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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 Schöne [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 we investigate 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;
ti :=  position of the i-th impurity electron;
I : =  index of the l-th elementary cell of the ideal 

lattice;
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ein :=  charge of the l/u-th nucleus;
:=  ideal lattice position of the Z/z-th nucleus;

9 ^  ;=  lattice position of the Iju-th nucleus in the 
distorted lattice;

9 ^  :=  static lattice position of the Z/x-th nucleus 
in the distorted lattice when the impurity 
electron is in state n;

aiß :=  (eiß -\- ]> e\ charge of the Z^-th ion; (1.1)

11 : =  index  o f  th e  ions in  th e  elem en tary  cell;

:=  Win — , ionic displacement from

b) Quantum Mechanical and Thermodynamic  
Quantities

m

ideal lattice position; (1.2) qtn
X * : =  , ionic displacement from

static lattice position 
when the impurity electron ß v ( X n)

is in state n\ (1.3)

V /j,1 with 1 fS i :=  lattice points of the
impurities; (1.4)

a™'
2  :=  sum over all lattice points exclud-
W  i ng l i p i ? 1 <^i ^ s ; (1.5)

2  ; =  2  w^h i 4= /; 
i,j i,j

(1.6) y nm( K )

C(r, r') : =  | r — r' |_1 , Tin
C( r, « i „ ) : = (1.7)
C(x,lju)  | r — , Coulomb potentials;
m  :=  electron mass; (1.8) ~ wm

M i ß : =  mass of the l/u-th nucleus. (1.9)

r), x  6 M :=  {o£ | g =  I* f i * resp. c with
1 5S i fS 5  and e =  1 , . . . ,  r, k}

:=  quantum number of impurity
states; (1.18)

tpv {r, 9i) :=  one particle functions of the
impurity sta te; (1.19)

a”w(r, 9i): =  one particle functions of the
atomic state a in the Iju-th ion; (1.20)

aiu
: =  electronic dipole moment of

the Z^-th ion; (1-21)
= =  2 B 'm  X normal coordinates

m
of the mosaicblock crystal; (1-22) 

: =  variational parameters of the
dynamic electronic wave functions 
as function of the displace­
ments Xf^; (1-23)

:=  normal coordinate displacements 
for an electronic transition 
from n’ to n ;

ß (k T )-1 Boltzmann factor; (1.10) r\‘
m, th‘

■̂ Phon : =  partition function of the whole 
phonon system ; (1.11)

Qt, Qt
n ,  y

fm{T) : =  Zpjj1 exp { — ß  E 1̂ }  thermo­
dynamic steady state distribution 
of the phonon system; (1-12)

P t v

a t v+

Pv{ t ) :=  occupation probability of the 
r-th photon m ode; (1.13)

Üt *

Q(t) : =  statistical operator of the whole 
mosaicblock system; (1.14)

A t*

fn i* ’ 9i) : =  total electronic wave function; (1.15) Bi*

? £ ( » ) ;=  total lattice wave function of 
the mosaicblock; (1.16) f t *

a iß : =  shell quantum number of the 
l/u-th ion; (1.17)

Cm, 
a t™'

with energy value E ” ;
:=  energy value of the mosaic­

block crystal;
:=  energy value of the mosaic­

block crystal in harmonic 
approximation;

c) Calculation Aids for Phonon Assisted 
Auger Transitions

(1 br)x,r)'x'

n Q t ' ,  Qt*,  Qt*, ’* , Q t * ,

:=  j/Äco^/2 [atv+ — a**?); 

i : =  oscillator creation and destr 
operators of frequency wtn',

:=  exp {i p t v atr,r,'}\ 

cot71 — a>tv'

,=  2(a)tT1 +  cu*1»') ’ 
cô 2 — cô ' 2

(1.24)

(1.25)

(1.26)

(1.27)

(1.28)

(1.29)

(1.30)
(1.31)

(1.32)

(1.33)
8 iotv (otv '

=  exp {— A t n (at11)2} exp {B tv (atv+)2; (1-34) 

=  f l ' l & ’m.y, (135)
=  }/2co^7h a t 1” ' ’, (1-36)
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i f f * )  : = - a fw ' +  j/Ä/2ö>,«»y*<*>; (1.37)

: = o ,w # +  ^ W » y , W ;  (1.38)

%
y*<*>2 -  (a<^')2 (1.39)

-  2 1/2 « ^

{W/o,<

fnv' 
1 2 , t

' 3 , t

r-vv Jt

b p

Qm
O V t

At*  — B t*
( 1  — exp { — ß  h cot*1})2

• V B ' d f f *  -  d f l ' d f i ' * e x  p { -  ß h c o tv});

A tv +  B tv 

( 1  — exp {— ßH a>tv)2} (1 -^1 )

• W ,f  d t f  +  d f f *  d f f * )  exp { — ß  % cot*};

_  A tv +  B t*

( 1  — exp { — ß  h wt71})2

■ d ™ 'd ^ '*  exp  { - 2 ß  heat*}; 

A tv +  B t*>

( 1  — e x p {— ß hco t71})
d l j y d W * :

(1.43)

1 — exp { — ß h  a>tv}
dS l 'dM'*;  (1.44)

exp { — ß  h coM 

■ = 1 (L45)

-  2
( f ü r  (— f v j y (1.46)

n,....... ru n l'- n * 1

( f i r  ( n t r
n3 ! n .\! ”

2. Basic 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 a s :

# : = £  +  £  +  W  +  £ «  +  # «  (2 . 1 )

w ith :
R  energy operator of the whole mosaic block.
*§ operator of the free radiation field,
W  operator of the heat bath, 
ß s interaction operator between crystal and radia­

tion field,
ß w interaction operator between the surrounding 

heat bath and mosaicblock crystal.

This mosaicblock system is described by the base 
states:

| a ) =  | n m v g )  : =  | n m )  ®  | v> (x) | o> , (2 .2 ) 

where the subsystems are represented as follows:

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

| v )  the eigenstates of the radiation field and 
| gy 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:

<r, «ft|n m )  =  Xn(*> 90 <Pm(^) 
=  : \xV> \ <Pm'> • (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

£  :=  2  ( -  S2 /2JV/,„) +  h ( %  x) , (2.4)

where in Ä (91, 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

* ( « , t ) | j £ > =  (9 t) |j£ > , (2.5)

2 -
LU«}

h 2

2 M in 4»,„+ £ » ( * )  |v i>  =  -ßtl?C>
(2 .6 )

leads to the adiabatic states (2.3) and a perturbation 
operator 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

I7„(9t) : =  M in < / „ |  h (%  t)  | / „ >  (2.7)
t i n »

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

*(*> t) I £ >  =  [ P . ( S )  1 +  *'<»)] I /»> . (2.5a)
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£2

L {u,} iß
(2 . 6  a)

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

B  =  B 0 +  H i , (2.8)

where Bo  represents the diagonal part between the 
states (2 .2 ) of B  and is given by

Bo  : =  2  I n m v Q) ( n m v QI B  \ r i m v  q) ( n m v  q \
nmvo ^ 2 . 9 )

while the nondiagonal perturbation operator B \  
can be worked out to be

B i  : =  B  -  B 0 =  f r  +  R s +  B*  +  B l (2.10)

The various operators in this definition are repre­
sented by the following matrix elem ents:

K n m v g  ;— (1 d n n ’ d m m ' )  d v v '  d g g ’ 
n m v o

h*

(2 .11)

• 2  -  ~ 2 M r  I I (v™ I <p* '>{in) z  m  in 

+  2  <XCn I V9?iw | Xn’> <<Pm | VSl(| | $£'>] ,

K n m v g  : =  (1 d U n ’ ^ m m ’ ) d Vv ’ d g g '  (2 .12)nmvo

■ <(fm In | Ä(3d, r)  | Xm’ <Pm’>
— (1 ^nn' dmm') dvv’ dog’

‘ <<Pm\ ^  I ¥ & >  •

with

(2.13)

Hnrnvg : —  (1 Ö jin' $ m m ' ^ w ')  &QQ' 
n m  v o

- < X n  <Pm v \ B « \ v '  ( f * ,  X n ’> I (2.14)

=  ( 1  dmm' dgg') dyy' dnn'

(2. is)

f jn m y g
n'm'v

The effects of these interactions can be classified as 
follows:

is a nonadiabatic interaction which pro­
duces multiphonon transitions,

R s : is a Coulomb interaction between impurity 
electrons alone or between impurity 
electrons and surrounding ions and leads 
especially to Auger transitions,

B s, B w: represent the interaction between radia­
tion field and the heat bath with the

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:

P  nmvg Sp[o (t) V1 nrnvg] (2-16)

with the projector

P nmvg’■= \n vi v q)  (n  m v q \ . (2.17)

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

P n m v g  (t ) =  2  ^  n'm'v’o' [P  n ' m ' v ' g ' (0  P n m v g  (0 ]  •
n 'm 'v 'g ' ' (2.18)

Thereby the differential transition probabilities 
W'n'mVe' are giyen (2 .1 0 ) in the first order
perturbation approximation and in thermodynamic 
limes by

W Z i y  ■■= (2*/Ä) |< n m » e | t f i |» ' m V e '>|* (2.19) 

‘ ~  Eq  «V  « » ')  ■

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:

vn(t)  = 2 \ W l n.(T) +  W’„ A T , t ) ) P n i t )  (2.20)
n f

- l l K ' J T )  +  W'n.„(T, t ) ]pn { t ) .
n'

The expressions in (2.20) are defined by means of 
the definitions (1 .1 0 ), (1 .1 1 ) and by the additional 
definitions

p n (t) occupation probability of the electronic
s t a t e d ' ) ,  (2 .2 1 )

Win' (T)  :=  2  JFiUmv ftn’(T)  total non-
n m '

radiative transition probabilities, (2 .2 2 )

W'nn. cT, t ) -.= 2  2  U i T ) p A t )
w ’ mm'

the total radiative transition prob­
abilities. (2.23)

Thereby, in Wknm̂ n,m. and in Wanmrtn.m.v. are 
collected all nonradiative and all radiative transi­
tions of the perturbation (2 .1 0 ) respectively.
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The Eqs. (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 .2 2 ) 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 P'-centers. We assume 
to have an idealized mosaicblock with s impurities 
in the above mentioned model. These impurities 
are F-, F'- and a-centers. For the regular lattice 
points we assume M  monovalent ions at the 
places The impurities are localized at
(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

with

h { %  r) :=  Äi(9t, r) +  h2(r) +  ?(9t) (3.1)

N  + s /  ^ 2

Äl ( 9 ) , t ) : = 2 ( -  — z)r,

+  2 e e ^ ( r* > ^ ) ] >  (3 -2)
{/.«} /

N  + s

M r )  : =  e2 C { u , u ) ,
i, j  = 1

^(9t) :=  |  2" e*e Cffi iß  > •
{ lu }, {ko}

(3.3)

(3.4)

The definitions for (3.2) —(3.4) are given in Section 1 .
The perturbation R s is equal to the nondiagonal 

part of the adiabatic energy operator A(9t, r) and 
arises by the minimalization of A(9t, r) with the 
antisymmetric wave function of all electrons in 
state n

(3-5)
[ y ^ i t a i )  • • • W  ('■•*«) a at ‘ei (^A.+J • • • a <XkM(>M (^Aat+,)] »

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.

Ionic crystals have a relatively large energy gap 
between valence and conduction band of several 
(> 5 )e V . Therefore, we restrict ourselves to 
processes between impurities and the conduction 
band by assuming:

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

nn — nn 
oiiß ®a

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 assum e:

c) In a first approximation these shell functions 
remain unaltered:

Then we have the following assumptions:

^a ai„ | =  Ölß,tCQ ÖcL.ß d?in’ ,
<VulaO  = °  for all l/t,  k g ,  a, ß,  n, n , 
< W |< „ >  = 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'.

I f  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):

* • < * ) =  i n *
[ / h 2

c> ^V2 m»Ja») a
i = 1 a = 1 

a t  i

+  2 e < v U r
(W

+  a in( 1 “I-  3)

+  2<Vw(rXi.(r')| e2(7(r’ r'
{l,u}aiu

w ( t )w lit

£ - V , ^ ) ] C ( r , ^ ) |Y v W >
(3.7)

■ IVV (* ')< ,  M>j 

+  2 2 '
i , j=  1 a = 1

a t  hi

• ( w ( r) % A X') ~  w ( r' ) w  (*)}>•
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 rj e M (1.18):

rji =(= rji for one I e  s } .  (3.8)

For these transitions we can define the following 
operators:

K m  ■ = < ? * ( * ) 2  m A  | w ( * ) > , (3.9)

P̂hon :=  2 eai/»<Y>n 1(1
{lu}

dip

^In) C (r> 11u) | ifri’y 5 
(3.10)

D̂ip := Z e < ^ l m^ ' YV>> (3-11)
{l.u}

Kx := 2 e2< ^ ( rX , ( r')I c (r>r' ) K , ( r) w (*')>-
(3.12)

The meanings of these operators are obvious:

ksUn represents a kinetic operator for the impurity 
electrons;

p̂hon the electron phonon interaction operator; 
contains the interactions of the electronic 
dipoles of the ions with the impurity states, 
and

fcsex 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

r j i ^ r j i  and rjk =j= r/k for I, k e  { 1 ,
I =)= k . (3.13)

Thereby (3.7) goes over into:

f c ( 9 0  :=  <V>M  V M O I  e2 C (r ,  r ' ) |  y y ( r )  xp*'{r')>

-  <SPM  ^x(r') | e2 C (r, r') | yy(r') yv(r)> (3.14)

with rj, x e (y .
Our aim is to evaluate the Auger operator for the 

complete adiabatic crystal states n m  defined in 
(2.3). The total Auger transition probabilities are 
given with (2.12), (2.22) and (344) by:

W t  =  4 "  Zph‘on 2 e x p  { -  ß  E i - }  (3 .1 5 )
m, rri

• | i n  m \fc*A \n' m'> | 2 d (£™ — E%).

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

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 {— d | r — r' |}
C°c{r, r ') : =

e r — r
(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 Au§:er Transitions

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

xpv (r, 9i) =  ^7?(r, a ^ I * ) )

=  2 ^ r  2 - 2 * < V - * i V  <4 - ‘ >v = o UV} {l'ß")
0 0

— ------  ™ - ^ ( r , a M * w))
Z -  =  0exZV

with the definition (1.3) and a 71 as variational 
parameter for the minimalisation. Concerning their 
derivation we refer to Stumpf [1, 21].

If we transform the displacements X\ lß to the 
normal coordinates qtn (1.22), (4.1) goes over 
into [7]:

(4.2)
{*.} • • • {M

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

qtn' — q(n _|_ a tnn' for all t (4.3)

for the normal coordinate displacements between 
different electronic states.

The relations (4.3) can formal^ be written down 
for ionic 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 inciease 
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:

qtn> =  qtv +  a t1111', 1 qtv ' =  qtn for all other t, rj e

Let us now define the following electronic matrix elements:

1

(4.4)

t, . . . t,
C J  s } . . . s u  
■A t\ . . . tV  • —

s', . . . s'  u ’

t x . . . t p
exA

: : :  %  ’ v \ p \ v \ n ' \

, ,  , - . wn , . . . . . « ) i «2c ( t ,  to  i / ? ; . . . t ) / ? ; . . . <*•», (4.s>

(4.6)7 7 -7 7  f f ,  ( t ' )  | e2 C ( t ,  t ' )  I . , . . ( ! ' )  £ . . .  (r)>

which hold for the Coulomb and exchange interaction. For the Auger matrix element (2 .1 2 ) with 
the definition (1.28) and the dynamical electron wave function (4.2) we get:

K =  A , , . , y  2  2
m, m'  v,  t t . . . tp u, 5, . . . 5u

v \v , . . . fV • • • s'/i'

t l . . . tp t x . . .  tp
c a sx . . . su ex /j ii • . . i«i l  . ---  / I  1/ .t  J • . • t  pr t  I . . .  t  p9

S | . . .  5 p' S j . i . 5 /i'

(4.7)

(<fm | (ql- • • ql) {ql • • • ql) {q}[ • • • g?v) (q*\ ■ • • fl?v) I ?&>
The normal coordinate polynomials can be expressed by generating functions. We introduce the 
operator

t, . . . t ,  tl . . . t,
c a  . . .  s/t  ___e x / j  J f . s n
A  t\  . . . tV  ^  t ' ,  . . . tV2  2  

m, m'  v , t x . . . tp jU, . 5/i
v', . . . f ' r  s't . . . s'  p

r=l 8Qu L i  0&, r= t 8eV, r=i 8i?V
(4.8)

and the expression (4.7) then reads

K U r ,'* '=  A C < p nm  | ex P j 2 q t v  Q t +  2 e * +  2 «?' ft' +  2 e * t i \  I
m . m '  \  l{*>  { 5} { t '}  {* '}  >

Observing (4.3), (4.4) resp., and introducing the following new parameters 

y t ' =  Qt +  Qt and ys := ^ s  +  ^s' 

we obtain from (4.9):

K \,x,m = A  exP (2 atvr>' in  -  Qt) + 2 as™' (y« — e*')} <?» I exP (2 W  y* + 2 3 «*' y^  I •
»7V .11»' {t }  {s }  { t }  {5 }

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

w i n, (T)  =  Ä Ä *  exp ( 2  l(y,  -  e t )  +  (y<* -  (?«'*)] a t’”1' +  2 t(y* -  ?•') +  (y.* -  ?•'*)] “***'} r (r > I« •
<*> W (4.12)

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

2 71 
h

(4.9)

(4.10)

(4.11)

T(T) -.= - j - z ^  2 exp { - ß  Em'}« I exP (2 W  yt +  2  ̂  r«} I <')
m, m' { t }  {s }

« '  I exp ( 2  w  +  2  y*'  y**}  I ö Ä  -
w

(4.13)

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

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

A*' | <{m’> =  E m' | 9m') ■ (4.14)



If we restrict ourselves to the diagonal approximation for the initial harmonic phonons | 0 ^  and 
final harmonic phonons | 0 ^ ) ,  then the phonon part of (4.12) becomes [7]:

r  r n  =  4  Z p i  2  exp { -  ß  E l }  <0 “  I exp g  ?«■>' r< +  2  ?*“' y»} I <4 -15>
m,m ' {t} {«}

' <#m' I exp ( 2  qt* yt*  +  2  ?«*' 7 * }  I T F -----E n' VAn' ^  4 - ’
{t} {s} \ m mr tn') i 4 \ y m')

In this formula the Lorentz factor will be approximated by the soft (5-function Öy if we neglect the 
energy displacements and take for the individual half width a thermally averaged width
y { T )  [2 2 ]:

t r i K - !%,)■.= —  Ä _ ^ - )2 +  iy 2 (T )  • (4-16)

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

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 g e t:

T (T )  =  Zphln 2 e x p { - ß  K }  «r A  -  E Ü  f ]  <3>’11, | exp {qtn' r<} | < „ •>  (4.18)
n  mm' t =  1

• < Ä V  I exp {q t *  y t * }  | 0 ^ }  Y J  <&&.* | exp { q s *' y s } | 0 ^  | exp {q s*' y $ * }  | •
8 =  1

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

K  =  C  +  u ? , K -  =  +  v%  (4.i9)
with

=  2  (miTI j )  h Wi*1 +  2  (miX 4" \ )  h Wi* “I“ ®m > (4.20)
i = l i = 1

em' =  2  Min' “f" 2  (miX> “f~ 2 ) ^ coi*' +  (4-21)
i = 1 i = 1

then the expression (4.18) goes over into

T ( T )  =  J exp { i t  A U^n,}  • exp { -  i y  | r |} f n n \ T )  f**' (T)  dr (4.22)

with the definitions:

AU^n' ■— — U*%> (static electronic energy difference), (4.23)

dr) [ I t )
Y v y \ T )  : =  P Jexp  <——— Ä(cô 7? — cot72')} [ 1  — e x p {— ß h c o t71'}] 2  exP { — ß mt11 Ü <otv +  1 ft t(ra*7? cotv 

f = l [ " ) m ”, mi”'

-  me*' cot*')} ( 0 vm r, I exp {qtn' y t }  | #£„,> <$£„, | exp {qtn' y t * } \ 0 ^ }  , (4.24)

f w  (T) : =  r le x p j - Y - ft(a>t* — cot*')| [1 — exp { — ß  % cut*'}] 2  exP i ~  ß m**  ̂ +  * f tr(mt* a>t* 
/ = 1 V J mtx, mt*'

-  m t*' cot*')} ( 0 xmk | exp {qt*' y t }  | 0 ^ }  (0*m ,' | exp {qt*' y t * }  \ 0*m<*> (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)]:

I ( P I ,. )  =  « i 1,  K . )  • (4 .26 )

The equation for the occupation operator m has the form

*M' | #&■•) =  m , v  | #£„.> (4.27)

and their functional transformation behaviour of this operator is :

F ( m tv') =  Üt1» Vt* F (mtri){Ütr>)-1(Vt7i)-1. (4.28)

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

jL> f i r  1
r  nv'(T) =  ]^ |e x p \ —z~h(cotv — co^'U [1 — exp { — ß  % eo^'}] 2  exP { — ß  mt* fo cotv +  i  x%mtri cot11}

t = l  i ^  J mtv

• I exp {qt*' y t } Üt* f t n exp { — i x % m t71 a)tri} ( # ^ ) _ 1  ( f t 71) ' 1 exp {iqp' y t*} \ • (4 -29)

The first expression can be expressed as [7, 24]
drj dn

T W  (T)  =  exp {|- i x ^   ̂(a>tv — co*n')} ]7I exp {Ntr,ri'} exp {P tvv'} . (4.30)
t = l  f = l

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

f 2  exp { — ß  h cot71'} , , 
exp { W * }  :=  exp J _  { - ß  t  a , * }  W ,  +  « V  «*£.*) +  i  « .  +  <W.?.

f e x p {— ß%m ,V)  , ,)
' | - r - e x p { - M ^ } « « * • * >  « P  {< -  *  “ «”>} ( « D

■ exp {t  — exp { — ~ßh exp {~  •' Th  W ‘ ” } 1

exp { P tW }  : =  exp {%ft} J  gnvf  exp {i x vt % co^ '} . (4.32)
Vt

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

[ exp {— ß h  wt*1'} / ,. ,
T)  :=  exp ß h J ^ } OTi *) +  I  « *  +  dft*)

T  « r T *  { b p y  

r  +  ’

:=ZlC/*V +  -  o>**'). (4.34)
t = i

Remembering that A U ŝn, can be expressed as

A ü i „ ,  -  A V ^ ,  +  A U i ,  (4.35)

we can integrate the expression (4.21) and get the final result for the phonon part of the Auger transitions;
2 71 ( , \  I dx r dx
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f  dr) dr\ \  / dx
I V  V  ^ n '  n ii'l I___rVi**'
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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

T ( T ) = ^ ~  2 Z ° VTI'(f*’ T ) ***'(£> T )
11 v n

■&y(AU«n, - ( ll  +  -ß)no>'>). (4.37) 

The total Auger transition probabilities then read:

WiAT) =  - jr-^ 4*[exp {aW[{y -  g) (4.38)

+  (y* -  Q '* ) ]+a xx ' [ ( y  -  g') + ( y *  -  g'*)]

■ 2  2  T ) T ) W „ '  
ß ii

—  ( / /  +  j u ) h c o 0 ) ]  | 0  •

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) i s :

Wnn'(T ) =  ~ Y  I <VM*) Ie2 <?(r, r')

•| W (r) VV(r')> -  < ^ (r) y>x(r')|e2 C(i ,  r')|

• YV(t') W(r)> l22 2 T) ° ^ x'(P, T)

‘ dv (AU%n, — {/u +  ju)ha>°) (4.39)

o<jvv\ oa xx’ results from a 7171', a**’ by setting the 
parameters y, y*  equal zero.
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