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ABSTRACT

On the basis of matrix formalism of method of
moments developed by Perlin and Tsukerblat [Zd] , we
have calculated theoretically the second and third
moments of A>T absorption band in U-centre of KBr and
NalI. The electron-phonon interaction was expressed in
a point-lattice model in linear approximation and the
phonon sum appearing in the formulae for the moments
was taken in Debye's approximation for acoustical and
Einstein's approximation for optical phonons with cut

-
oll wave veclor = @_{‘_I, where o is the nearest
@

neighbour distance. The calculated values of second

3 2 3

moment, (. are 8.01x10" " eV” and 14.43x10 o2 at

1 )
0
7 XK and 789K respectively,and that of third moment, 6; ,

which is temperature independent, is 10.30x10_5 eV3 for

KBr. While the experimental values for the second

and third moments are 6;(7OK)=(12.5OiO.8)x10—3

2 3 2

eve, 6&(780K)=(17.2i0.9)x10— eV® and 6;=1o.90x10‘5

eVJ [é{] . Similar calculations were done for Nal

crystal and they are found to be CT‘,)~(7OK)=7.18X1O“3

av=, 6‘1(780K)=12.82x10‘3 aVe amnd 6, =8.97x10"° eV

3
With the help of Edgeworth Series, where the band shape
function is expressed in terms of Gaussian Curve as
trial function and the moments of the spectrum, we have
calculated the half-widths of the absorption spectra,

which are found to be 0.21 ¢V and 0.28 eV at 7OK and

78K respectively for KBr, while the corresponding



experimental values are 0.25eV and 0.30eV. For

Nal crystal, the half-widths are found to be 0.20eV

and 0.27eV at 7OK and 780K respectively. These results
show that the point-ion model for crystal fielq and

the Extended Brillouin Zone scheme for phonon sum are

applicable to the absorption spectrum by p-electron of

U-centre in alkali halide crystals.



INTRODUCTION

The optical absorption spectra of impurity
crystals and colour centres in crystal consist of a
broad band shape unlike the discrete lines in the
isolated atoms. The first theory of optical absorp-
tion in impurity crystal given in early fifties by
Pekar Ei,i], Huang Kun and A.R. Rhys [3] and
Davidov E4,§] was based on the application of
adiabatic approximation (separation of electronic
motion of impurity centre from the nuclear motion of
the surrounding crystal lattice), which is true for a
system of two non-degenerate electronic levels. The
inclusion of interaction of optical electrons with the
lattice vibration of the surrounding atoms/ions, by
these authors, could explain not only the appearance
of broad band shape of the absorption spectra but also
the novelty of the many-phonon absorption. Many-phonon
band consists of superposition of lines, corresponding
to the transitions from each electron-vibrational
level of initial state to each level of the final
state. Since the adiabatic approximation is applicable
to find the electron-vibrational functions and energy
states for the non-degenerate system, so the main
problem of theory of optical transition between the
singlet terms,which consists of quantum-statistical
average of probability of initial state and summation

over the final states, was solved in the above cited



papers [1Jﬂ. In these papers [1,5], the dispersion
and 'frequency effects of lattice vibrations were
neglected and the optical absorption band so obtained,
consists of equidistant absorption lines, sepagated by
the freduency of lattice vibration w (fig 1.). gaps is

the frequency of pure electronic transition.

—> Intensity (I)

Fig. 1. Optical absorption spectrum on neglecting the

dispersion of lattice vibrations

Taking into account the dispersion, the lines corres-
ponding to n-»n' transitions, are broadened forming a
bell-shaped band, which is not symmetrical about its

maximum, but at high temperature it transforms into a

Gaussian Curve.

In the presence of electronic degeneracy,

according to Jahn-Teller (JT) Theorem [B], the



symmetrical nuclear configuration is not stable and
the JT stabilization energy is of the order of the
energy of the lattice vibration involved in coupling.
So the criterion of applicability of adiabatic .
approximation is not satisfied and hence electron-
vibrational states cannot be determined on the basis
of adiabatic approximation. But quantum-statistical

average over the lattice system, in the presence of JT

Effect [7,%] can be done in general form,

Toyozawa and Inoue [9) studied theoretically the
singlet-multiplet A-+E(e) and A->T(t) (in the brackets
are shown the vibrational irreducible representation)

in semi-classical approximation (fig 2.).

Cho [1@] studied the most general case of transition

to triplet state taking into account the interaction
with symmetrical, tetragonal and trigonal lattice
vibrations and also spin-orbit interaction. This semi-
classical approximation is still adiabatic approximation

and JT interaction is not very important.

Today we know some of the quantum mechanical
calculation of band shape of optical transitions
between the degenerate electronic state [11,12,13]
and lines so obtained for each transition are replaced
by Gaussian curves (see fig 3.). Thus the optical

lines are expressed by envelopes of these lines.
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ig. 2. Spectral curve for (a) Ayi(e) transition (b) AsT(t)

transition, in semiclassical approximation.

Cc is coupling comstant,
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Fig. 3. Vibronic structure of A-E(e)

But the reason for the broad band shape of optical
absorption in activated crystal and colour centres is
not much due to broadening of the lines but more due
to the dispersion of crystal lattice vibrations.

Thus the band shape should depend wupon the parameters

of phonon-spectrum.

So summarizing all this we conclude that
theoretical computation of the optical absorption band
is a very difficult task and till today has not been
solved completely. But, as it will be shown below,
the calculation of the moments of spectral distribution
function, for some realistic model of impurity centre,
is possible, and this method of moments will be applied
to study the optical absorption spectra of colour centres

in crystals.



It was Van-Vleck [14] , who for the first time
showeq that the moments of magnetic resonance spectrum
of crystals, can be determined accurately. Although,
with the help of some of the moments, the band shape
of the spectrum cannot be established, their
comparison with the experiments helps us to determine
important parameters of the theory. For example,
knowing the experimental value of second moment of
magnetic resonance, the interatomic distance (N—H)
in ammonia [l5] and half-width of absorption band of
magnetic resonance in Can [1@] can be determined.
Later Lax [lf] applied this technique of moments to the
optical absorption due to singlet-singlet transition,
where adiabatic approximation can be applied to
determine the energy states of the system in which JT

Effect has no role to play.

Henry, Schnatterly and Slichter developed the
method of moments to analyse the effect of applied
external fields on the optical properties of colour
centres [:1&] . In 1975, Perlin and Tsukerblat
[le,ZQ] gave the matrix formalism of the method of
moments which is based on the group theoretical )
knowledge, such that all the formulae for the moments
and their changes under perturbation are put in a
compact matrix form, which are easy and simpler to
operale for any particular centre of some definite

symmetry. Later this matrix formalism was extended to



the anisotropic centres in cubic crystal by Perlin

et. al [217] .



CHAPTER I

BAND SHAPE FUNCTION OF IMPURITY CENTRES

§1, Hamiltonian of Impurity - Phonon System

Crystals which are made of its constituent atoms or
ions are known as pure crystals e.g. C, CdS, NaCl.
These crystals have definite characteristic properties.
These characteristic properties may be changed by
adding impurities of different elements. The impurity
atoms can occupy two positions - interstitial or lattice
site. These are known as interstitial impurity and

substitutional impurity respectively.

The impurity atoms or ions in slightly doped
crystals are usually considered as a gas of particles
suspended in a condensed medium., The impurity atoms
are found to absorb 1light in the visible region of

the energy spectrum.

The total Hamiltonian of a crystal contains a
very large number of space and momentum coordinates of
all the electrons and atoms. But the Hamiltonian of
impurity - phonon system can be constructed with the
help of adiabatic approximation. In this approximation,
the tightly bound electrons of the host crystals and

core electrons of the impurity centre is considered a



1.1

fast subsystem, whose state does not change when the
impurity optical transition takes place. While the
weakly bound electrons of the impurity centre together
with the nuclei form a slow subsystem. Under tpese
assumptions the Hamiltonian of impurity-phonon system

can be written as

Ho= H () + B (q) + H (F,q) ————-mmmmmmm- (1.1)

where,

H 1is the electronic Hamiltonian, including both
the Hamiltonian of impurity electrons and the
energy of their interaction with the static
crystal surrounding i.e. crystal field,

Hj, is the Hamiltonian of the free lattice vibrations
of the host crystal, and

HeL is the Hamiltonian of the interaction of the
electrons of the impurity centre with the
thermal lattice vibrations, known as electron-
phonon interaction (EPI).

The crystal field in He possesses a lower symmetry than

the spherical symmetry of the free atom and hence gives

rise to an energy-level splitting.

For any system of n electrons each of mass m, and
N nuclei of mass Mu, the classical non-relativistic

Hamiltonian is,
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A n ﬁ7~ N A 7
‘-{: —;- T +Z_.-f(— +V —_—— (1.2)
4 am 1MK
1=1 o=
A A A
where Pi and Pa are the momenta of the ith electron and

ath nucleus respectively, and V is the total potential
energy. This is the sum of nucleus-electron attraction
terms, electron-electron repulsion terms and nucleus-
nucleus repu181on terms[:22:} Thus
i Tuatpe® ozt 0t
\/ 4W£ };_ TE”‘:Z”\ @(ﬂ-\+y +, -- (1.3)
X,B=1 1,j=| o« g
where Zae is the p081u}ve charge of oth nucleus whose
position vector is Ea, and ;i is the position vector of

ith electron. Therefore the expression for electronic

Hamiltonian H can be wrltten as

ﬁ ,7&1 ZZ 7:-“ - (1.4)
?,~ 5‘2 thlg = p—ﬂ" ‘

In pure Harmonlc Approx1mation, lattice vibrations
are harmonic oscillators. The condition for harmonic
motion to occur is the presence of a restoring force,
which is proportional to the displacement, that acts
to return the system to its equilibrium configuration
when it is disturbed [ 24,25] . The Hamiltonian of
harmonic oscillator is given by sum of kinetic energy

and potential energy. Thus

A

- P 2 2
HL 2+t Mw*pr ==L (1i53

rm
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where R is the displacement from equilibrium position
and o is the angular frequency of vibration. This can
be expressed in terms of normal coordinates qg of

harmonic lattice vibration, as follows
A i
- 1 Ly
- = > - R 1.6
h= = Ehw%( 5 ﬁli\ (1.6)
where ?L is a wavevector of lattice vibration.

And in the language of second quantization [25]',

this can be expressed as

/\+ A
H. = ;‘hw,-zc;:c;z —————————————————— (1.7)
e
where C,;Z and C;z are creation and annihilation

phonon operators.

In first order approximation (linear approximation)

the Hamiltonian He is expressed as follows (see §4.)

L

A oy A

A
Fhape ; U;z(/'l} e e (1.8)

A

where, L%@Cﬁz} is electronic operator.

This Hel‘gives rise to the well known optical
manifestations: temperature shift and broadening of the
spectral lines, appearance of the broad optical bands,A
and the optical phenomena arising from the JT Effect,

which is the subject of our thesis.
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§2: Absorption coefficient of light

Let S{ Q) be the spectral density of the emission
flow of light frequency Q, propagating along the Z-axis
of a crystal. The attenuation of the intensity due to

light absorption in the interval dz is given as

dS(a,z) = —K) S(a,2) d 2o (2.1)

where K (£L) is the light-absorption factor.
Taking integration, we find

S (4, 2): 5("40) Q—K&Q)z ———————— (2.2)

which is Lambert-Bugger rule.
The change in the spectral density of the emission flow
is due to the absorption by the electrons of the impurity
centre. If N is the number of absorbing centre per unit
volume and each centre absorbs energy equal to

s

then N centres will absorb

Nldg: e - (2.3)

But absorption depends on the transition probability
per second, Wi fo that such transition will take place
and the depth of the centre from the surface of the

crystal. Hence energy absorbed per unit time per unit
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area through depth dz is given by
Nﬁﬂ{{ wi—;f@iz- ————————————————— (2.4)

which should be equal to the change in spectral density
of emission flow eq.. (2.1).

To find the expression for w; ,p We use conventional
gquantum electrodynamics methods. Assuming a media with
dispersionless dielectric permeability (aw=n2), the
vector potential operator of the electromagnetic field
(in the Coulomb gauge) is given by

Ao = 7 (B8 8w [l

V2ato
p

where V is the crystal volume

{@fﬁmﬂfﬁ)
thef o (2.5

g and p are the photon wavevector and polarization
index respectively.
a% is the polarization unit vector
A A
aip and aqp are the photon creation and

annihilation operators

and

—_> -
¢, g =0 S — - (2.6)
due to transversality of the electromagnetic excitations.

h;Liz;_% id ___________________ (2. 7)

Equation (2.5) leads to the following relation for the
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number of photons per unit crystal volume:

. _astct s
phot — \/pn*f a3

and for the probability (per second) of stimulated

dipole optical transition, we have the expression

- A e
where 6Q{::(f{dlk>matrix element of electric dipole
> >
moment d =-e.r of electron between final |f> and

initial state |i> states.

Equations (2.1) and (2.4) are equivalent, thus
we get
N t\.ﬂ_if W >t

K (<) = Sty 00 T (2.10)

Using egs. (2.8) and (2.9), the light absorption

coefficient for i»f single transition is found to be:

_ , 2
Kiglag) = 8 g [d [ TN
3hcn

For total absorption coefficient due to all
transitions we have to sum over all the final states
and average it over the initial states using the

occupation probability of the initial states,
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Z §: Ky (24)

25

0 wJKi.g(J?—\ ® (IL“—ﬂ—f«:)dﬂ— - (2.12)

b

where JJi

is the occupation probability of'initlal
states [?é] given as,

e E:/kT
fz b Z = Eifgr T (219
1

In the equation (2.12) we have ignored the effect

of population of final states since

fha ¥y RT

for all available temperatures

, where kK is Boltzman
constant.

Now let [ :J X_LJLB o

—————————— (2.14)
where'}@sn is the spectral density of the
absorption coefficient
Then from equation (2.12)
K@) =7 K slambig) s
1

Putting in the expression for Kif(sD (2.11), we get

¥ (L) = 8 TUEN-

3hen Zf i " 8 (-2

which is written as

(2.16)
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X () = 8_%__}2_{‘— F () = (2.17)
ocn

where

Fl) = Zf Mfl §(-Lig) (2.18)

is the so-called band-shape function. This band-
shape function, F(Q), of the electric -dipole transition

characterises the absorption spectrUHI)&SD apart from Q.

§3. Quantum Mechanical representation of shape function

Now let us represent the band-shape function by

means of the time-correlation function. Substituting

, |ty t
b () = ﬁ_j ¢ dt

into equation (2 18), the band-shape function becomes

2 ite-ag)t
F () ZJT‘T(ZL; <f | d! y|e dt __3.1)
which can be written as
| 0 1at
Fe = ) e T dt o ao

where,



Ty = Zf ‘iﬂd\tﬂ SN

since. oy g B

If the initial state is in thermodynamic equilibrium,
then

s E —— _,"‘ (- - —

AT 0 “/k] @-' E"/Kl

T R

~n
Ei is the eigenvalue of H, 7 is the partition

function of Impurity-phonon system. Converting I(t),

E)t
t)"szQ”U e erldl o T

into operator form ;At

I&) = E’- 241‘/@*1%0(4*/{%{'@7 dQ Hh "{,7 ~-(3.7)

Tt % %Z<'i/€ﬁd+d (t) /‘i 7 __(3.8)
, > :
where

di d ok S a0y

(i
(@ N



We can write equation (3.8) as
A
.._"’/ — A N >
. | RT 4 t
T = z Tr 4 d d(t)J --=(3.10)

Thercfore the band-shape function becomes,

e ~ﬁ/kﬂ'A. A
F ) = "l‘i’tj(’—l Tilie drdw] dt___(3.11)

-

But the quantum statistical average of an operator

A

A |27 is given as

[27] Y
~-H[RT ~

Tr (e A

---(3.12)

<CAD = 3

Thus
[+ VI
I i:tt A_r A
F) = I{TJQ o dlt) > dt  —(zagE)
-0

Equation (3.13) has been derived under the
assumption that the final excited states are empty.
In particular, the correction connected with the
stimulated emission is neglected. If we take into
account this correction we have to multiply (3.13) by
a factor (ﬂ - e —ﬁﬁéé ) .. oince for the optical
region the inequality 'ﬁ.(L))kT holds for all
temperatures, this factor is replaced by unity and

our equation (3.13) is a true equation.
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§4, Theory of electron-phonon interaction

(Point-Ion Model)

The calculations of optical characteristics of
electron-lattice system is possible only for some
definite model for electron states and operator of
electron-phonon interaction. Without going into the
details of the electron states of impurity centre we
devide the impurity centres into two categories:

One - the impurity centers,whose effective radius of -
electronic state is greater than lattice constant,
second - for which this effective radius is less than
lattice constant. In the former case, the electron-
phonon interaction operator is written in macroscopic
approximation. The examples are the interaction
operator of longitudinal optical lattice vibration with
polarons. In the second case, the interaction of
electron of impurity centre with lattice vibration is
calculated on the basis of quasi-molecular model of
crystal lattice. This model serveé well for the p-,
d- and f- electrons of the impurity centres. Here, we
are considering the second case, which is known as the

impurity centre of small radius.

In this case, it is supposed that the interaction
of electrons of impurity-centres with lattice vibrations
of the surrounding lattice atom/ions is due to a modula-

tion of the crystal field by the lattice vibrations.



& o

W e T 85, s

, X
18 the electrostatic potential energy of electrons

of impurities with the lattice points of the surrounding,

and

is the displacements of ath lattice point from
equilibrium position 32, which is small as compared to
lattice constant, then, for first order of displacements,
the slectron phonon interaction operator can be

expressvd us

& i DWUL o s Ru) A—T&K
Hu. o Z( }:(‘ g,‘ L

(]
T,&

= ;Z(h’ m.lﬂh\,pg’AQ‘ """" Sl

where e*- is the effective charge of the lattice point.

A
Similarly we can express HeL' in second order of

displacements (which we are not considering in our case).

Using Group Theory, the actual displacement can be
transformed into symmetrized displacement with the help

'0of projection operator [28] . Considering the crystal
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with an isolated centre as quasi-molecule with point-
group symmetry G, we can transform the actual

displacements to symmetrized displacements using, the
- N (F) —

fOllOWi/]\lg‘ transformation: F? = P*(Y AR,,(
where P-U: is the projection operator
" — A
@r'f 2_ 6' AR"‘ e (4.4)
ﬁ' - irreducible representation for the lattice
vibration
¥ - index of row of r
a‘ - symmetry operator
9(F) - dimension of [

9 -~ order of the group G

Lrb e\
[)YV’C ) - matrix representation for the symmetry

operation
CZ%:? - symmetrized displacements and are formed
in the same way as the normal coordinates.

And finally eq. (4.3) HeL can be expressed as
o é?, A
He(‘ q) = Z Ve ( ) Qv {4, 5)
i e

where
’\
.4
F?’(i) are the electronic irreducible tensor
operators of type I transforming like the
ggrrespondjng symmetrized coordinates

ey under thce symmetry operations of the

point group,



which are expressed as,
J Rai N
a&x EYIRRA Lz
V= Ry a(?w S

since 5_@:( o 9(@?{' L

PPy IR

,.f:)
On the other hand,LSR“ which appear due to modulation

of crystal field by the acoustical and optical normal
modes ol vibration, can be expanded in terms of the

-.)
pure crystal normal modes with wavevectors 2 and

branch index Y [29]
-
=t V).-v 1% Rx
A!\ ) (ij €09 2y 0 ~--(4.8)

”-)’

where,

M - mass of crystal lattice

W2y - phonon frequency
quy - polarization vector
QLiV - dimensionless normal coordinate of

lattice vibration.

Due to the reality of Lart051an displacements ZXQ&;
it follows that q'%' Z_,wand e,‘v’ = Z Y,
Putting the value of zxzq‘, in equation (4.4) we can

finally write

-’,
T e
A o o il i it o s
'y ?;(M Wiy, QK),V L’KV ( )
2



25

where ) (~)
;wa B ﬂLF P it 7
Q= 5 7 Des(8) G
a s ,-L?Ckp( -———=(4.10)

which are known as Van-Vleck coefficients and satisfy

the orthorgonality relation

Z'Q;ZV(F\;) C(;z.)/(f’\‘) = val ———(4.12)

where.llaz means the integration w.r.t. the wavevector

-
direction and averaging over the € direction.

~
The quantization of HeL can be performed by
introducing the creation and annihilation phonon
A+

A
operators (C5zy and (Czxy p

A

e =
Z.;g,, e (C;gv T C;g,,) ----- (4.13)

As a result, the electron-phonon interaction

Hamilitonian can be put as

A A A
R A x = +
He,_ 5 V2 Z(V{‘v C’?zv 'H);’;v Cv“’w> ————— (4.14)
7Y
where A ﬁ, ?
> i
Uz, (R) = ) Veel?) (~— 7
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The Hamiltonian (4.14) is presented in conventional
form of solid state theory and (4.15) enable us to
devide this Hamiltonian into parts corresponding to
irreducible representation of lattice vibration of

quasi-molecule.

§5. Shape Function for optical transition from an

adiabatic state: Non-degenerate to Degenerate transition

Further progress in the theory of band-shape is
achieved by assuming that the initial electron-
vibrational state H) is adiabatic one. This means that
both external and internal non-adiabaticities in this
state are negligible. The former condition is achieved
for the isolated electronic level, i.e. where the energy
gap separating higher levels from the initial is larger

relative to a typical phonon energy.

E)c‘ Er >> 7S N — (5.1)

The latter condition is trivially satisfied for a non-
degenerate electronic state.

Hence

<f/’/‘}e:,/'i> = 0x > T iRis

For the degenerate state, we assume that the non-

adiabatic part of EPI Hamiltonian is sufficiently
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small i.e.

<3C/{’;el.)jf/> << E.’c*Ef/ ——————— (5.3)

i.e. there does not exist the inter-multiplet vibronic
mixing of the levels.,
Thus, because of the unitary invariance of the ‘trace of

operator, we can write F(&) (Lg. 3.11) as follows:

=) ‘):'}'— z }Z f .e'i'ﬂ‘tdt

€ 4

N
- H L e il - (5.4)
x <1 e Tf%\ifd* {pq[@.l 4‘1? (

where, _
Hl is the initial Hamiltonian;
|i> and |f> are the initial and final
eigenfunctions of this Hamiltonian
respectively.

A
Since d operates on electron coordiantes, so it remains

unchanged,

Considering the adiabatic case (ignoring non-
adiabatic corrections to the energy and to the
wavefunctions), the initial wavefunction can be

written as
[i> = (A% I [ngs
2

[A> and N; being the initial electronic wavefunction

and the phonon occupation numbers respectively.

In this approximation we have
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A
ﬁ d‘“lli*‘“}*L .
0 liv=e l'l Ve ————  (5.6)

_hﬂ

Z(T)ekl ’1> = Z 0 T ————. (5.7)

where ﬁili is an eigenvalue of the electronic

Hamiltonian and
—_ i > "' /t' =
= 1T (1sinh Eze) hwz
ZL“ " 2 A (5.8)

is the phonon partition function.
Further applying the spectroscopic stability principle,

which is given as

> fo<H]| = Z’ﬁ><’£/ ————— (5.9)
f f

where]f) and [L} are the exact eigenfunctions of the
; LA
Hamiltonians H(l) and H( i) H 1—2{ Ku)(}%erespectively,

the wavefunction ‘f) is written as

|’h>: {r\/7g}”v‘é> ——————— (5.10)

where IF\’) is the wavefunction of the "non-self-
consistent" or "Frank-Condon' excited electronic state.
This wavefunction should be evaluated at a "frozen"
nuclear configuration corresponding to its equilibrium

position in the initial electronic state lA:}
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Since the phonon wavefunctions satisfy the

requirement of functional completeness
Z \n{> < W’;Ll = R — (5.11)
-;f_ :
We can re- erte the band- shape functipp (5.4) as
AL Av (A\ z_g At efut—,ai)xt
X <<A\e”*'~to(+;
x LYo i td]/\)

-— (5.12)
where b0 o denotes the phonon average
Coy
Let us introduce the evolution operator s
[30] such that
AN 1
ﬂHt_"EUQFH)u \
e wm =€ (t
-- (5.13)

A
This operator U(t) satisfies the equation of motion

s Ul
1h s

HeL (t) U(f) ————— (5.14)

The solution of this equation is written in the

following form

A ? t
Ue) = T ef’ai e lt) et

-—— (5.15)

where T is the time-ordering operator arranging the



N N
time-dependent factors HeL(tl), HeL(tZ)""ln

chronological order t1>t2

v

A,i A
where 1[1Dt S1H T

HQ,LH;B ENY o Hep € R -— (5.16)

is the EPI operator in the interaction representation.
Substituting equation (5.13) into equation (5.12) we

obtain for the band-shape fuggtion
Fea) = 7 Av (A) Zt jate
A - N
x LAl Ty <Y CU®Y, [y y LYl A7

--  (5.17)

(st~ rA) t

where *Iliid - Er =Eg e (5.18)

is the frequency of Frank-Condon Transition, since the
energy 2%_ is determined in fixed configuration ?:ilﬁé

of lattice subsystem.

Now let us use the limited basis, which includes

all the excited states excluding the ground states
whose Hamiltonian is written as %e' In this basis the
matrix elements of quiSAto be :eplaced by one-column
matrix, and Hamiltonian He and HeL (including the
evolution operator G(t)) are expressed by square

matrices. Shifting the origin for energy to £r,

equation (5.17) can be written as
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where m is light polarization index
N
Let us now include the external perturbation W to
our electron phonon system, such that for further

A
simplification, we express He as

= A

He = h (.1 %-\//\\/> ————— (5.20)

where h<lo is the centre of gravity of the excited

levels and is given by

A
ha, = Tr He
> Cr]

i:r] — dimensions of irreducible representation
" of excited state.
% - diagonal matrix such that Tr W=0.
The perturbation describes the splitting of the final
excited state only. This perturbation involves both
the internal interaction such as spin orbital, static

crystal field as well as interaction with the external

non-magnetic fields (electric and stress).

Thus, the shape function takes the form



a0y
[ ]

>
/N
>
=
S
/\* .
Cc>
=
AV
>

: n_lA‘> ——— (5.22)

The transformation from coordinate representation,
which was used to express the starting formulae, to
matrix representation in limited basis, is not a
unitary translormation and the commutative relation in
coordinate represcntations are spoiled. TFor example,

A >
the operators pﬁ?é&) which were commuting in coordirate
representation, become now the non-commuting matrices.
For computation of spectrum in above basis, we include
only those excited states which are involved in the

Lransition forming the said spectrum.

In terms of adiabatic approximation, the non-
cummutatives of mutriceslbi in limited basis means that
the electronic wavefunction of excited state depends
on phonon coordinates in zero order approximation.

The problem becomes non-adiaubatic, which does not allow
the separation of electronic and nuclear motions, i.e.
leads to JT effect in case of true degeneracy or to
pscudo-dT effect for closely spaced levels. As
discussed in the introduction that thg analytical
computation of absorption band is not possible in such
cases, but at the same time, the formulae (5.22)

allows us to get cxact expressions for the moments.



CHAPTER 11

MOMENTS OF OPTICAL BANDS

§6. Moments of optical bands: General formula

As discussed in the introduction, the analytical
computation of the spectral bands is not possible for
the degenerate electronic states of impurity-phonon
system, but the integral characteristics of the band
shape can be obtained by computing the moments of the

spectral bands.

The moments of spectral distribution)F:GQ»are

defined as follows
The zeroth moment (band intensity) is given as

S N, fF(.Q)dJL ________ (6.1)

First moment (centre of gravity) is expressed as
2 A
<"(l‘> i <ﬂv7 "(Z. F('Q’>Ci‘gL _________ (6.2)

Second moment which gives the half-width, is given by

<5Ll> — <—‘(Li> J.\QLFLJL)CLQ __________ (6.3)
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The nth-order normalized moment is given as

(£n7 = Z\;L7 s Byt o (6.4)

If the moment is defined from the center of gravity,
then the nth-order central normalized moment is

defined as

The integration in these equations (6.1)-(6.5)
extends over the range —o0 £.Q <00 . Since light

frequency .51 >0, the FC@Q is assumed to be zero for
SL L0

Substituting (5.22) for E%ﬂ;l) into equation (6.1)
for the electric-dipole transition, we obtain the

following expression for zeroth moment

<.&U>m = Z(A[c?{ FY><VV/C/I\%I’*>
ry

= g
d*bdyl

It is clear from equation (6.6) that band intensity

does not depend on the perturbation.

Using the relation

-——= (6.7)
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we get the following expression for first moment

<EL>WL: ., + ATILPL ______ (6.8)

where

T e = S -
C Aﬂy7»1dhwd”b “““““ (6.2}

gives the change in the first moment due to the
perturbation @; These equations are valid for linear
EPI, where <0(D) >L:O. Thus, we see that the first
moment does not involve phonon correction and turns out
to be temperature independent. Phonon corrections of
this kind appear through higher-order terms in the

expansion of H in nuclear displacements. [ﬁi}‘

el

And finally, the nth-order central moment is

expressed as

are the binomial coefficients, and

L d* 0 |
L = s < Ut) It:0>L, ————— (6.11)
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A
The matrices GL_determine the effect of the EPI on the

band shape and its temperature dependence. They are
known as the elementary moments of the unperturbed

A N
band shape. We notice that €§,=] and 6 =z0 for

linear EPI. The higher order of moments are derived

in next section.

87, Second and Third moments

As said in §6, the phonon contribution to the
first-order moment vanishes 0%:(0 if we consider only
the case of linear EPI. The higher order moments can
be evaluated from equation (6.11). The kth-order
derivative of evolution operator can be computed from
(5.14) applying the differentiation rule for the
Heisenberg operators (5.16). The second moment is

written as (from eq. 6.11).

A

0 - f LU, 5= 01,y -

Now from equation (5.14)
o A A A A
U U) = Ho U (8 + Ho[ Ul - (7.2)
which 1eads
TR = Po (075 eyt U - F e U - (723)

Therefore

AL A
< O e >L == fi< He, U(t)lt=0>t_

5;\%' 4 ﬁg\%ﬁaj O(ﬂ ,t=07l—

(7.4)
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A P .
Since U(t) l tfo: 1 and LY,HW)HQL:( 7L =0
for linear EPI, we get

A , N
&3\t;o>L - %‘1<H2L s ———— -(7.5)

Therefore the second moment is given by

N
G4 = 1 g 4€L 7L ——————— (7.6)

N

Now expressing H in second quantization language

el

(eq. 4.14) and using the following relations for phonon

average [32]
A AN ’
Len7=4CEy = L829¢E Y =0

————  (7.7)
ALK Pl A /\I e
LCAC2Y =W LCxCa 7 = WMt e (7.8)
J
I

where N = Ruset - e . (7.9)

1T |
1s the phonon occupation probability,we get

| X -

T 2 Vi 0 i s — 7.10

-

From equation (7.10) we see that the second
moment is independent of the perturbation in first

order.
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Using the expansion (4.15) for the operators

and applying orthogonality relation for (1%9(Eq. 4.11)

ngget, ,
" b= 5 A A
G, = :uwz Z o Eﬂ coth B2 \/ T/
v W TRy Y
—_— n
= = S S 1
9, (7) e
r:
/& T 0 2 b.iv(r")@mﬁi \7+ "” s (.12
T ok REN ~ Fy T

The total second moment is the sum of the contributions

—

due to all ' lattice vibrations. Further from

equation (6.11), the third moment is

N

6= VB[, >

Now using equation of motion for U(t) (5.14), we

get fﬂ*u o

O @) = _tl? ([ﬁpj[ﬁu)aem — 2] o, Hey | e

A LA A A
U, F{QLIVHTUE4€L] ﬁ‘{4éi\j(>&t)

—C TS

Taking the L-averaging on the right-hand side of

A
equation (7.14) the terms containing odd powers of HeL

vanish. And using commutative properties of the

phonon operators [:33:].

: A A A A
[E2,6]-(64, G =0, [G2, G/ =Sag
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and substituting

we get
A N A
@it (sz + 6 g (7.17)
where
AW L < 0
0 = ] Wiy Viy
AR Y,
< S GRIVARY,
1 b2y Ll =
o oh ZZ_U Y FY OTY e (7.18)
MM FT
(1) “1_ - = A /\]/\
0/3 —t\lz(,vl’hfi L‘fv‘fvw 7
LYY

The final expression of equations (7.18) and (7.19).

have been derived by using the equations (4.15) and

(%<ll). The third moments consists of two parts
6;(d which is independent of perturbation and

N
)
6&“’ which linearly depends upon the perturbation.

The third moment determines the band shape
asymmetry. The asymmetric deviation of the band shape
from Gaussian form can be described by the third

coefficient of the Edgeworth series [17] ;



CHAPTER III

MOMENTS OF A-~T ABSORPTION BANDS OF U-CENTRES IN KBr

AND Nail

§8. MICRO-CALCULATIONS OF SECOND AND THIRD MOMENTS

In this chapter, we do the micro-calculations of
second and third moments, and half width of the
absorption spectra of U-centres in KBr and Nal. As it
is shown by Hetrick [34] that the absorption
spectrum of U-centre in KBr consists of a broad
spectrum, which indicates the presence of the strong

Electron-Phonon Interaction.

E(eV)

. o
Fig. 4. Optical absorption arising from U-centres in KBr at 78°K.



141

This siluation made us interested to do such calculations.
Here we are able Lo explain how the EPI, which is
expressced in point-ion model, is applicable to the
U-centre in alkali halide crystals.

The calculations of moments have been done for absorption
spectra by d-electrons in CdS: T12+ and CdSe: T12+
systems by Dod [35] and for the exciton band in
CsCl by Klokishner et al. [36] . Here we intend to
do the calculations for the absorption spectrum by p-
electrons in I{—mxnres/U—centres in KBr, for which the

experimental values are known [34] -

The analytical expression for the moments of the
absorption band, which are given in §7, needs some
elaboration of the model of EPI and taking of the
phonon sum, which have been done in the following

sections.

1. Electronic states of U-centres in alkali halide

crzstal

The U-centre consists of a mnegative hydrogen ion
(H7), which substitutionally replaces a halide ion in
alkali halide crystals, such that it possesses an
Octahedral (Oh) symmetry with six nearest neighbours

of positive ion in the crystal lattice.



_
|3

@® - cation

‘D - anion
— U-centre

Fig. 5. Ucmwm3h1qfammmw

The theoretical study of the electronic structure
of U-centre in the point-ion model by Gourary [37] .
Spector et. al. [38] and in extended point-ion model
by Wood and apik [39] gave us the wavefunctions and
energies of ground state and excited states of U-centre,
so as Lo compare some of the experimental data with the
theoretical result, which are in good agreement. It has
been established that the ground state and first excited
triplet state have the configurations 152 and 1s2p
respectively. The observed absorption spectrum of U-
centre in KBr [34] is found to correspond to the
transition from singlet |A,7? to triplet state |T,> with a
U-band peak absorption at 5.5eV and half width of 0.25eV

at low temperaturc.

The two variational-parameter wavefunctions that
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give a stable ground state ‘A{) and the first triplet

excited state IT]> for free H ion are given by EBS:]

0(’3; - -—D(/zz s )L,_ :
}A1> = lHL [8 2"1" L 0 F :) -- (8.1)
iy, 57y
o= (e Je[e” e l“’“e““”‘?
M _‘Yf? Q g ‘;\91@5@3_ (8.2a)
> = [Ty [u % biousig
-/le‘“x Le“ }Z'welsin?g
g 2y m_l_ ..87
<[ L5  e
- (8.2c)
- 2,058 ZQHM'CJ&SQ'J

where Xv(g)\{ g are variational parameters. Here
)

- (8.2b)

[/*f> is not normalized and [y are normalized

wavefunctions.

2. Electron-Phonon Interaction Operator

The EPI operator is expressed in point-ion lattice
model of crystal field, taking into consideration only
6 nearest neighbour ions of crystal lattice, such that
potential energy W of electron of\U—centre in O, -

h

symmetry is expressed as

e
W= Z Z Mtgolzd»-’i;] A
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where e* is the effective charge of the lattice ion
and k = 1,2 are two electrons of U-centre,
If we assume that W is a small perturbation, then we can

expand W in terms of Iegendre polynomials [AOl-as follows:

I x2S .
. ee W

\/\/(V,Z«)z"ff’zz L PL(.“’S S S (B )
ATE, e e

=
where,{‘4 is the lesser and-&} the greater than
=7
R(R-nearest neighbour distance and &4 is the position
=D
vecter of electron), Wy is the angle between (lx

and }f.

When R is very large compared to r, which is true in our
case of U-centre with small radius then&,7 and }1Z
can be replaced by R and r respectively. The equation

(8.4) can be rewritten as

9

6 ol
W(f: K) P,QXZ z P\LH P (coswac) --—- (8.5)

4—“'£9 ‘,(:’ L.—

Applying addition theorem for spherical harmonics

PL(C“ W) = Z Y Leg) YL (6x,%)--- (8.6)

ll:H L
M=-L
where \(L(j>@) s are the spherical harmonics
e -2
=
(}Z o, g)) are the polar coordinates of A~
)

—

(pi D, Cﬁ() are the polar coordinates of R
) K
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\(me“)@oc\ :t") \((;J—m (B, @) e (B2 T)

Finally, we get

N » &2 & AT r‘

27
For the p-state, the non-zero contribution in VVLT)ﬂL)
is given by the terms with { = O, %

Then

\;\1 U'Z-,?zc) = /Ht( 1&\ [\( w@)‘ Y " (92,8.)
+z %?V (%CS}# Y L&mq?} (8.9)

Mm=-A
Knowing (€u)(¥&\ for the six nearest neighbours
of the U-centre, go&ﬁ?Qcan be expressed in terms of
spherical harmonics \Gﬂht95q3 . The symmetrized
coordinates of the lattice vibrations are determined

with the help of group-theory relations equation (4.4),

5M1 [F’ (r) (61\ G‘ AQ

Y -- (4. 4)
For O —symmetry,

—u Sﬂ$\v/

A E T,)~ are the active lattice
vibration modes, which are interacting with the '1}27

electronic state [ﬁl] .
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[Til] = A‘ + B + T, ——— (8.10)

Thus, the corresponding symmetrized coordinates

have the following cxpression

~

8.11a)

Ony = ”vi;s (X=Xt VN5 +2 -2
Reu = —=
Wer =
QT;_’VL

QT‘L.S 3 _;-. (Y, ’Y.f 'f'X;;”XS) £ SR

22, - LEg~X, tX Lf'\(;‘fYé)—— (8.11b)

TS .

i

(
(x."xfr"'Y,_‘TL be -—- (8.1lc)
(

X; -4)(6 + z‘ A Zw) e | (B L1D

Q’hg = _;: (ZL” 2.+ \(5 '"YL-,) --- (8.11f)

where U(fo” %')/ (Xz)\g)ngetc. are displacementsof

the lattice points, as numbered in  (fig 6.).
A
The e¢lectron-phonon interaction operator \/Fﬂ:

(equation (4.6)) for our system of O
N\

h symmetry becomes

C Y. n
e = S AN 2Qpr LIV 3@y
= I Ry oA o
{:' ( 3 Rxx ¥ R > Ry 2Ry
e
+ 3IW 3@
2}&LZ¢X ‘B“plzﬂ

sl (8 19
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/\z‘*"
xl /)% \(6

General and local ligand coordinate systems for octahedral
molecules (MXg)

The differentiation of spherical Harmonics is carried

Fig. 6.

out with the help of following equations [43]‘,—

okl SV ]___a, aLtl
S’ZKXK[R‘L‘H ',Lm (‘X> = 7 Rf;:i

P L) ((F | x| b2} [ fmvmtt)
&) (Crmti) m — [lemr) () @8, 13a)
(LLr2)(2e f’) Lpmn N 2L )t 700

9‘ [1{1\1\&16(06)] :,;E Cal-ﬂ>

&QYK (2
Citm u)umﬂ) I
[1“ 3) l“‘) un,m-n T (2¢+3) LILH) Y( ) "(8‘ 43k

+ x
M%x [K”" YMMJ
= *M (rmt1) (d-mt) /T
K;{L+1 ,, ((D«Qf’g) LlL*l') YL‘H o - (8. 13c)
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where(DQ signifies (QA)QQB for the lattice point

Although by elementary mathematics, but quite
tedious one, we get the following expression for
e :
operators \JF? (using equations 8.8 — 8.13):

A

Viay

il

— [Ah5 - \/ua ) L
It Q @ (4—)%\ (8.14)

AN
et . *
. = B vy g S
Ve =7 [T (6,q) (€5 (H=15)
12,5 ﬂl‘f' 1)0 Ll’ sz

= —| &t _'Ll Y‘YMQ)_H( (e,9) ee* —— (8.16)
Ev sv i | a2 2,2’ L4, '

B P o

AVET;

L7 r (¢ (9) > 66% ——— (8.18)
\/M \f»j w(’““‘ . (lm |
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N )
~1len © (%) VY (e @) 8*6* ——— (8.19)
V3 'Eg [ k\{ At >(ﬁ£ '

To find the reduced matriX element, we apply

Wigner-Eckarts Theorem L4d],

A,
y3(%)

where %(ﬁ\ — dimension of irreducible representation

4r\\q\<\/f:;\r,xl>: \A\/ | < v, G \TY )

A of the electronic state A
]l\/Fl\ - reduced matrix element of operator \sz,
which does not depend upon Y

— Clebsch-Gordon coefficient.

wa using the wavefunctions (Eqs. 8.1 and 8.2) and
above written expressions for the operator \JF? (Egs.
8.14, 8.15 and 8.18) (we take only one expression for
F , since reduced matrix element does not depend upon

—

Y ) and taking Clebsch-Gordon coefficients
< hie "’&'A'>)<—H‘ETI% l Eu7 and LTuth%\TQO [40:{,

we get the following expressions for the reduced matrix

element :

//\//’WN = -3 (e (8.20)

Bl

R* | 4,



6 : ‘

3 XR ™m ¥

| He Thyw) | (€€

”VE H = ° QWYL [l“‘e ZL;{T A (8.21)
W= p

ORRTI I i (Y'”\\ ee*
U\./T’L”: é(i{i%\’l[ > —] ltTLf,, - (8.23)

. V- 1
where “\&l“ has been determlned by renormalising the
interaction operator of totally symmetrical lattice

vibration [7] such that

TV T > = <T,\VAJT> (AValAY —— (.2)

The different parameters d)p,ﬂsg have been taken from
[-333 . The effective charge e* of the surrounding ion
has been taken equivalent to the charge of the electron

for our. calculation.

3. Phonon Sum:

Our next step is to calculate the Van Vleck
-

coefficients Cl?ﬂﬁwﬁ equation (4.10) and the quantities
b{v ] equation (4.11). The exact solution of this
problem is possible only if the polarization vector
é?éivj and dispersion relation for Wiy are known for
all directions in Brilouin Zone and for all branches
of lattice vibration. The theoretical calculation of
dispersion relation for KBr, Nal has been done by Cowley
et. al. [44] but there is no information about the

polarization vector. Hence we can not use the results
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ol the above papers for our calculations of moments, so
we restrict ourselves to the approximate phonon sum

in the "Extended Brillouin Zone' model.

In this model, the maximum value of the wave
vectors for three acoustical and three optical modes of
vibrations (the alkali halide crystal has two atoms per

unit primitive cell) is given by Debye cut off value

: bt \ s
Kp = (“V‘ ) ----- (8.25)

v

where VO is the volume of unit primitive cell which
3
is equal to 24_ for our f.c.c. crystal lattice of KBr,
Nal (d_ is the distance between ncarest neighbours).

And in terms of dimensionless coordinates the cut off

wavevector is given as
= () S "1) I/3
& My R, = Apa, = (31 weme  (8.28)

since Kuzqw I'urther we accept Debye Dispersion
relation for acoustical modes of vibrations

! \ -7 -—

(/\-)}('_ 1% - u;/ }L
where Q; is the velocity of sound and V':-é,t ) L=
for longitudinal and €= for transversce modes oOf

vibration and Finstein model for optltical modes with

optical phonon frequencies Lo and o -



The following phonon parameters have been used (Table 1)

[4s] . TABLE 1

KBr Nal N

Density i 9.'
(x 10° kg m™3) 2.75 3.667
Nearest neighbour
distance (qoa Ry) 3.3 3.23
(x 10710 m)
Longitudinal velocity
of sound, Ui (ms_l) 3678 3028
Transverse velocity
of sound, Ux ms™* 1342 1346
Longitudinal optical
phonon frequency, )%6 5.0 5.1
(x 1012 Hz)
Transverse optical
phonon frequency, »Qt' 3.6 3.6

(x 1012 Hz)




In our case of electronic excited state T1 the active
lattice vibrdtions which are interactions with Tl state

are represented by
2
[lezA\+E+TZ

where A1 - totally symmetrical lattice vibration,
E - two-fold degenerate lattice vibration

T, - three-fold degenerate lattice vibration

‘)

b

which are generally classified as follows:

1\

30

e 31 Q?Anﬁ

Fig. 7a: Symmetry coordinates for Al—modes of lattice vibration of

MX6 molecule,
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[*.
.; -G-"
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!
®; Qeu
v
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® Rev

7o, Symfxetry coordinates for E -modes of lattice vibration of

MX6 molecule.



Ot @+,5

7c. Symmetry coordinates for Tz—modes of lattice vibration of

MX6 molecule.
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In the Extended Brilouin = Zone model, we can use
the real normal coordinates and hence the real
polarization vector Etiv)and the Van Vleck
coefficients ZL%y(fXB’ For the determination of
these coefficients we use equation (4.10\ by
replacing exp (at‘z 'Z%(\) by ES'{W (;Z Z@‘\”%}Thus we get (for

an impurity centre of Oh symmetry) ‘:32]

e N [ - AR
Q,,w (Alg): e Siw r (Qx Sin MXKQ—F@)S“;\%{Q@

.,?

’ g;w?(, K o
FLebin™y ) —— (8.27a)

_vq I T Y L
Qm) (Eu\ =3 Sin “L; ('(),X\S\W’K-XQ\U er'\l’s“’“x\{ﬂp

>

-—— (8.27b)
<
> T -2 v
axv (Eu-) = (i % kgxswv’)éxﬁu
=S D | e, ;19) ———  (8.27¢)
= Y Y
e >
C It ) a0
Xy (TLEJ> = Sin £ (Qag.m’l(\,/ Lo
>
* QYSW\ 76% Qo) s (8.27d)
> R _ ~ e o S .
v (Tow) = s o (AT
S
+ Q%Gt;\ %X LZ“")\ - (8.278)
>

Av [Tg) = s (Eysnatyte

=2 ¢
ft.. LEXSM\.%\(QO> i (8.27f)

where, we know the orthogonality property of these

coefficients is
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}: &’K\) U‘Yyam)vld) = bxv(ﬂg":{:/g{?’—— (8.28)
o

where 2__7 , means the integration along the direction

<
% 5 -

of wavevector A and average over the direction §&,

e ¢

for fixed N direction.

Taking the angular integration and averaging over the
polarization of the square of Van~Vleck coefficients

we get the following expression for b—%y (V(;)

i. 13" x
Do (M) = 4 - S5k r oy - e

—-S\,('V\ §7_% /’{&_(j _ BWSG"% ——— (8.29a)
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In the above expression, we have used a %1men51onless

coordinate zs - 2 Qo
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A

Using the Wigner-Eckart's Theorem for the operator I8 2

A b A A
VR GRAG Ko}

<
5
®
0w
o

where A
’(\Jf,I - is the reduced matrix element

ﬂ(r) - dimension of the IR I” of the excited

A state.

(:>F? — Clebsch-Gordon coefficient matrix which

satisfies the orthogonality theorem

‘ A 4 A A
o L= -—— (8.31)
Z OW ry 1
Y

and transferring from the summation over 2 to

integration w.r.t. 2. , equation (7.11) becomes

N
e 3 Colhfey 1 (5.3
0, = oMk [>3) Wy —d%- (8.32)

49>

— 3 l —
v s £l

Y
where L3 is the volume of the crystal.

- =

Again in terms of dimensionless coordinate @ = WK ;
and applying Debye and Einstein models for acoustical
and optical modes of vibration respectively, the above

expression becomes
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7
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and similarly, the formula for third moment (7.18)
becomes

AN

() /___L__,/ ‘L
% T en Z Vel
r
2

XJdg q {bum t 2b, t@)

-—— (8.34)

The second part of third moment i.e. O;Cd is not of our

interest, since we are not considering any perturbation
A
Ww.
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Finally we determine the second moment and its
temperature dependence by using formula (8.33) and

third moment by (8.34).

4: Half-width of band shape function F( Q)

If the moments of a function are known, then we
can express the function in terms of some trial
function, whose zeroth, second and third moments
(('.52_07)(_51_‘)/ L.(L1>> coincide with each other
( Gram-Charlier series [45] ). Since the absorption
spectrum of U-centre in KBr is not much different from
Gaussian Curve‘;34], so we take Gaussian function FO(Q)
as the trial function, and we can express our function

F( Q) according to Edgeworth Series (fGikas follows:

Fl1) = ray U” T CCCAN SR
) (1) |1 Z J/a. ; WJ (8.35)

Ll=£1
where H’ ({53: are Hermite polynomials, and x}‘

are expressed in terms of the moments, e.g.

__-—-'6'
?r3 - e --— (8.36)

3
<rl,

and

N A
T

E(J(_).: ﬁé Q X 02 --—  (8.37)

—

with <L the maxima of the band shape, which

is the centre of gravity of the curve
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Taking the first term of the summation of equation

(8.35), and using the Hermite polynomial H~ ( f&:ﬂl>
7

E

we get,
(fL a)’ (a_a)g '
|+ 0y L e 1B,
Fe = F Lfb\‘ TR ae 8-88)

The shift of maximaj_ﬂLnUof band shape from the centre

of gravity can be determined by taking
IF = 0
— - -—— (8.39)
ol L= s

and by ignoring the higher powers of Lﬂwxfa in the

above expression we finally get

= _ 5
A =€), — — -——— (8.40)
20,
This expression indicates that maxima has shifted to

lower frequency side by :-

03
A0,

The half-width (A.) for F() is the width of the

spectrum at half the maxima of the band shape function.
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Fig. 8. Optical absorption spectra .

The expression for this half-width is derived by
elementary mathematics, using equations (8.38) and

(8.40), and knowing that at the half-width

F (<2va)
= (—n_)

H

i ———  (8.41)
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Finally, we get,

(8.42)

D>
{
{
™
-+
os)
b=
W
-
=
N
Pi=
|
I
|

This expression indicates that the half-width depends
A
not only on Gi(as in the casce ol Gaussian curve
7
A, = 2{26 (n2
but also on 6;, the third moment, which determines the

asymmeltry of the curve.

9. Comparison ol Calculated and lixperimental Values

ol Moments and Half-widths

Using equations (8.33), (8.34) and (8.42), we
calculated the second and third moments, and the half-
widths of the broad absorptltion band of U-centres in

KBr and Nal, which are given in table 2. (page 64.).

The temperature dependence of second moment is
determined with the help of equation (8.33), which is
expressed in the lorm of graph given in Fig.(9) (page
65. ).  And Fig.(lO) gives the dependence of half-width

or Ltemperature (page 66.).
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Table 2. Values of second and third moments and the

half-widthsof U bands in KBr and Nal.

KBr Nal
‘Calculated Experimental | Calculated
Second moment 7°K 8.01 12.5+0.8 7.18
-3 2
0y fxio7eV )
789K 14.43 17.2%0.9 12.82
Third moment 7°K 10.9%2.1
-5 .3 10. 30 8.97
q, (xlo eV?)
78°K 11,8891
Half-width 7°K 0.21 0.25 0.20
(ev)
78°K 0.28 0.30 0.27

The experimental values

have been

taken from
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CONCLUSION

It was shown in [35] and [ﬁé] that the point-ion
model of impurity centre and crystal field gives a good
agreement of calculated values of moments and half-width
with the experimental values for the absorption bands
in CdS:Ti+2 and CdSe:Ti+2, and A1203:Cr+3 respectively.
We have shown that this model is also applicable to the
p-electron absorption spectra of U-centre in KBr, where
we have got a good agreement of calculated values with
the experimental values given in table 2. We could
give the comparison for KBr crystal only since no data
is available for Nal. Our values are 6% to 30% less
than that of experimental values, which may be due to
the approximations used by us, which are the followings:

(i) The two parameter wavefunctions forlA7 andIT>>

states used to calculate the matrix elements

A
of the electronic operator \JT?

(ii) The interaction of the electron of impurities
centres with the first nearest neighbours has

been taken into account.

(iii) The linear electron-phonon interaction-w.r.t.
the normal coordinates ‘Z%’of the lattice

vibrations has been taken.
(iv) The frequency effect has been ignored.

(v) The covalency of the crystal field theory has

not been taken.
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(vi) The phonon sum has been calculated, not based
on the real phonon spectrum, but in. Debye
model for .acoustical and Einstein model for

the optical mode of vibrations.

The temperature dependeénces of second moment and
half-width are shown in Figs. 9. and 10. respectively
but comparison could not be made with the experimental
values. The second moment and the half-widths are
directly proportional to T and ff.respectively at high
temperatures. These dependences are similar to the ones
in ijSS] and [?6] : Experimentallx temperature
dependent third moment [34] is found to be temperature
independent in our case where we have taken only linear
electron-phonon interaction. This temperature
dependence of the (,

%

the quadratic terms w.r.t.gﬂlin electron-phonon

can be accounted for by taking

interaction operator.

Finally, we conclude that the point-ion model of
the crystal field and extended Brilouin Zone scheme
for the calculation of phonon sum are applicable to
the absorption spectrum by p-electrons of U-centre in
KBr, while the calculated values of the moments for
Nal can act as prediction to the experimental values
expected. The improvement of the theoretical values
can be achieved if we take into account the above

cited factors e.g. quadratic. EPI operator, covalency
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of crystal field theory, interaction with the next

nearest neighbour surrounding etc.
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