qe" := > B}, X},: normal coordinates

{lu}

of the mosaicblock crystal; (1.22)
pn(Xn) := variational parameters of the

dynamic electronic wave functions

as function of the displace-

ments X7, (1.23)
g™ := normal coordinate displacements

for an electronic transition

from n’ to n; (1.24)
Vm (Ey,) = line width of phonon state m

with energy value E7; (1.25)
By, := energy value of the mosaic-

block crystal; (1.26)
B := energy value of the mosaic-

block crystal in harmonic

approximation; (1.27)
¢) Calculation Aids for Phonon Assisted

Awuger Transitions
A,],",]:," i= (1 — Oy o Omsm’) s (1.28)
m,m

ot, 0t 0¢, 0t 0c™, 0¢F, 04 %, 0¢'*,
Vi, Yt. Y, pi* = parameters;
Pl = Vhawm(2 (@ — a”); (1.29)

ay"+, ay":= oscillator creation and destruction

operators of frequency w:"; (1.30)
O ;= exp {I pa '} (1.31)
n— g’
A e EF (1.32)
2 (w4 + @)
wtnz — wtn'Z
1= - e s 1.33
By Swilwg ( )
Vi :=exp {— A¢ (a2} exp { By (an)2; (1.34)
Cyn, = <¢7m | Vt7]+ Vln | ¢2m> (1.35)
o = L/? [k ag’ (1.36)
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df,;”(*) = — g - ‘/}T/zaﬁ p¢(®); (1.37)
dyre™ = g’ + VW ye(*); (1.38)
ann'c) . -f_ )’t(*)z _ (ocg""’)'z (1.39)
3.t 20)!77
——
- £ g0 5
2 l/ thn oM yt( ),
 A— A — By (1.40)
0.t " (1 —exp{— Bhw})? '
S(dyy gyt — dyy dyy* exp {— Bh w});
A B
o = e (1.41)
o+ (1 —exp{— fFwm)?}
(A7 Ay + 7y * a3y *) exp {— B owg);
, A Bn
i — £ - (1.42)
2 (1 —exp{— Bh w"})2
A7 A7 * exp {— 2Bk w};
o I ,A‘,ﬂ jBL . qun g,
St (1 —exp{— Bhawm})? >t "3
(1.43)
an = R Ay dyn* s (1.44)
1 —exp{—fhwm} ** =
, exp{— B & w} L
A a dm*; (14
¢ 1 —exp{—Bhawm} a4
b S P ny!
) amm™ (™

T a ve,n1—N2+2n3—2na *

ng! ng!

2. Basie Theory

To describe Auger transitions in semiconductors
with point defects we use the mosaicblock model
introduced by Stumpf [4] as our basic concept of
deduction. We write the Hamiltonian for this
model as:

A:=K+8+ W+ Hs+ Av
with:
K energy operator of the whole mosaic block,
S operator of the free radiation field,
W operator of the heat bath,
As interaction operator between crystal and radia-
tion field,

HAw» interaction operator between the surrounding
heat bath and mosaicblock crystal.

(2.1)
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This mosaicblock system is described by the base
states:

@) = |nmyo):=|nm)®|v) ®|0>, (2:2)
where the subsystems are represented as follows:

|nm) the dynamic electron lattice states of the
crystal with electronic quantum number »
and lattice quantum number m,

|v)  the eigenstates of the radiation field and

lo> the states of the coupled heat bath.

As a further step we represent the electron
lattice states in the adiabatic coupling scheme [18].
They are given in the coordinate representation
with the definitions (1.15) and (1.16) by:

<t Rnm) = x5 (v, R) @ (R)

=:| x> |gm> - (2.3)

The states (2.2) and (2.3) are not eigenstates of the
Hamiltonian (2.1). Therefore we have developed a
method to define all perturbations of the system
which cause transitions between these base states.
Among these transitions we shall also find Auger
transitions. To derive them let us define the crystal-
Hamiltonian as

K:=3 (—W22My,) Ay, + (R, 1),

{lu}

where in % (R, r) the kinetic energy of the electrons
and all Coulomb interactions of charged particles
being in the crystal are collected. The solution of
the equations

(R, 1) | 22> = Ua(R) | 5

(2.4)

(2.5)

2

h
Ay + Oa() | [ = B3|
{% 2Ml[t Riu n( ) l(p > [(p>
(2.6)

leads to the adiabatic states (2.3) and a perturbation
operator Kt which will be defined later.

The electronic equation (2.5) will be treated by
means of the Hartree-Fock variational principle
which gives also no exact eigenstates and eigen-
values. Consequently, we get the approximative
expression for the eigenvalue

Un(R) := Min (o | 2 (R, 1) | 40>
{lxza>}

and a nondiagonal part k¢ in (2.5) remains. The
Eqgs. (2.5) and (2.6) then read:

(R |25 = [Un(R) 1+ k(R 25

(2.7)

(2.5a)
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— Ao Un(R)
& 2Mz Ry T )| | ¥

=E |gn> -
(2.6a)

The result of these considerations is finally a
separation of the Hamiltonian (2.1) in two parts:

A=A+ A, (2.8)

where H represents the diagonal part between the
states (2.2) of A and is given by

Ho:=>|nmvo){nmvo|H|nmvo){nmvo|
nmvo (29)

while the nondiagonal perturbation operator H;
can be worked out to be

Ay:=H—Hy=Kt+ Ks+ Hs + Aw, (2.10)

The various operators in this definition are repre-
sented by the following matrix elements:

t
K":":"Lgln = (1 — Onn’ Omm’) Ovp Ogo’ (2.11)
0 .
'{IZ} a1y, Kol Ao | 20> <o 9
+ 2 <X7l I V.‘J'\‘xu i X:&'> <(p;i V!Rw i ¢17£i’>] ’
KSZ":‘:” = (1 — Onn’ Omm’) Oy dgo’ (2.12)
(@ 10| R (R, ¥) | g e
=(1 — Onn’ Omm’ 9| Owy’ (sgg
RGALL
with
ks (9) := G| h(R, 0) | s (2.13)
H:”""L‘:” =(1— (Snn Omm’ 6w’) 699’
gy | B |V o s (2.14)
11:”;'”’} =1 — dmm 600’) O’ Onn
gt Av |0 gl (2.15)

The effects of these interactions can be classified as
follows:

Kt: is a nonadiabatic interaction which pro-
duces multiphonon transitions,

Ks: is a Coulomb interaction between impurity
electrons alone or between impurity

electrons and surrounding ions and leads
especially to Auger transitions.

represent the interaction between radia-
tion field and the heat bath with the

HS, Aw.
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crystal respectively and cause radiative
electron and/or phonon processes and
energy dissipative processes of the highly
excited phonons.

To describe the behaviour of the whole mosaic-
block system with its various interactions, we
consider the occupation possibilities:

Prmye := Sp[8 (t) Pumse) (2.16)
with the projector
Pamse:=|nmvo)<inmvg|. (2.17)

The time dependent behaviour of these probabilities
is governed by the Pauli Master equation [1—3]:

Pamsg(t) =2 W2, [Puwmeve (6) — Prmre(D)]-
n'm'y'o’ (218)

Thereby the differential transition probabilities
Wiind, o are given with (2.10) in the first order
perturbation approximation and in thermodynamic
limes by

Wrmre s
n'm'y'o" *

= (27/h) ](nmvo]Hlln’m’ ‘0> ]2 (2.19)
(BN + By + By — B, — Ey — Ey).

In the dynamical equation (2.18) all degrees of
freedom of the different subsystems are contained.
If we are only interested in the electronic reactions,
all other degrees of freedom must be eleminated.
This was done by Stumpf and coworkers [1, 2, 4,
19], resulting in the equation:

=2 [Wan(T) + Wan (T, ] pur(t)
— 2 [When(T) + Wien (T, )] pa(t) -

n'

(2.20)

The expressions in (2.20) are defined by means of
the definitions (1.10), (1.11) and by the additional
definitions

pa(t) occupation probability of the electronic

state | x5, (2.21)
wk (T Z WE . ww fm(T) total non-

radiativ"ia transition probabilities, (2.22)
Wi (T.0) =2 > Won wmse fme(T) pe(t)

the tota]ﬂrai:li)iative transition prob-

abilities. (2.23)
Thereby, in W% .. and in W, ... are

collected all nonradiative and all radiative transi-
tions of the perturbation (2.10) respectively.
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The Egs. (2.20) for the electrons are the basic
equations for the derivation of rate equations for
any special model. This will be done for Auger
reactions in a subsequent paper. In this paper we
restrict ourselves to the definition (2.22) with the
perturbation operator (3.12). Our aim is to derive
multiphonon transition probabilities for Auger
processes.

3. Auger Transitions for Colour Centers

In this section we derive explicitly the operator
of Auger transitions (2.12) for a special model of
ionic crystals with F- and F’-centers. We assume
to have an idealized mosaicblock with s impurities
in the above mentioned model. These impurities
are F-, F'- and «-centers. For the regular lattice
points we assume M monovalent ions at the
places R;,. The impurities are localized at Ny
(1.4). We assume that together with the N regular
ion electrons there are s impurity electrons in the
crystal.

The Hamiltonian of all charged particles within
the mosaicblock reads

(R, 1) i= ha (R, v) + ha(r)
with

+ 7R (3.1)

R N+s hZ
kl (m,t) = z (— % At(

i=1

4 Z eey C(1s, ﬂ?zﬂ)) , (3.2)

{lu}

N+s

ha(r) :=3>"€C(ri, 1), (3.3)
i j=1

= %’ Z 1y ero C(Niy, Nio) - (3.4)

The definitions for (3.2)— (3.4) are given in Section 1.

The perturbation K is equal to the nondiagonal
part of the adiabatic energy operator A (%}, r) and
arises by the minimalization of A(R,r) with the
antisymmetric wave function of all electrons in
state n

1 1/2
=) 20

o Ayis
: [wm (r/h) sieis wn,(r}..) a;lklel (r;‘.”) .o

(3.5)

irgae (t1.)]

where the one electronic functions are defined in
Section 1. These one particle functions are assumed
to be orthogonal to each other with respect to the
same electronic state n.
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Tonic crystals have a relatively large energy gap
between valence and conduction band of several
(>5)eV. Therefore, we restrict ourselves to
processes between impurities and the conduction
band by assuming:

a) There are no direct excitation of regular shell
electrons:

n

a(llu

a’a w®

b) All shells of the lattice ions are closed.

For various states of the impurity center electrons
small modifications of the electronic shell functions
respectively of their electronic moments are induced.
They are important for state calculations. But for
transitions we neglect these slight modifications
and assume:

c) In a first approximation these shell functions

remain unaltered :

n =
aouu aouu &

Then we have the following assumptions:

axulaﬂk9> - 61# ko 6(1 B 6nn 5
<'Pn|“az,,> =0 forall lu ko,a B, nn,

{yy|ag,> =0. (3.6)

With these relations we extend the orthogonality of
the one particle functions for a single electronic
Hartree-Fock state to different Hartree-Fock states
n and n'.

If we take into account the definitions (1.1), (1.2),
(1.7), (1.21) and the assumptions (3.6) we get after
some calculations for the perturbation operator

(2.13):
2
ﬂt lzl 1:[16'7117 « {\wm % Aﬂ 1/),1"(13)>
+<Z}e <%« ] [( mly vlu)
lu
+ a1 4 Mg, - V)] C (x, Lp) | e (1))
fz% (P (v) ag, (V)| 2 C (1, ¥) (3.7)
() az:,,<r>>}
J_Z Haﬂrx'la [<wru 1/)771( )Iezo(ra rl)l
i,j=1 a=
3+l j
{wm ‘Pm ( ) - wm'(r’) Wn;'(r)}> .

In (3.7) the multipole expansion of the Coulomb
potential has been used.

This operator causes one and two particle
transitions respectively. So we have to distinguish
between the following two cases:
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a) For one particle transitions there must hold
the following conditions for the electronic quantum
numbers 7 e M (1.18):

m=+=n' forone le{l,...,s}. (3.8)

For these transitions we can define the following
operators:

2

i
()| — £y Vi|

by = | (1)) (3.9)

Bopon := > e ary Cpn| (1 + M, - Vi) C(x, L p) |9y
{1y (3.10)
Iy, 1= Ze<1/)n|mlu‘vluo(fal#)l‘l’n’>: (3.11)

{lu}
B = €2y (v) alf, ()| O, t')| @, (¥) ().
(3.12)

{luyayu
The meanings of these operators are obvious:

kiin

represents a kinetic operator for the impurity

electrons;
% s : . )
fcphon is the electron phonon interaction operator;
fcﬁlp contains the interactions of the electronic

dipoles of the ions with the impurity states,
and

k. represents the exchange potential of the
core electrons with the impurities.

b) For two particle transitions we have:
There are two inequalities of the electronic
quantum numbers

m=En and nx =y for Lke{l,... s},
l+k. (3.13)

Thereby (3.7) goes over into:

T () := Cpy (1) pue(x) | €2 O (1, 1) | () P (1)

— {yq(v) p

with 7, 2 e M.

Our aim is to evaluate the Auger operator for the
complete adiabatic crystal states mm defined in
(2.3). The total Auger transition probabilities are
given with (2.12), (2.22) and (3.14) by:

()] €2 C(x, ') | wyr(t' wx()> (3.14)

27 .
Wi = Zmon 2. exp{— BB} (3.15)
| lnm| By | n w2 0(BY, — ER).

The above operator (3.14) is well known in literature.
However, we have given here a new deductive
derivation for it in order to see which electronic
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functions must be used. These functions have been
calculated by Schmid [20] and Renn [6] explicitly.

In many papers the following screened Coulomb
potential has been used for the Auger transitions:

exp {— 6|r—r[}
er

C*(r, 1) := (3.16)

But clearly we must use the pure Coulomb potential
for our calculations, because in our theory the
screening has been taken into account in the
electronic and ionic multipole expressions explicit-

ly [6].

4. Phonon Assisted Auger Transitions

To derive phonon assisted transition probabilities,
we have to use the dynamical electronic wave
functions which can be written [7, 21]

pu(t, R) = py (v, 07 (X"))

|
—— 20 1 Z Xll"l .

Lty (I}

{ a - (t,a” (X)) }
. 2t just
0Xp, | OXp, " S

with the definition (1.3) and «” as variational
parameter for the minimalisation. Concerning their
derivation we refer to Stumpf [1, 21].

If we transform the displacements Xj,
normal coordinates ¢;» (1.22), (4.1)
into [7]:

o |
n(ts g 227:

In the following we use (4.2) for our representation
of the electronic state and the relations

" = qt" + am' for all t

K (4.1)

to the
goes over

}th L. (42)

It
W

(4.3)

for the normal coordinate displacements between
different electronic states.

The relations (4.3) can formally be written down
for ionmic crystals [21]. For other semiconductor
crystals these relations have to be proved.

For ionic crystals these displacements are
restricted to a small number [21]. For the com-
putation this restriction is very convenient, since
with increasing number of normal coordinate
displacements the numeric calculations increase
also considerably.

This fact can be justified physically by the
localization [20] of the impurity mode. Consequent-
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ly, we restrict (4.3) to
@ =g+ a, 1 <t<dy; ¢" =q" forallothert, neM. (4.4)

Let us now define the following electronic matrix elements:

Byossly 1 , , )

Ay = et e WO ()0 ) [fo, . e )OO, (@D, (4.5)
¥ s'ur v: ! Au ' !
Loty 1 , ’

Ay = O f @] OO ) (4.6)
s’,...s’u' v.,u v

which hold for the Coulomb and exchange interaction. For the Auger matrix element (2.12) with
the definition (1.28) and the dynamical electron wave function (4.2) we get:

Bi o ibp By B9
s — c s «Su ex 810 Su
K nHmo Ar]x,n’x' Z Z A l", ™ A4 t", 5o bt (4'7)
n'x%',m m,m’ Volyoooly  [,Sy...Su s’,...x’u' 3% 502 8pl

¥iitly s tlor @585 5558 ur
Ll (G )@ ) @ ) (G ) | P
The normal coordinate polynomials can be expressed by generating functions. We introduce the
operator

oty ti...ty

4:= Amﬂ 7%’ Z z [CA g — 4 i"'."' v ] H 0o, I—l

m, m’ Vyby o ooty 8y 55w s,...s’ur 8y
Willysaally @8 o 8s

a v
agsat lan(z Qst'

”',> . (4.9)
Observing (4.3), (4.4) resp., and introducing the following new parameters
ve:=0t+o' and ys:=7s+ 05 (4.10)

(4.8)

and the expression (4.7) then reads

K = <<pmleXp{qu or+ 2.4 98+Z%’ emLZq" Qsm}

m,m’ {s}

we obtain from (4.9):
K n =dexp {gat""’ (ve — o) + 2 as*' (7s — 0s")} (¢ | exp {(E} " e + {qu"’ Pt lgmy.  (411)
7' m’ ¢ s [ s}

The Auger transition probabilities in the Pauli Master equation (2.22) then have the following form:

~

WA (T)= A4* eXP{{Z[ ye— o) + (ye* — o' *)] e + {Z}[(?s —0s) + (7s* —0s'*)] as*'} T(T)|o .
7 s (4.12)

In this expression, the phonon part of the transitions is collected in

2n , ,
I(T):= Tz;hin 2,exp{— B Ej} o] exp {Z " ye + Z g5 Ps} | o> (4.13)
m[eXP{ZQt" Yt +ZQS"' *}l¢m>a En _En)

where the y:*, 7:* respectively are not the complex conjugates of y; and y; respectively, but are new
parameters. The operator 4 does not represent the adjoint operator of A therefore. Rather the star
means that there are used the new parameters y;*, y,*.

These transition probabilities have resonance character [4] which is due to the dressed phonons [2].
The eigenstate equation of the dressed phonons is:

D | > = By | gt . (4.14)
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If we restrict ourselves to the diagonal approximation for the initial harmonic phonons |(DI‘,,"> and
final harmonic phonons | @},>, then the phonon part of (4.12) becomes [7]:

1
N(T)= phonZeXp{ ﬂE"}@"‘leXP{Zqz w+2qs Vst | D> (4.15)

{s}

_ Vm
n »! * @m — = 7 -y "\o
il exp {2 0" ye® + 20 TP (g — Ay i

In this formula the Lorentz factor will be approximated by the soft d-function 0, if we neglect the
energy displacements A%, and take for the individual half width »7. a thermally averaged width

y(T) (22]:
’ T 2w BB+ (D)

m m
We further assume that the d, normal coordinates coupled to the impurity electron # are different
from those of the impurity center x:

{o*.. . di} = {n"... 4} (4.17)

This can be justified physically by the impurity concentrations in the crystal if the impurities are so
far of each other that there is no overlapping of the localized modes coupled to the impurities. So we get:

(4.16)

(1) =~ h Zgvan 2,3 {— B} by (B, — By H@W | exp {gi" ye} | P> (4.18)

D7 | exp {q" yi*} | Pho> H (D n

exp {gs' Ps} | D> (D * ¥s*}H | P -

If we use the Fourier transformation of the Lorentz function and observe the decompositions of the
total lattice energy (1.27)

By =+ US, Eyo—e+ U3 (4.19)
with
dy dx
=2 (m" + Hhwn + 3 (m*+ }) o+ &y, (4.20)
i=1 =1
’ d ’
€' = Z( i + 3 h o + z m*' + 3) ko + &y (4.21)

1

i

then the expression (4.18) goes over into
T =— _fexp {irAU - exp{—iy|7|} L' (T) [‘mc'( )dt (4.22)

with the definitions:
AUt .= Ust — USt,  (static electronic energy difference) , (4.23)

L (7 I_Iexp {-— h(wgn — wen )} [1 —exp{— fhw"}] Z exp {— fm i w41 T (mg? "

men, me"’
— me" )} D | €XP {9t ye} | P> (Pl | €xp {6 ye*}| D> . (4.24)
i T .
Lo (T H exp{“ (wf — w* )} (1 —exp{— fhw#'}] > exp{— fm#*hw*+ i ht(m
mex, me

—mt" o)} LD X P | D> (Dl * ¥} D (4.25)

and the equality of ¢, and ..
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Analytically, the expressions (4.24) and (4.25) are identical, so we can restrict ourselves to one for
the further evaluation.

We now apply the results of Koide [23] for the transformation dependency between different harmonic
lattice states [see definitions (1.30)—(1.36)]:

| Bieny = s Uit Vit | B0 . (4.26)
The equation for the occupation operator 7,7 has the form

| D> = men | D> (4.27)
and their functional transformation behaviour of this operator is:

F (shgn')y = O Vyn F (aign) (Ogn) =1 (Vyn)-1. (4.28)

With (4.26), (4.27) and (4.28) we get for (4.24) and (4.25) resp. the result

i"m’(T) = ﬁ exp {% B (g — a)t’l')} [1 —exp{— flhw"}] Z exp{— Bmh w4t TEmg" wg}

DL exI; {;t"’ ye} U Venexp {— i thmg o} (On)=1( Vtﬂ)ﬁﬂexp {g:"" ye*} | DPhn> (4.29)

The first expression can be expressed as [7, 24]
dy dy
I’ (T) =exp{}iT Z i(we — we’)} | [ exp {Ng'} exp {Pynn'} (4.30)
t=1 t=1

We have used the following definitions [with subsidiary definitions (1.37)—(1.44)]:

2exp{— Bhw}
—exp{— fhw}

exp{Nﬁ"'}:exp{ (@7, g7, + Ay g + 3 @5+ d *)}

. exp{—ﬂﬁw,’?} m) rm* )
exp{ 1 exp{— fh o} (d]"; d7"*) exp {t T we"} (4.31)
1
¥ n’ gnn’%x =
exp{l—exp{—ﬂhwm’} (A", d37¥) exp { zrhwﬂ}}
exp {Py'} := exp {fi7,} > g exp {i Tveh "'} . (4.32)

The expressions (4.31) and (4.32) are not very appropriate for further calculations; so we introduce new
definitions:

— ne
oot - osp T2 P

1 —exp{— fhwm}

(drm dvm + drm *drm *) + il (dgflt o d N )}
(cf™)™ (B7")°

2 g miel =

AEyy =AU + } zh (" — we™') . (4.34)
Remembering that AU, can be expressed as

AU, = AU, + AU%,, (4.35)

we can integrate the expression (4 21) and get the final result for the phonon part of the Auger transitions:

2 -~ , ,
I‘(T) :%(exp{z } z Hgﬂn /lt, ) z gff’ ...g:?:ﬂ) (exp{Zf } z Haxx' ,ut
t=1 - Udp t Vi oo Vdy

By -

- 2 o -'-9%(::) + 0y ([AEM' _zzlk (e — »e) wt"'} + [AE;m' —tzlh (e — vt) e*

’ ) (4.36)
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With (3.36) and (4.12) we derived a calculable
expression for phonon assisted Auger transitions.
Now, if we know the special parameters occuring
in our expression (4.36), e.g. the frequencies, the
normal coordinate displacements, the physical
factors, the electronic energy differences and the
special electronic wave functions, we have the
possibility to apply our result to different semi-
conductor models and substances.

For a final simplification of the above result we
apply it to the special case of halogenid crystals
with colour centers. Thereby, we assume in
accordance with (4.3) in a first approximation that
by the transition there will be no frequency shift of
the coupled modes. The coupling of the impurities
and the lattice can be expressed by one effective
lattice mode and the whole expression (4.36) is
reduced to

2
F(T) = 77[ Z Zgﬂﬂ’(‘u, T) O-XN’ (ﬁ’ T)
“opn

The total Auger transition probabilities then read:

(4.37)

2n .
WA (T) = —7;3 AA*[exp (a7 [(y — o) (4.38)
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In a further approximation we restrict ourselves to
the static coupling, since the Auger transitions are
due to pure Coulomb interactions. Consequently the
transition probability (4.38) is:

2
Wit 1) = = | Cpa (6) pe(t') | €2 O, )

[ (¥) 9 (V) — <y (1) u(¥) [ €2 O (1, 1) |
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Ognn’, 0gxx’ results from 7%, g** by setting the
parameters y, ¥* equal zero.
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