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ABSTRACT

On tilebasis of matrix formalism of method of

mornents dovelopo d by Perlin and Tsukerblat [20J ' we

have ca].culated theoretically the second and third

moments of A~T absorption band in U-centre of KBr and

NaI. 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 approxtmation for optical phonoils with cut
. • 13· .1/YJ .

011 wave vec t.o r Xb::: <:_"1, where ct" rs the nearest
Q."

neighbour' distance. The calculated values of second

moment,
o

7 K and 780K respecti vely, and that of third moment, ~

which is temperature independent, is 10.30xlO-5 eV3 for

A -3 2 -3 2v1 ' are 8.0lxlO eV and l4.43xlO eV at

KBr. While the experimental values for the second

arid third moments are 6'1.(70K)==(12.50±0.8)XlO-3

2 r: 0 -3 2 s: -5eV, v
l
(78 K)=(17.2±0.9)xlO eV and v3=10.90xlO

3eV [34] Similar calculations were done for NaI

crystal and they are found to be

ev2, 6'1.. (780K)=12. 82xlO-3 eV2 and

6il(70K)=7.l8XlO-3

c: -5 3
v3 =8.97xlO eV.

With the help of Edgeworth Series, where the band shape

function is expressed in terms of Gaussian Curve as

trial function and the moments ot' the spectrum, we have

calculated the half-widths ot' the absorption spectra,

which are found to be 0.2] eV and 0.28 eV at 70K and

780K respoc tively for Kls r I while the corresponding
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experimental values are O.25eV and O.30eV. For

~aI crystal, the half-widths are found to be O.2eeV
o 0

and O.27eV at 7 K and 78 K respectively. These results

show that the point-ion model for crystal field and
t

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 [i,2], Huang Kun and A.R. Rhys [3J and

Davidov [4,5J 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
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In these papers [1,3], the dispersion

and 'frequency effects of lattice vibrations were

neglected and the optical absorption band so obtained,,

consist~ of equidistant absorption lines, separated by

the frequency of lattice vibration w (fig 1.). !.1 ps is:

the frequency of pure electronic transition.

t

n =
Sl.-St ps

w

Fig. 1. Optical absorptionspectrumon neglectingthe
dispersionof 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 [61, the
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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 [7,8] 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 [10] 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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2 1 o

l...q.·~A,EA)I{";/'kT
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(a)

-"3 ' 0 3

(...c1..-ATA) I (C2.kT'
(b)

'ig. 2. Spectral curve for (a) A~E(e) transition (b) A~T(t)

transition, in serrrrclassicalapproximation.
c is coupling constant.

r-
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I I I

n

Fig. 3. Vibronic structureof 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 upon 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.
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It was Van-Vleck [14J ' who for the first time

showed 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 [15J and half-width of absorption band of

magnetic resonance in CaF2 [16J can be determined.

Later Lax [l~ 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 [ISJ In 1975, Perlin and Tsukerblat

[ 19,20J 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

opel'nLu 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 [21J



CHAPTER I

BAND SHAPE FUNCTION OF IMPURITY CENTRES

§l. Hamiltoniun of Impurity - Phonon System

Crystals which are mude of jts constituent atoms or

ions are known as pure crystals e.g. C, CdS, NaCl.

These crystuls have definite characteristic properties.

These characteristic properties may be changed by

adding impur:lties of different elements. The impurity

atoms can occupy two posi t.i ons _ intersti tial or ·lattice

site. These are known as interstitial impurity and

substitutional impurity respectively.

'l'hnimpurity atoms or ions in slightly doped

cr-ystulu are usually cons Ldered as a gas of particles

suspended in a condensed medium. The impurity atoms

are found to absorb light 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 Ilumi lton i an of

impuriLy - phonon system can be constructed wiLh 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
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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 nuclej form a slow subsystem. Under these

assumptions the Hamiltonian of impurity-phonon system

can be written as

H
7 7 7 7He(r) + It,(q) + HeL(r,q) -------------- (1.1)

where,

H is the electronic Hamiltonian, including bothe
the Hamiltonian of impurity electrons and the

energy of their interaction with the static

crystal surrounding i.e. crystal field,

HL is the Hamiltonian of the free lattice vibrations

of the host crystal, and

H is the Hamiltonian of the interaction of theeL
electrons of the impurity centre with the

thermal lattice vibrations, known as electron-

phonon interaction (EPI).

The crystal field in H possesses a lower symmetry thane
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 M , the classical non-relativistica

Hamiltonian is,



12

A n 1\').,

H =" SL ?.yn
i -=-,
1\ 1\

where P. and P
l a

tJ j\'" A

t~Jk tVL :L.M!{
ct.:: I '

are the momenta of the ithelectron and

--- (1.2)

atb 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 repulsion terms '[22]. Thus

A 'J ~ f- (~ c e~ ~ z e:t '}
V :=t;irEo L-~ li!-!t\-~~i'\+/~.-i.1-- (1.3)

_ o()r;~1 l.
J
j=1 ~ f1-.p, I .~ .{l J

where Z e is the positive charge of ath nucleus whosea .-+ -+

position vector is R , and r. is the position vector ofa l

ith 8leetron~Therefore the expression for electronic

Hamiltonian H can be written as

,J =: ~ p;; IL'~ ~ f (h --Y/$\' --- (1. 4 )-,~i~~f\1 I U£~~ ~{;SI'1-1-~lol t -~~)
.J '

In pure Harmonic Approximation, 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 [24,20 The Hamiltonian of

harmonic oscillator is given by sum of kinetic energy

and potential energy. Thus

--- (1. 5)
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where R is the displacement from equilibrium position

and w is the angular frequency of vibration. This can

be expressed in terms of normal coordinates qx of

harmonic lattice vibration, as follows

H- =i,
I
7- (l. 6)

-"'l
where ~ is a wavevector of lattice vibration .. ...

And in the language of second quantization [25] ,
this can be expressed as

A.

(l. 7)

where and are creation and annihilation

phonon operators.

In first order approximation (linear approximation)

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

(l. 8)

/\

where, 'Uil ("'i""1 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,

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(~) be the spectral density of the emission

flow of light frequency ~, propagating along th~ Z-axis

of a crystal. The attenuation of the intensity due to

light absorption in the interval dz is given as

where K(SL) is the light-absorption factor.

Taking integration, we find

-------- (2.2)

which is Lambert-Bugger rule.

The change in the spectral density of the emission flow

is due to the absorption b~ the electrons of the impurity

centre. If N is the number of absorbing centre per unit

volume and each centre absorbs energy equal to

1t-'1..·f{

then N centres will absorb

(2.3)

But absorption depends on the transition probability

per second, w. f' that such transition will take place1-+

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

----------------- (2.4)

which should be equal to the change in spectral density

of emission flow eq.. (2.1).

To find the expression for w. f we use conventional1+

quantum electrodynamics methods. Assuming a media with

dispersionless dielectric permeability (soo=n2), the

vector potential operator of the electromagnetic field

(in the Coulomb gauge) is given by

where V is the crystal volume

q and p are the photon wavevector and polarization

index respectively.
~eJ is the polarization unit vector
A+ /\Clff and Oqp are the photon creation and

annihilation operators

and

(2.6)

due to transversality of the electromagnetic excitations.

------------------- (2.7)

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

Nphot
ill '2.C4.S (:.1"2..)

V n:l1i\.-Q3 ---------------- (2.8)

and for the probability (per second) of stimulated

dipole optical transition, we have the expression

--------- (2.9)

where d.f;~ ~f/d./i>matrix element of electric dipole
-+ -+

moment d =~.r of electron between final If> and

initial state Ii> states.

Equations (2.1) and (2.4) are equivalent, thus

we get

N -t1 JL {t OJ -t--'Tf
$ (.A.. it} ---------- (2.10)

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

coefficient for i-+f single transition is found to be:

K r (...eLf') -'I.t .1. -
8 J[ 2JLf{ I Jf-i 12. N

3 'ft en
-------- (2.11)

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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~ f.,: «if (.J1.+i)

~ fi JKif (...n.) s (1L-Af,) d.n. ---
1..!-

(2.12)

where Yi is the occupation probability of initial

states [2~J given as,

----- (2.13)

•1-
In the equation (2.12) we have ignored the effect

of population of final states since
1;.1L /) kT

for all available temperatures, where k is Boltzman

constant.

Now let ---------- (2.14)

where X! Q) is the spectral density of the

absorption coefficient.

Then from equation (2.12)

K (-.a.) - [it Kif LA) S L-SL"'J1- if)
1-1

(2.15)

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

x (SL)

which is written as,
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---(2.17)

where

(2.18)

is the so-called band-shape function. This band-

shape function, F( st), of the electric-dipole transition

characterises the absorption spectrum XS st) apart from st.

§3. Quantum Mechanical representatio~ of shape function

Now let us represent the band-shape function by

means of the time-correlation function. Substituting
'.lO 0

__ '1'-)1 S 111. LJL-...Qti) t .Jtb (.51..-.JLfL) -'- \:- ~ ~
-~

into equation (2.18), the band-shape function becomes
..0

J[ -x 1 i(-n.-Jt.t{)-t:
F (..R) =- ill S~1<.J I cI (i > I e d.-t

--oLf ----(3.1)

which can be written as

0{) r -t
FUl.) '" ~Ii f e.ta. T(t) dt:

-..0
(3.2)

where,
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----(3.3)

since -------- (3.4)

If the initial state is in thermodynamic equilibrium,

--(3.5)

"E. j s the e i.genvalue of H, 7, is the parti tion
1

f unct ion 0 I' Impur! t y-jihonon s y st crn. Converting I (t) ,

in to opo r ator form /\
.<"\ ,0'\. t 'lHt IU· .1\ .•• _ J

- H'\ -In -- (3 7)
ILt).: .~I<ile iZ'fd+k ><fleT de." t) .

if
which is rewritten as,

-t
-i-t A

T(tJ- f[ <i/ e R«:d Ct) /'i » --(3.8)

where

----(3.9)
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We can write equation (3.8) as

".~ Tr- [e.-Hilt! J t- dtt)J ---(3.10)

'l'herui'oI'()Lhe balld-shape function becomes,

OJ ""iJ'z;t .-HiltT1\. A l
-~l 1:JeT r [e c(d It) J cH --- (3 . 11)

-,;0

F L-It.)

But the quantum statistical average of an operator

~ [27] f.s given as

< A> Tr

A

( e.- IiIiaA 1
:c ---(3.12)

Thus
00

FC-tL) - in S e;n.i<. dt d It) > d t
-~

---(3.13)

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 ( I - e -i"~) Since for the optical

region the :lnequali ty 11,j."L» it T 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-Id~ 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
devldo the impurity centres into two categories:
One - the impurity centers,whose effective radws 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 serves 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.
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~4.l)

is the electro~tatic potential energy of electrons
of impul'1ties with the lattice points of the surrounding,
and

----- ..-..----- (4.2)

is the displacements of ath lattice point from
."equilibrium position RO, which is ~mall as compared toa

lattice constant, then, fo~ first order of displacements,
the electron phonon interaction operator can be
expreaiti&;td"Ii

'" :: 2.( a ~I(~ ••• ~~ll'£)!-I()H~I- • 4-R." P..,.,:. R."
~I Q(

- ~ (~ e ~ ~~ ~ I )~~)------ (4. :n- /- Ie .•.1t£.I~.:'-~' -: ~D '
'Z.JQ( •. ,,: 4

where e.· is the effective charse of the lattice point.

"Similarly we can express HeL' in second order of
dls~lacements (which we are not considering in our ca$e).

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

df.sp Lu cemcn ts to symmetrized displacements using,
~ /\ CF) ~

following transformation: Qry ::.. Py¥ j,jR..o<.
1\ U::)

where p__
Yr-

(J u:)I Cf) I -'\) ./\ .~'?
- o~ D_- \.Ct Cr ~ R.. 0(

~J 0" y Y
(,

the

is the projection operator

(4.4)

.-r - irreducible representation. for the lattice

vibration

.¥' - index of row of r
."\G - symmetry operator

~(f) - dimension 0 f r
'j - oido r 01 the group G

DU:.) ( '\)
~._L4- mat rLx representation Jor the symmetry
y(

operation

- symmetrized displacements and are formed

in t ho same way as t he normal coordinates.

And finally eq. (4.3) HeL can be expressed as

----(4.5)

where r-
Vry C{J are the electronic irreducible tensor

operators of type r transforming like the

correspondJ.ng symmetrized coordinates
~

~fr under the symmetry operations of the

po:Lnt group,
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'"v,,--ry
which are expressed as,

i'
= '> ,0' W ) d- ~~ _ L if W _L ' c _ - -, ."} Qr=y, d ~, r<a.-:: fl...~ J~r-( ,0., .:»: ---(4 6)

cA, 'L if""'- '\. "\ 0 . . .
I ;;()'\. if~\

since ---(4.7)

-'-)

On the other hand,.6fi~ which appear due to modulation

of crysLal field by the acoustical and optical normal

modes 0(' vibration, can be expanded in terms of the
~

pure crystal normal modes with wavevectors?<. and

br-anch index V [29 J

---(4.8)

where,

M - mass of crystal lattice

(,c;r~ - phonon frequency

t,t)) - po Lu ri.zat Lon vector

ct-tv - dimensionless normal coordinate of

lattieEl vibra.tion.

-=;.
Due to the reality of Cartesian displacements Lla..~

it follows that 'l-tv :: i~:yand eXY:::: t.;
.:.,

Putting the value of A~Cl(' in equation (4.4) we can

finally write

- - _. - - _. - ( <1 • 9 )
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where
--="""
Q;;t-v -

which are known as Van-Vleck coefficients and satisfy

the orthorgonality relation

'[ ctiaJ CFy)ctlvlr/y/) :;:
_R :;t

--7 --?>L Q;tV(ry) Qt/(ry)
ry

b-?tv If) ~fr' SY¥-'--<4.11) .

---(4.12)

where .sLj[ means the integration w. r.t. the wavevector
~

direction and averaging over the Q. direction.

,..
The quantization of HeL can be performed by

introducing the creation and annihilation phonon
...-'\.-t- A

opera tors C-if. v and c s. y )

-----(4.13)

As a result, the electron-phonon interaction

Hamilitonian can be put as

-----(4.14)

where
A ...,

~-y (~)
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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 Ii> 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.

-------- (5.1)

The latter condition is trivially satisfied for a non-

degenerate electronic state.

Hence

o ---------- (5.2)

For the degenerate state, we assume that the non-

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

------- (5.3)

i.e. t ho re does not exist the inter-mul tiplet vibronic
mixing of the levels.
Thus, bocauso ()f Lhe un j tary in vur rance of tne vt race of
opc rut.or , \V(' ean·wri·t.8·Jt'CA)(Eq . 3.11) as' follows:

F (j'l) -.~ "S..-D .o'i ..J.~ t_Jt
1\' J.../l"2; L "c, u.
lit '\' f" 1\. A

-v I -.- t- iWt ~ ..O(){ -1. HL-t ,.I ---- (5.1)
X < L e. /(, .~ d:+ f > <:f r t f; C\ Ii /

where;
i

II is the initial Hamiltonian;

Ii> and If> are the initial and final
eigenfunctions of this Hamiltonian
respectively.

r-;
S inco cl ope ratel, on elect ron coo rdi antes, so it remains
un ch aug e d .

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

Ii> (5.5)

fA> and Y'l-;t being the initial electronic wave function
and the phonon occupation numbers respectively.

In this approximation we have
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(5.6)

r;
-Ii

I~L<.iIC-Tli>.
(5.7)

1..,

where t..rz.; is an eigenvalue of the electronic

Hamiltonian and

{ LO?Z

f·;t::: kT ----- (5.8)

is the phonon partition fUnction.

Further applying the spectroscopic stability principle,

which is given as

'Llf><fl
f

----- (5.9)

where If> and I·h.,> are the exact eigenfunctions of the
;\(") A(") A 1\ "

Hamil tonians H land Ho l = He +r. .~iV.j(c;tCirespective Ly ,
K

the wavefunction I·h) is written as

------- (5.10)

where I r v > is the wave function 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 I A>
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Since the phonon wave functions satisfy the

requirement of functional completeness

1 ------ (5.11)

We can re-write the band-shape function (5.4) as
F (.1l) ::: ";',TL Pnf lA 1 'L~~~Ji €-i LA. -.JLi~t

r" [y_cO

X <.< A \ e_ll.~Ltc{-r I ry >y-
" .

X (r y I - i I'P t J. J >,« -r A / L (5.12)

where <. 0 ~ >. denotes the phonon average
L

Let us introduce the evolution operator

such that
,~i ~t(l\i A )

-l H -t -- - 1+ +- H L. /\e,'~ = e t\ e U Ct)
(5.13)

"-This operator U(t) satisfies the equation of motion

"-'t t\ at U (t)
dt

1\ /\

H~L(-tj U (t) (5.14)

The solution of this equation is written in the

following form

/\

UEt) (5.15)

where T is the time-ordering operator arranging the
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/\ /\

time-dependent factors HeL(tl), HeL(t2) ....in

chronological order tl>t2
" " "iu 1- _i fio twhere 1. Hi? t

.A. r. -
He_Llt) ,·11' . He-L ~

.f;\
(5.16).- e.

is the EPI operator in the interaction representation.

Substituting equation (5.13) into equation (5.12) we

(5.17)

where
JL \/~

------ (5.18)

is the frequency of Frank-Condon Transition, since the

energy £,- is determined in fixed configuration ~LA)
of lattice subsystem.

Now let us use the limited basis, which includes

all the excited states excluding the ground states
r.

whose Hamiltonian is written as H. In this basis the
j\. e

matrix elements of d is to be replaced by one-columnn" r- .
matrix, and Hamiltonian Hand H L (including thee e

/\
evolution operator U(t)) are expressed by square

matrices. Shifting the origin for energy to £. r,
equation (5.17) can be written as
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(5.19)

where ~ is light polarization index

f\
Let us now include the external perturbation W to

our electron phonon system, such that for further
j\

simplification, we express H ase

----- (5.20)

where ·h~o is the centre of gravity of the excited

levels and is given by

"Ty- He.
L [r]

------ (5.21)

[I) - dimensions of irreducible representation

r of excited state.
/\

W diagonal matrix such that Tr W=O.

The perturbationdescribes 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



"? i (.tl..- ..!l.••) ttl J d t ~ 'f.
_vv I 1\

1\ ,_ 'l W t " "
x (1\ Id~e. ZUltl\ Jlt,1 A > (5.22)

The transformation from coordinate representation,

which was used to express the start ing formulae, to

matri x rcp reucn t u cLon in 1irnit ed basis, is not a

uni La ry t runs I'o rmut i on and the commut at i ve relation in

coordinate represL'ntations are spoiled. For example,
'1\ .,

the opo r-a t or S '?'.f'C-t). wh i ch were commuting in coordir.ate

rep r'esontu t Lon , be como now the non-commuting matrices.

For computation of spactrum in above basis, we include

only those excited states which are involved in the

transition forming the said spectrum.

In terms of adiabatic approximation, the non-
A

cummutatives of matrices lTt. in limited basis means that

the elec.:tronicwavefunction of excited state depends

on phonon coordinates in zero order approximation.

The problem becornus non-adiabatic, which does not allow

the separation of electronic and nuclear motions, i.e.

leads to JT effect in case of true degeneracy or to

pse udo-JT effect J'or closely spaced levels. As

discussed in the introduction that the analytical

compu t a t. ion of uhs orpt Lon band is not possible in such

cases, but at the same time, the forrnulae (5.22)

a110ws us to get exact expressions for the moments.



CHAPTEH II

MOMENTS OF OPTICAL BANDS

As discussed in the introduction, the analytical
computalion of the spectral bands is not possible for
the degunerate electronic states oJ impurity-phonon
system, but the integral characteristics of the band
shape ean be obtained by computing the moments of the
spectral bands.

The moments of spectral distribution F(..>l~are
J )

deJ Inod as follows

'l'huzeroth moment (band intensity) is given as

< .rz., '> -------- (6.1)

First moment (centre of gravity) is expressed as

--------- (6.2)

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



34

The nth-order normalized moment is given as

'( 6.4)

If the moment is defined from the center of gravity,

then the nth-order central normalized moment is

defined as

I J \ i _)n<.S[ "''> -= / n ..,' F L.sL} (-11- tt: oL.Q
" ,--'L~ / ------ (6.5)

The integration in these equations (6.1)-(6.5)

extends over the range - 0(} .~ JL ~ 00. Since light

frequency ..Jl>o, the F l:sz...) is assumed to be zero for

SUbstituting (5.22) for F"\;(A) into equation (6.1)

for the electric-dipole transition, we obtain the

following expression for zeroth moment
.~ . fI.+_ ~<..SLD)It = [<A/d~ jrY><rr-Jc(~IA '>
It.. ----- (6.6)

,"\ (\.

d+ cl
~ 1

It is clear from equation (6.6) that band intensity

does not depend on the perturbation.

Using the relation
00

I f iJL td
lTL -Q e JL

-00

-i A S(t)dot (6.7)
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we get the following expression for first moment

(it">
1'1 (6.8)

where

(6.9)

gives the change in the first moment due to the
A.

perturbation W. These equations are valid for linear.
.A

EPI, where <.U (D) )L::' 0 . 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 HeL in nuclear displacements.

And finally, the nth-order central moment is

expressed as

(6.10) ,

where

(~J
are the binomial coefficients, and

Iz. d~ "
i - < U(t) I >.vltk. -(==0 L

----- (6.11)
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/\

The matrices o~determine the effect of the EPI on the

band shape and its temperature dependence. They are

known as the elementary moments of the unperturbed
" "band shape. We notice that 00 ~ I and 6"1 ~O for

linear EPI. The higher order of moments are derived

in next section.

§7. Second and Thi~d m6m~nts

As said in §6, the phonon contribution to the
1\

first-order moment vanishes (~:::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).

• •

--- (7.1)

Now,from equation (5.14)
..» .--\;.. A j\.

211 V(t)::: H~L(tJU (tJ -+ H eLt) Uti) (7.2)

(7.3)
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Now expressing HeL in second quantization language

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

average [ 32J .
" I\.

/. ~):: (C~I

37

Since and

for linear EPI, we get

.. I "::l
- 112.. <. He.L >

Therefore the second moment is given by

':' 2.< H~L ~IL

1\."2 At 2...~
- ~ C-;t i=!... C:{ / o

----where

is the phonon occupation probabilitY,we get

(7.5)

(7.6)

(7.7)

(7.8)

(7.9)

-------- (7.10)

From equation (7.10) w~ 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 Q~(Eq. 4.11)

(7.11)

/\ I l-c- b~-v Lr:-) It- ~~
O')..LF) :::: .- L - (» 1M .?:

d-i..H . L0.~)I
'n)l 'y

The total second moment is the sum of the contributions

---- (7.12)

-due to all r lattice vibrations. Further from

equation (6.11), the third moment is

t ,. "

- .; <U(t) }t~D > ---- (7.13)

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

get [j'(t) 7 ~3 [ [itJ[~, J~,Jl- ZIH, J HeJ HeL
- H"'L[~OJ~eLJfH/LjOLt)

---- (7.14)

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

equation (7.14) the terms containing odd powers of HeL

vanish. And using commutative properties of the

phonon operators [33 .J .
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and substituting

----- (7.16)

""t

where tJl~is the center of gravity of the excited levels,

we get

"') 1\0- LI ·t- 0: U·"J
.3 3 --------- (7.17)

------ (7.18)

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

have been derived by using the equations (4.15) and

(4.11). The third moments consists of two parts
~ (I)~3 which is independent of perturbation and

6 (;~)3 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 NaI

§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 NaI. As it

is shown by Hetrick [34J that the absorption

spectrum of U-centre in KBr consists of a broad

spectrum, which indicates the presence of the strong

Electron-Phonon Interaction ..

8

2.

o
6-6 5· 8 5·4 5.0

(6- 2

E(eV)

Fig. 4. Optical absorptionarising from U-centres in KBr at 78oK.
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ThiH situation made us interested to do such calculations.

Here we are able to explain how the EPI I which is

expresHud in point-ion model, is applicable to the

U-centre in alkalL halide crystals.

IThe calculations of moments have been done for absorption
.9,+ .2+ape ct ra by d-e lect r-ona in CdS: 'I't" and CdSe: TJ.

systems by Dod [35] and for the exci ton band in

CsCI by Klokishner et al. [36J. Here we intend to

do the calculations for the absorption spectrum by p-
-eleetrons in II -cont.resy u-c.ent r-es in KDr, for wh i ch the

expo r t men t aI values are known [34J

'l'h o anu Lyt LeuI expression Jor the moments of the

absorption band, which are given In §7, needs some

elaboration oJ the model of EPI and taking of the

phonon Hum, which have been done in the following

secttollH,

1. Electronic states of U-centres tn alkali halide

crystal

The U-centre consists of a negative hydrogen ion

(H-), 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.
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Fig. 5. U-eentl'e in 0h-symretry

• - cat ion

o - anion

@- U-centre

The theoretical study of the electronic structure

of U-cuntre in the point-ion model by Gourary [37J '
Spector et. aI. [38] and in extended point-ion model

by Wood and Opik [wJ gave us the wave functions and

energies of ground state and exc Lt e d states of U-centre,

so as to compare Home 01' the experimental data with the

t heo ro t i c a I resul t , wh i ch are in good agreement. I t has

boo n os t.ab I l.she d that the ground state and first excited

t ri p l e L state huvu the configurations Is2 and 15;2p

r espe c t.l vo I y . 'I'ho observed absorption spectrum of U-

cell t rc in KBr [34] is found to correspond to the

t r an s l t t on from ss i ngl e L IA."? to t r Lpl ot state I,,) with a

U-band peak absorption at 5.5eV and half width of 0.25eV

at low t.empor-a tu rn .

The two variational-parameter wavefunctions that
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give a stable ground state IA~) and the first triplet

excited state II,> for free H-ion are given by [3SJ

where 0( 0... -y C are variational parameters. Here) \~) ) 0

t A () is not normalized and r1j '; are normalized

wavefunctions.

2. Electron-Phonon Interaction Operator

(8.1)

(S.2a)

( 8. 2b)

(S.2c)

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 0h-

symmetry is expressed as

w- --- (S.3)
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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 Legendre polynomials [40J.as follows:

----- (8.4)

:7 -7'
where,{.( is the lesser and-1:., the greater than

~
R(R-nearest neighbour distance and .J,t

vec tor of electron),
.~

and )i .

is the angle between

is the position
-?>

tZ&(

When R is very large compared to r, which is true in our

case of U-centre with small radius then-'t.7 and Jt, ~

can be replaced by Rand r respectively. The equation

(8.4) can be rewritten as

b 00 .-;> t
f) e* L l "t:::: ~ ~tl
+ltL, ~.p( !:, L-~ 0 d--

Applying addition theorem for spherical harmonics

P-L (c.o.s w~) ---- (8.5)

where are the spherical harmonics
~ ..

are the polar coordinates of~'

are the polar coordinates of
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(8.7)

Finally, we get

I'- -'7

For the p-state, the non-zero contribution in VVL~~)
is given by the terms with .t -::0) 'L

Then
" ,,~\W l:r) fZctJ 4-ll (.e e* \ ['Y L~~) 1.. Y)\'~<,(/~)

It 1£ £.o} (1(Y. rzoe D 0

1- ~ \ k ~.t ~ ~ V t\)cs") -- Y Ltt-AJcp",} -L 5 1 1.YY> f2! 1--Y'"

'm-=' -;1... ()(

Knowing (.eo{.) ~c>\. ') for the six nearest neighbours
(\.. ~

of the V-centre, W Cf\lZ..)canbe expressed in terms of

spherical harmonics \(A..,;vvx e9) 1'). The symmetrized

(8.9)

coordinates of the lattice vibrations are determined

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

-- (4.4)

For 0h-symmetry, r:::::A1JE)T?. are the active lattice

vibration modes, which are interacting with the IT1>
electronic state



--- (S.lO)

Thus, t~e corresponding symmetrized coordinates

have t ho I'o l Lowi ng expression

.~- (X'- x. + Y - y.- + l _""2 \{6 I Lt- :t J 3 l:.f1r - (S. 11 a)

QG\Y - .~ (X I - X '1"- '( ~ + Y 5 )

Q-r )..l - -t( X" -><6 t- 7:- i. 0I It-

QTJ. "S - i (Y, - \<- .t- x).- X 5)-'

::: .1. (Z - 2 ·t y .-y \1. J- 5 3 t:.)

--- (S.llc)

--- (S.lld)

--- (S.lle)

--- (S.llf)

where (X Y J.) (x 'y :J. \etc. are displacements of
II I, L, I 1-) l.)~

the lattice points, as numbered in (:fig 6.).

A

'I'he electron-phonon interaction operator V FY
(equation (4.6» for our system of 0h symmetry becomes

/\ b, f'. 1\

Vpy - L (~~. ~fY + ~~ .O~i
tX = I }-lZx~ :r ({ X~ d- tZ"(<I(' (; r<.y"-

I'

+- .~~ · d_Qpy \ (S.12)

d- tZ ~·x d- rZ 1:.'" )
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Z;6

b~:j~5 {~-----$Z)---7Y?

~
Xs x .

~

Fig. 6. General and local ligand coordinate systems for octahedral
no Lecu'Ies (MXs)

The differentiation of spherical Harmonics is carried

out with the help of following equations (43J:-
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where t C\) signifies (~o?I.) cp,,:..) for the lattice point

Although by elementary mathematics, but quite

tedious one, we get the following expression fo~
j\.

operators "ifi (using equations 8.8- 8.13):

---- (8.15)
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To find the reduced matrix

Wigner-Eckarts Theorem [401,
/\

( " y\ \ V FY \ \')..YJ.. / :=

element, we apply

where~(G) - dimension of irreducible representation

- reduced matrix element of operator

which does not depend upon 'y
< rr~r;Y:l\ F::;') - Clebsch-Gordon coefficient.

of the electronic state

Now using the wavefunctions (Eqs. 8.1 and 8.2) and
A

above written expressions for the operator VF¥ (Eqs.

8.14, 8.15 and 8.18) (we take only one expression for

r ' since reduced matrix.element does not depend upon

~ ) and taking Clebsch-Gordon coefficients

we get the following expressions for the reduced matrix

element:
/\J

1/ ~I f/ --- (8.20)
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?-..1-{1
-r+>: l.

i0 ~4-'"
(8.21)

'm:;:D

. 6
" -9fb G _-YfZ\

I/Vf~II'~ ~Y~ L1- ~ L
v- \')1:::0

where \\VAl \\ has been determined by renormalising the

~~J'(~*)---
'YY\ ~ it ILL (8.23)

interaction operator of totally symmetrical lattice

vibration [7J, such that
~ A A

(~ I v,i 1T, > = < ~ IVA JT, > - <A \ VAl\ A 'I --- (8. 24)

The different parameters ~)~)~bhave been taken from

[38J. 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
-4 .

coefficients CLJrlJU=f) equation (4.10) and the quantities

b~~ , equation (4.11). The exact solution of this

problem is possible only if the polarization vector
->.e {tV) and dispersion relation for W?tv are known for

all directions in Grilouin Zone and for all branches

of lattice vibration. The theoretical calculation of

dispersion relation for KBr, NaI 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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of t he above pupo r s for our ealculations of moments, so

we r os t r i c t our-s o l vo., to the approximate phonon sum

in t.ht: "Ex t e ndo d Brillouin Zone" model.

In this model, the maximum value of the wave

ve c to rs fo r t h reo uco us t i ca 1 and three opt i ca I modes of

vi brat ions (the a I k a I i ha U. de cryst al has two atoms per

un it p rLmi t:i.ve ce 11) is gi ven by Dobye cut off value

(8.25)

whor e Vo r s till) volume ol' unit primitive cell which
3

is cq ua 1 to 2 a.", for our f. c. c. crystal lattice of KBr,

NaI (a.(, t s tho distance be twce n near cs t neighbours).

And in t e rms of dimensionless coordinates the cut off

wuve vcct o r ts g i VE.'n as

(8.26)

further we accept Debye Dispersion

relation for acoustical modes of vibrations

whe ro V; is the v e loci ty o f sound and ,j.- .l t: . .L-
I' - J )

J' () l' I 0 111~i t 1Id .i 11a 1 a II d t- I'0 r Lran s ve r :..w mod('S 0 [

vi h I': 1 t. i (J II :111d I': i 11S L(' i II 11I0d (' I I' () r ()p L i (',:il H10d ( 's w i Lh

optical phonon frequencies and W" t .
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The following phonon parameters have been used (Table 1)

TABLE 1

KBr NaI
Density 0• J J

(x 103 kg m-:3) ~.75 3.667

Nearest neighbour
distance ('to .• Ro) 3.3 3.23
(x 10-10 m) ..

. . . . .

Longitudinal velocity
of sound, u;, (ms-l) 3678 3028

. , .

Transverse velocity
of sound, \It -1 1342 1346ms

. . . .

Longitudinal optical
phonon frequency, V,.e, 5.0 5.1
(x 1012 Hz)

Transverse optical
phonon frequency, Vot.

(x 1012 Hz)

3.6 3.6
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In our case of electronic excited state TI the active
lattice vibrations which are interactions ~ith TI state
are represented by

-- t E.

where Al - totally symmetrical lattice vibration,
E - two-fold degenerate lattice vibration
T~ - three-fold degenerate lattice vibration•..

which are generally classified as follows:

l'
3

+-__------c'I------ .•~
6 4

Fig. 7a: Synrmt ry coordinates for Al-rrodesof lattice vibration of
MX6 rrolecule.
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3

e>
5

~~------~~------~.'2s .

Atl

7b. Symmetry coordinates for E -modes of. lattice vibration of
MX6 rrolecule.
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5 ~'-_IU---V' 1..

3

Of-----D----{
5

6
QI)..~

. 3

7+
5 2.

. b Q,:l..'S
7c. Symmetry coordinates for T2-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 ~L1ly) and the Van Vleck
~7

Cl1ty (fi)~ For the determination ofcoefficients

these coefficients we use equation (4.10) by

replacing exp(-i1Z~)bYf1~'lh,L1Zi~q~).ThUS we get (for

an impurity centre of 0h symmetry) [32J
..::;.

'L '..-> .~
a:;.v (At9 ):; it 51h. I~ (€X 5l~'~ 'Ji.X IZ o-t~\.jSI-;' ~ Re'

...:.-? ,

+ -e. c 51 v~ <7( t. rz. 0)
(8.27a)

·~7 \ (._ _-';> c . ..:;.

ax-vLEt-t) -- ~ Sjvv ~ le.x.su'vJ~Ro.+e"15.l~x..Y~D
..:;;.

- 'l£:c 51~/ll:: iZo )
...:;

C{ -X)) lEv') - ~\ ~~T~l:ex s .; Xx 1<. t>

...:;. (. - er s\ ~ 'lLy {(D )

, -'3>

~ 51\A-Il ((2 s l~ 'PLv fZ. e>
Lt \. C I

...:;,

-t-ey51~7[t:fZo )

-->
Q-}Lv (1~~)

where, we know the orthogonality property of these

coefficients is

(8.27b)

(8.27c)

(8.27d)

(8.27e)

(8.27f)
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- '-'/+ -") .L et'J{vLri)a./tvlf'Y') :::b'x.vlF)~rrfbYi'L- (8.28)
n -7. ...l. '-1f....

where L.~
....a.:.t,

of wavevector

, means the integration along the direction
~ ~
?C and average over the direction ~

-7for fixed '7{, direction.

Taking the an~ular integration and averaging over the

polarization of the square of Van-Vleck coefficients

we get the following expression for b:J -y l~)

(8.29a)

--- (8.29b)

(8.29d)

coordinate
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/\

Using the Wigner-Eckart's Theorem for the operator Vrr

II vrl\ (8.30)

1\

where 1\

11 \iF 1/

~(r)

- is the reduced matrix element

- dimension of the IR r of the excited

"Or¥ -
state.

Clebsch-Gordon coefficient matrix which

satisfies the orthogonality theorem

--- (8.31)

and transferring from the summation over ~to

integration w.r.t. ~ equation (7.11) becomes

(8.32)

where L3 is the volume of the crystal.
0.-7 ~

Again in terms of dimensionless coordinate ~::: '1012..

and applying Debye and Einstein models for acoustical

and optical modes of vibration respectively, the above

expression becomes

f
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--- (8.33)

and similarly, the formula for third moment (7.18)

becomes

--- (8.34)

The second part of third moment i.e. ~£~ is not of our

interest, since we are not considering any perturbation
/I.w.
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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( ro
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
( <--.{tQ) ) Z.it '> ) ~JLJ...» coincide with each other

(Gram-Charlier series [461 ). Since the absorption

spectrum of U-centre in KBr is not much different from

Gaussian curve l34J, so we take Gaussian function F (~)o
as the trial function, and we can express our function

F(~) according to Edgeworth Series \!6'j as follows:
.P •

FL-'L) t: ~l-'L) \1 + [tly YJ: H.(0-\l__- (8.35)
L j<?' J! 2:"- J ~'- J1

where H· (~~) are Hermite polynomials, and 0'"
J i~~ j

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

(8.36)

(8.37)

and

e
with ~ 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 ff." ( -'L-Si. )
0"i~

we get,

(8.38)

The shift of maxima )..t:Lmpf band shape from the centre

of gravity can be determined by taking

o --- (8.39)

and by ignoring the higher powers of l~,.;Silin the

above expression we finally get

---- (8.40)

This expression indicates that maxima has shifted to

lower frequency side by :-

The half-width (A.iL) for FL~) is the width of the

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

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

--2 (8.41)
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Finally, we get,

(8.42)

Thi s o xpr ess ion i ndi cates that the half-width depends
/I.

not only on 0;. (as in the case 01' Gaussian curve

6.a.,,';: 1. ~J..~ t-n 2. I

but also on ~" L1w third moment, which determines the

a.s ymmo t r y of L1w cu r vo .

U9_._Colllpar ison o J Calcula Led and Experimental Val ues

of Moments and HalJ-widths

Us t ng equations (8.33), (8.34) and (8.42), we

calculated the second and third moments, and the half-

widths or Lho broad absorption hand of Uv cent r-es in

KBr and NaI, which are gi von in t abl e 2. (page 64.).

'1'11(1 t cmper a t ur c dependence of second moment is

det.e i-m l ned wiLh the help 01' equation (8.33), which is

oxpr nssod in the form of graph gi von in Fig. (9) (page

65. ) . And Fig , (10) gi ves the dependence of half-width

OP.. t ornpc-r a tu r e (pugc 66.).
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Table 2. Values of second and third moments and the

half-widthsof U bands in KBr and NaI.

KBr NaI

Calculated Experimental Calculated
- -

Second moment 70K 8.01 l2.5±0.8 7.18
~ ).)

<f1- (Xlie V
780K 14.43 l7.2±0.9 12.82

Third moment 70K 10.9±2.l

( -s 3) 10.30 8.97
0'3 X. \0 tV

780K 11.3±2.l

Half-width 70K 0.21 0.25 0.20

(e-V)
780K 0.28 0.30 0.27

The experimental values have been taken from [34J.
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CONCLUSION

It was shown in [35J and [46J 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
.+2 .+2 +3in CdS:Tl and CdSe:Tl ,and A1203:Cr 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 NaI. 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 wave functions for /AI and IT>
states used to calculate the matrix elementsr-:
of the electronic operator \Jri

(ii) The interaction of the electron of impurities

centres with the Hrst nearest neighbours has

been taken into account.

(iii) The linear electron-phonon interaction·w.r.t.

the normal coordinates 9-7<- 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 dependences 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 Fr respectively at high

temperatures. These dependences are similar to the ones

in [35J and [46J. Experimentally} temperature

dependent third moment [34J is found to be temperature

independent in our case where we have taken only linear

electron-phonon interaction. This temperature

dependence of the ~ can be accounted for by taking

the quadratic terms w.r.t.~~in electron-phonon

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

NaI 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.



70

REFERENCES

1. S.I. Pekar, Theory of F~ centres, J. of Exp. and

Theor. Phys. (Russian), 20 510-22, 1950.

2. S.I. Pekar, Theory of Luminescence and absorption

of light in dielectrics, J. Exp. and Theor. Phys.

(Russian), 20, 641-57, 1952.

3. Huang Kun and A.R. Rhys, Theory of light absorption

and non-radiative transitions in F-centres; Proc.

Roy. Soc., A204, 406-23, 1950.

4. A.S. Davidov, Theory of absorption, dispersion and

scattering of light by solvents, J. of Exp. and

Theor. Phys. (Russian) ,24, 197-209, 1953.

5. A.S. Davidov, Theory of non-radiative transitions

in molecules of solvents, J. Exp. and Theor.

Phys. (Russian), 24, 396-408, 1953.

6. R. Englman, The Jahn-Teller Effect in molecules

and crystals, Wiley-Interscience London, 1972.

7. Yu. E. Perlin, Optical transitions to the

degenerate local states, Solid State Physics

(Russian), 10, 1941-49, 1968.

8. Yu. B. Rosenfeld, B.G. Vekhter and B.S. Tsukerblat,

Optical bands in electron-vibrational systems, with

electronic degeneracy, J. Exp. and Theor. Phys.

(Russian), 55, 2252-61, 1968.



71

9. Y. Toyozawa and M. Inoue, Dynamical Jahn-Teller

Effect in Alkali Halide Phosphors Containing Heavy

Metal Ions, J. Phys. Soc. Japan, ~, 1663-79, 1966.

10. K. Cho, Optical Absorption Line Shapes Due to

transition from Orbital Singlet to Triplet States

of Defect Centres with Cubic Symmetry, J. Phys.

Soc. Japan, 25, 1372-87, 1968.

~,
11. H.C. Longuet-Higgins, U. Opik, M.H.L. Pryce and

R.A. Sack, Studies of the Jahn-Teller effect II.

The dynamical problem} Proc. Roy. Soc., A244, 1,

1968.

12. R. Englman, M. Caner and S. Toaff, The Optical

Band Shape of a VibronicallyCoupled orbital

Triplet, J. Phys. Soc. Japan, 29, 306:-,-10,1970

13. M. Caner and R. Englman, Jahn-Teller Effect on

Triplet due to Three Fold Degenerate, J. Chern.

Phys., 44, 4054-55, 1966.

14. J.H. Van Vleck, The Dipolar Broadening of Magnetic

Resonance Lines in Crystals, Phys. Rev., 74, 1168-

83, 1948.

15. H.S. Gutowsky and G.E. Pake, Nuclear Magnetism

Studies of Molecular Structure and Rotation in

Solids: Ammonium Salt, J. Chern. Phys., ~,

1164-66, 1948.



72

'16. G.E-. Pake and E.M. Purcell, Line Shapes in

Nuclear Paramagnetism, Phys. Rev., 74, 1184-88,

1948.

17. M. Lax, The Franck-Condon Principle and its

application to crystals, J. Chem. Phys., 20,

1752-60, 1952.

18. C.H. Henry, S.E. Schnatterly and C.P. Slichter,

Effect of Applied Fields on the Optical Properties

of Colour Centres, Phys. Rev. ,137, A583-602, 1965.

19. Yu. E. Perlin and B.S. Tsukerblat, The Piezo-

Spectroscopy of Broad Optical Bands in Systems

with Dynamical Jahn-Teller Effect, Spectroscopy

of Crystals (Russian), Nauka, Moscow, 1975, pp

61-72.

20. Yu. E. Perlin and B.S. Tsukerblat, Optical Bands

and Polarization Dichroism of Jahn-Teller Centres

The Dynamical Jahn-Teller Effect in Localized

Systems (Yu. E. Perlin and M. Wagner Ed.),

Elsevier Science Publishers B.V., 1984, pp 257-345.

21. Yu. E. Perlin, B.S. Tsukerblat and T.S. Dod,

Spectroscopy bf Crystals (Russian), Nauka,

Leningrad, USSR, 1978, pg 11-27.

22. D.R. Bates, Quantum Theory II, Aggregates of

particles, Academic Press, New York and London

1962, pp 190.



73

23. K. Ziock, Basic Quantum Mechanics, John Wiley and

Sons Inc., New York 1969, pp 37-49.

24. T.Y. Wu, Quantum Mechanics, World Scientific,

Singapore, 1986. ~

25. E. Merzbacher, Quantum Mechanics, John Wiley and

Sons Inc., London 1970, pp 362-364.

26. J.R. Waldram, The Theory of Thermodynamics

Cambridge University Press, Cambridge, 1985, pp

30-32.

27. H. Eyring, D. Henderson, B.J. Stower and E.M.

Eyring, Statistical Mechanics and Dynamics, John

Wiley and Sons, New York 1982.

28. M. Lax, Symmetry Principles in solid state and

Molecular Physics, John Wiley and Sons, New York,
1974.

29. J.H. Van Vleck, Paramagnetic Relaxation Times for

Titanium and Chrome Alum, Phys. Rev. 57, 427, 1940.

30. C.Itzykson and J.B. Zuber, Quantum Field Theory,

McGraw-Hill Book company, New York, U.S.A., 1980,

pp 176-180.

31. Yu. E. Perlin, L.S. Kharchenko and M.S. Li, Izv.

Akad. Nauk. SSSR (Russian): Ser. Fiz, 40 1858,

1976.



·-74

32. Yu. E. Perlin and B.S. Tswzerblat, The effects of

Electron-Vibrational Interactions in the Optical

Spectra of the Paramagnetic Impurity Ions,

Shtiintsa Kishinev (Russian), 1974.

33. A. Messiah, Quantum Mechanics II, North-Holland

Publishing company, Amsterdam, Oxford 1975, pp 970.

34. R.E. Hetrick, Effects of Uniaxial Stress on the

Absorption of the F-centre in KCl and the U-centre

in KBr; Phys. Rev., 188, 1392-1403, 1969.

35. T.S. Dod, calculation of moments of A+T absorption
.+2 .+2 ..bands of CdS: Tl ,CdSe:Tl . Proceedlngs of the

All India symposium on Nuclear Physics and solid
state Physics, New Delhi, 23C 359-61, 1980.

36. S.I. Klokishner, Yu. E. Perlin and B.S. Tsukerblat,

Polarization Dichroism in the Optical Spectra of

Jahn-Teller Excitons. Sov. Sol. Stat. Phys. 20

(11), 1847-52, 1978.

37. B.S. Gourary, Approximate Wave Functions for the

U-centre by the Point-lon-Lattice Method, Phys.

Rev. 112, 337-340, 1958.

38. H.N. Spector, S.S. Mitra and H.N. Schmeising,

Electronic Structure of U-centre, J. Chern. Phys.

46, 2676-2683, 1967.

39. R.F. Wood and U-Opik, Electron Structures of

('



U-e()ntres: Opt i ca I Absorption and La t t i ce

ItoLuxut i on , Phys. Rev. 162, 736-45, 1967.

40. S. Sugano, Y. Tanabe and H. Kamimura, Multiplets

of Transition Metal Ions in Crystals. Academic

Prus.s , NY-London, 1970.

41. L.D. Landau and E.M. Lifshitz, Quantum Mechanics

(Non-relativ:istic Theory), Pergamon Press, Oxford

1913], pp. 3~G.

42. I.B. Bersuker, The Jahn-Teller Effect and Vibronic

Lnt eru.ct t ons in Modern Chemistry, Plenum Press,

New York and London, 1984, pp. 173.

43. M.N. ,JOtW8, Sphe ri.cal Harmonics and Tensors for

C1assjeal Ff o ld Theory, John Wiley and Sons Inc.,

New York, 1985, pr. 68.

44. R.~. Cowl0Y, W. Cochran, B.N. Brockhouse and

A.D.B. Woods, Lattice Dynamics of Alkali Ha Li.d«

Crystals III. Phys. Rev. ]31, 1030-39, 1963.

45. A.D.B. Woods, U.N. Brockhouse, and R.A. Cowley,

Lattice Dynamics of Alkali Halide Crystals II.

Phys. Rev. 131, 1025-29, 1963.

46. G.A. Korn and T.M. Korn, Mathematical Handbook for

Scientists and Engineers, McGraw-Hill Book Company,

New York, 1968.



· ·76

47. Yu. E. Perlin, L.S. Kharchenko and B.S. Tsukerblat.
Proceedings of II Seminar in Spectroscopy and
Properties of Luminophors, activated with rare-
earth elements. Pub. IPE, Academy pf Scieqces,'

USSR, Moscow 1969 pp. 181.

KENYATfA UNIVERSITY LI8RARY


