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ABSTRACT

With the help of matrix formalism of the method of momentsv

by Perlin and Tsukerblat [1], the Jahn-Teller electron-phonon

parameters of A——>T absorption bands in CdF21C02+ and

CaF2:Co2+ crystals have been computed at 78K. These parameters

are the second moments (G;), third moments (6;) and the Jahn-

Teller stabilization energy (AEJ—T) associated with the optical

. 4 4 4 4
absorption bands for the Aig———ﬁ>Tlg(P) and Azg———’ Tlg(F)

transitions in both systems. The third coefficient ( %) of the
Edgeworth series which expresses the band shape function in
terms of moments has also been computed. % describes the
asymmetry deviation of the band shape‘from the Gaussian form.
In calculating these Jahn-Teller electron-phonon parameters,

the electron-phonon interaction operator was expressed in

lattice-point approximation of first order. The wavefunctions

4
for the] A28;>,

N

+ ; : : :
Co“" were expressed in terms of Slater determinants taking into

4 4 : : =
Tlg(P)>5and Tlg(F):>e1ectron1c states of
consideration the electron-configuration mixing. The phonon
sums which appear. in the expressions for the moments and
Jahn-Teller stabilization energy were determined in "Extended
Brillouin Zone" scheme with a cut off phonon wave vector

g5 7., Y2 . S A .
b 6 X /Vo » where Vo is the volume ofa primitive unit

cell. There is a close agreement between the theoretical and

experimental values available in the literature.

For the 4Azé———géTlg(P) absorption band, the theoretical



values for second moment (G;)at 78K, third moment (63) and

Jahn-Teller stabilization energy QAEJ_T) for Co2+ in CdF2

and CaF, are () (78K) = 8.9 x 107> ev’, (3= 1.51 x 107" ev’,
AET - 0.196 ev and G (78K) = 12.1 x 107 ev?,

3

(5

CT = 3.0 x 10-4 eV3, AEJ-T = 0.181 . eV respectively while
3

the corresponding experimental valugs are 6; (78K)= 9.6 x lO_3 eV2,

t »
G, = 3.12 x 1074 ev®, AETT - 0.33 ev and 3(78K) = 10.2 x107 eV,
e

qé= 2.86 x lO-4 eV3’ AEJ_T = 0.223 eV. For the absorption band

4

arising from the 4A-——————9‘T (F) the theoretical values are
. 2g 1g

G, (78K) = 14.3 x 1073 ev?, Go=2.44 x 107% ev3, AETT = 0.3 ev

3
2+ 2+ .
for CdFZ:Co . For CaFZ:Co the theoretical values are

63(781() - 19.7 % 107> eV2, G. = 4,83 x 10'4 s and

3
J-T y J-T
AE = 0.292 eV. The experimental values for AE are '

0.248 eV for CaF2:002+ and 0.26 eV for CdF2:C62+. Further, the

third coefficient (g;) of Edgeworth series for the

4 4 '
A T. (P) absorption band has been found to be 0.018 and
2‘-—-f) g P

g it
2+ 2+ ; : ;
0.022 for CdF,:Co~ and CaF,:Co respectively, while the same is

2 2
found to be 0.014 and 0.017 for the AAEET—__eéTlg(F) transition

in Csz:Co2+ and CaFZ:Co2+ systems respectively. In all these
cases ‘g<<l which clearly indicates the presence of strong
Jahn-Teller lattice interaction.. The deviation in agreement
varies from 57 to 507 which may be due to the approximations
applied e.g taking into consideration the first nearest neighbour

only and expressing the electron-phonon interaction operator in

lattice-point approximation of first order.

These findings, however,clearly establish the validity of

the lattice-point model for electron phonon- interaction and the



"Extended Brillouin Zone" scheme in calculating the phonon sums
2+ 2+ h
to the CdFZ:Co and Can:Co crystals and in general to the

systems having d-electron deep impurity centres in cubic

symmetry.



INTRODUCTION

In crystals, sevefal types of point defects are commonly
found including both positive and negative vacancies and
interstitial point defects. If trace amounts of a foreign
material are introduced into a crystal so as to occupy normal
lattice sites, the resulting point defects are termed
substitutional impurities which may have large and varied
effects on physical and optical properties of the crystai. In
general, the optical properties of the impurity or activated
crystals which absorb light in the transparency region of
the host crystal are quite different from those of pure
crystals. The absorption band of impurity crystals consists
of a broad band unlike the discrete line spectra in isolated

atoms or ions.

Lax[1l], Huang Rhays [2] advanced the first theory of
light absorption in accivated crystals based on adiabitic
approximation in the early fifties. In this approximation,
both the electrons of the host crystal and those of the
impurity centre play the role of fast sub-systems whose
states remain invariant when the impurity optical transitions
take place: £%;is assumed in this approximation-that any
fixed nucleus position corresponds to a stationary electronic
states and the nuclearstates are determined by the averaged
field of the electrons [3]. Many of the optical transitions
in electronic systems of impurity crystals involve degeneracy

such that the electron - lattice coupling displays the Jahn-

Teller (J-T) problem. This is due to the high symmetry



associated with the surroundings of the localized electronic

systems in impurity crystals [4].

In the original papers of Jahn and Teller [5], the
nuclear displacement is taken to be a quasi-static parameter for
the electronic potential energy. The adiabatic potential for the
nuclear system belonging to the originally degenerate states
exhibits minima away from the minimum of the original
symmetry (Jahn-Teller distortion). In this way, the static
nuclear configuration lowers its symmetry until the degeneracy
is removed. The first calculations of the electrpn}c
absorption band shapes for the Jahn-Teller (jT) s&étems in a
semi-classical approximation'wefe conducted by O'Brien [6],
Moran [7] and Toyozawa and Inoue [8]. In these systems
having degenerate electronic states, besides the totally
symmetric coordinate, the non-totall?ysymmetric Jahn-Teller
active coordinates are displaced due to electron - lattice
interaction. A computer evaluation of the band shapes of the
optical transition A—=> E(e) in the above cited papers proved
Jahn-Teller interactions to result in a two humped band shape.
E(e) is a doubly degenerate electronic state (irreducible
representation -E) interacting with a two-fold lattice
vibrations (irreducible representation - g) and A is a non-
degenerate electronic state. Such a band shape is shown in
fig. 1(a). It was a symmetric shape with two humps and a dip
at SL=J4), where .3 and 42, are the frequency of the incident
light and the zero phonon line frequency respectively. F:Cflb

is the band shape function of the absorption band. If one
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Fig. la. Band shape of A——3E(e) in semiclassical approximation [8].
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takes into account that the totally symmetric contribution is
non-zero, then the dip of the band shape is smoothened as
shown in fig.1l(b). Similar results were obtained for
transitions to orbitally triplet electrqQnic states. The band
shape in this case depends primarily on the relationship
be;ween the strength of the coupling‘;i of electronic state [TD
with the lattice vibrations charactei}zea by irreducible
represenfations A, E and T depending on the symmetry of the
impurity centre. If the coupling to the E-vibrations is
predominant i.e (T-e problem), then no splitting of the A= T
band occurs although the. adiabitic potential of the T state

is split. 1In general, it can be said that in case of the
absorption transitions from non-degenerate to degenerate state,
the band does not split if the point of degeneracy on the
adiabitic potential is a point of actual cfossing of the
surfaces. If the coupling to T2 vibration predominates

(T-t problem) then the A——1}T absorption band has three humps,
the band is split into three components as shown in fig. 2,
but the interaction with the totally symmetric vibrations
smoothens the band. Cho [9], taking into account the linear
interaction of the centre with lattice modes of the Alg’ Eg and
ng symmetries made calculations for the triplet structure

of the C bands and the doublet structures of the A-bands of
52— type centres in alkali halides and deduced that these

are due to dynamical Jahn-Teller effect. Fakuda [10] did
similar calculations for NaCl and CsCl type crystals and

found that the point symmetry of the impurity centre

is important in determining the shape of the band.
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Band shape of A——E(a + e) in semiclassical approximation [8].
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The semi-classical approximation allows the derivation
of the band shape in the strong coupling scheme and high
temperature limit when the phonon dispersion is taken into
account but it fails in the weak coupling and low temperature
region. Moreover, for the transition in the intersection
region of the adiabatic potential, the validity of this
approximation breaks down since some distinct details like
the central dip of the A——>E(e) band and the central peak
of A———aT(tz) cannot be explained reliably. Today there
exists some quantum mechanical calculations of absorption
band shape of impurity crystals. The earliest calculation
for the absorption band arising from the A——=E type
transition was done by Longuet Higgins et. al. [11]..He used
numerical computations of the energy levels for the E-e
problem. At low temperatures the optical band for the A——E
and E—>A transitions gave a two humped asymmetric curve
and a bell-shaped curve respectively. The asymmetry smoothed
out on increasing vibronic coupling parameter. Using
Frank-Condon approximation, Kamimura et al. [12] calculated
the line shape of Jahn-Teller induced transitions at high
temperature and found that transitions from a singlet ground
state to a nearly degeherate excited state give rise to a
broad band. In the other case in which both ground state and
excited state are nearly degenerate it gives a very sharp
peak. On employing quantum mechanical methods to calculate
the intensity and peak position at low temperature in the
static limit of Jahn-Teller interaction, the transition proved

too weak for the first case to be observed while in the second
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case it appeared as a single line. Similar calculations of

optical absorption band shapes were done by Koswig et al. [13]
for silver halides doped with cr?t, while Chlopin et al, [14]
carried out calculations of band shape in Renner-type systems

with strong vibronic coupling.

Canner and Englman [15] appliég numérical method to
compute the band shape of the trans%tioﬁ A——>T(ty) and
obtained a three humped structural band, these being the
consequences of Jahn-Teller effect. The band was presented
as a parisade of discrete non-broadened lines in the above
cited papers and these lines were replaced by Gaussian curve
to obtain the envelop. The continuous bands in the crystals
however, arise not only due to the broadening of the individua%
vibronic transitions but mainly from the dispersion of lattice
vibrations. Hence, the shabé of the band: depends on the
distribution density of phonons and for this reason the
numerical results are more applicable to molecular systems
rather than toimpurities in crystals. Since the numerical
methods take into account only a limited number of excited
vibrational levels, the accuracy of such calculations is lost

when the electron-phonon interaction is strong.

*
-

So far the theoretical computation of band shape function
has been possible in some approximations particularly where the
Schrodinger equation could be solved, but in fact, the Schrodinger
equation cannot be solved due to the coupling of electron and
nuclear motions, in particular, for degenerate electronic sta;es.

However, with the help of group theoretical analysis, the
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Fig. 2. Absorption band shape of the A—>T(t2) electroﬁié

transition in semi-classical approximation [8].
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moments of the band shape function can be computed accurately,
which helps us to determine a few parameters of the theory.
The low order moments do not uniquely define the band shape or
even the details of its temperature dependence but they do
bring out clearly the way in which the Jahn-Teller effect

accounts for the gross feature of the band.

4

L3

Wagner [4] established the mgthoé of moments of the
optical Jahn-Teller problem. Henry et al.[16] treated the
effects of polarization dichroism in conformity with
F-centres in alkali halide crystals. The Jahn-Teller effect was
taken into account for_final elé;;:onic states, an important
advance of the theory. Honmé [17] extended the method by
Henry et al,and using the perturbation theory, he calculated
the moments upto the third order in contrast to the |
firstordérin Henry's theory. Another important aspect in
Honma's formulation is that the spin-orbit interaction Hw.
may be contained either in the unperturbed electronic
Hamiltonian H, or in the perturbing Hamiltonian'ﬂ; as opposed

to Henry's in which the spin-orbit interaction is regarded

as the perturbation.

The introduction of matrix formalism of the method of
moments byPerlin and Tsukerblat [18] has allowed the group
theoretical analysis of both dichroism phenomena and Jahn-
Teller effect for systems with impurity centres having

definite point symmetry.
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CHAPTER 1

THE BAND SHAPE FUNCTION

1: Hamiltonian of the impurity-phonon system

A pure crystal is composed of an ideal periodic

arrangement of atoms, ions or molecules, which possesses
a translational symmetry ﬁ>= nA5> + n 5> + n 5>

it 2°2 33
extendipg over the entire volume of the specimen where 5;
are primitive vectors and n; the integers. Any deviation
from the ideal periodic arrangement of the constituents of the
crystal 1is a lattice imperfection or crystal defects. They
are either vacancies at the crystal lattice points, atoms
at the interstitial positions or impurities at the lattice
sites. A crystal in which foreign material (impurity) has been
introduced is called an activated or impurity crystal. The study
of such impurities in crystals is of particular importance

because they affect both physical and optical properties of

the host crystal.

A point defect in a crystal lattice destroys the periodic
symmetry and hence the normal modes of vibration are modified
from their usual waveform. The changes as would be expected
are more pronounced in the vicinity of the defect. Any
vibrational property which is probed by the defect itself will
be quite different from what is in the perfect lattice. It is
therefore essential to make calculafions for the modification of
the vibrations to interprete any property of a defect, for
example)the width and shape of electronic absorption lines or

bands [19].
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The impurity crystal: consists of the impurity centre of
definite symmetry, the lattice vibrations of the surrounding
and the interaction of impurity electrons with the lattice
vibrations. The latter isbrought about by the neighbouring
atoms which during their vibration, digfurb the energy states
of the impurity centre. This inteqution isreferred to as the
electron-phonon interaction (EPI) Q%psejHamiltonian will be
of great interest throughout this thesis. In a crystal, the
total Hamiltonian is composed of a large number of space and
momentum coordinates of all atoms and electrons. But without
loss of generality, the Hamiltonian of the electron-phonon
system can be constructed using adiabatic-approximation. In
this approximation, as was pointed out in the introduction, both
the electrons of the host crystal: and those of the impurity .
centre play the role of fast sub-system whose state remains
unchanged when the impurity optical transitions take place.

Under this assumption the Hamiltonian of the impurity phonon

system can be expressed as

A

A = A + HoF®) + H) . ap

A

}{L(?j describes. the electronic Hamiltonian which includes
the total energy of impurity electrons and their interaction

. X .
=>
energy with the crystal field. }4L01) is the Hamiltonian
~ S

of the free vibrations of the host crystal. Mg, (\ﬂ, 1)
describes the interaction of the optical electrons of the
impurity centre and the lattice vibrations. The appearance of

the broad optical bands, associated with Jahn-Teller effect

and temperature shift among others are some of the well known
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optical manifestations of this electron-phonon interactions.

1t V(;>) is the potential of the electron due to the
nucleus of the impurity centre plus the potential due to the

surrounding assuming that the lattice points are at rest, then

one can write

H(Y) = 't‘ V F \/(Y) ..... Catas (1.2)

where Mis themass of lattice point.

1f P and ¢V are the momentum operator and the angular frequency
of harmonic oscillator respectively, and R the displacement of
the lattice point from the equilibrium position, then the
Hamiltonian of lattice vibration in harmonic oscillator

approximation can be expressed as
A

=2
A
- . i B g I
Hig)o= .,B. + Mw™R s ARG SR (1.3)
L QM
In terms of normal coordinates §,of lattice vibration eq. (1.3)
>C

can be written as

A 2

bl memebinai(g, 0. )

where ﬁgis the wave vector of the lattice-vibrations. 1In the

sasserve (Lodk)

languange of second quantization, by introducing the so called

A
the creation and annihilation phonon-operators viz C:+ and

L=

Ci&v,respectively, the Hamiltonian for lattice vibrations

eq. (1.4) can be rewritten as [20]:

A

H = & 3 TN P (v )

S foon Cilatt)
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In the first order (linear) approximation with respect to
iﬁ? the electron-phonon interaction Hamiltonian can be written

as.

A

A A
Hg == i, @) 2;,: D eeeens (1.6)
e ™ .
A =
where ’L%E» is the electronic operitor.
5 :

2: The transition probability Y

Transitions which are accompanied by a change in electron
dipole moments are called electric dipole moments transitions
while those accompanied by a change in magnetic dipole moments

are called magnetic dipole moment transitions.

The electric dipole moment transition has the highest
probability to occur and so the tramsition probability will

be discussed with respect to this transition.

If a ray of light is incident on a crystal plane, the
impurity atom absorbs a photon and transition of electron may
take place from a certain initial state fi) to a final state
1$>. The transition probability from the initial state | 1> to the

final state !f} is given by

where Ci&cis defined as

dy = <HOAU?;> TR 2.2
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which is the matrix element of the electric dipole. moment

between the final state }f> and initial state ]i) and

is the electric dipole moment of electron. 1f "2(.[2‘) is the

Fourier component of the electric field of light waves such that,

E (@) = jf({;) Qiat <. 5 - T, (2.4)

and ) is the angular frequency of light waves, then omn

performing the reverse operation, eq. (2.4) becomes
- L -0t
EW = L [ge da

To find the expression for CL)&? in terms of spectral
density of radiation, we use the conventional quantum
electrodynamic methods. In a dispersionless medium of

permitivity € and refractive index n, the Poyntings vector

S(t) is given by
s 2
S = 3€¢& 1ge)
4AN
where C is velocity of light.

Using' the Fourier component of “&Qe:;_; (2.5), eq. (2.6)

becomes

- (-2t

S¢) = 3nc . L * o '
o g iTwe@e | doas



SR

With the help of delta function

| —S L (-9t

% dt = &(a-<)
alvicte atate e ix A2.8)
which is non-zero only when Q=2', . the energy of the light

wave W, falling on a unit area of a crystal can be written as

o =8Nt | .
W jsce)ou; o jl}f(ml Q

....... (2,9
which can be expressed as
ot = J e s e B P NN LY il e B 5 (2.10)
such that
3nC )P
w(a) = oA ,~€§ G T e T T (2.11)

where VVL!L) is called the spectral density of the

radiation. Using eq. (2.11) the transition probability eq. (2.1)

can be written as

C(.),; ir Py § A° ] d,.};, W(ﬂu)

Inctd LR Ry

JQq;is Bohr frequency of the i->f transition.

3: The absorption coefficient

Let us consider the emission flow of spectral density VV({l)
defined by eq.(2.11) propagating along the Z-direction of the

crystal. Due to light absorption the attenuation of the
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intensity in an interval dz will be defined by the equation

adw(.2z) — -K@) dz
W(@.2) e (3.1}

where 1(60) is the absorption coefficient for the frequency
{) of the light absorbed. dW(.Q..Z) is the change in spectral
density in a distance dz. We take dw as the energy absorbed
by the medium per unit area through a depth dz. i.e the energy

2

absorbed in a volume 1 unit“x dz. On integration, eq. (3.1)

yields

~K (W Z

Wi 2z) = wiao)ée

If AQ is the concentration of absorbing centres per unit
volume and each centre absorbs energy given by 114145, then the
total energy absorbed by all the centres in a volume

2
(1 unit x dz) will be equal to

Ne (lunie® xdz) hag iy = NedzZh Qp iy = K@)W(E22)dZ
.......... (3.3)

Now, using eq. (2.12), eq. (3.3) becomes

N |
Ne hQuy; @f ]d&é J W@.2dzZ = K(Qi) Wiaiy) dz
3nc £ A i (3.4)

from which we get

KH (.*Qéf> praated % 2t l d’“j ............... (3.5)
n
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Eq. (3.5) defines the absorption coefficient for the single
transition between the two states i->f. The total coefficient
of abéorption is obtained by summing over the final states and
taking the average over the initial states,which is in thermal

equilibrium. If ji is the occupagionﬂprobability of the
A

¥

b4
%

initial state, then

»

Kn) = ‘?—f 5 Ki (g (3.6)

where ji is defined as [23]:
- E&'/x,_.,T

P.; = LN T s messvseesssissssss (3.7)
Z , :

Z is the partition function for all the initial states and is

given by

Eq. (3.6) can as well be put in the form,

Klw) = % 5 .S Ky () S(a-audae (3.9)

In assigning the occupation probability',ﬁ to the initial

state, we assumed that the final state is not populated.

Writing -7

() = f’]{(a) 7 I o R (3.10)
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where ]ﬁ(ﬂ) is the spectral density of the absorption

coefficient, K (Q) can be written as

Substituting eq. (3.52)into eq. (3.11) :Kxa) becomes

7((&) - M 7z fg}dﬁ}lé(ﬂ—ﬁég)
3nch it

or

where

2

F() = z $olau[ s(x-Qu) ...

'f: () is called the band-shape function of the electric

dipole transition.

4: Quantum mechanical representation of F(£).

The expression of the band shape function eq. (3

.14)

suggests that one of the appropriate ways of solving for the

function is by use of the time-correlation function.

By definition we have,.

S(a-Ny) = L gt g o

.....



s G

such that eq. (3.14) becomes

Fla) = L | z 2 l<sidiis]

O

-

and writing

I(o = =&

F(,n_) can be written as

“  iat
Fl) = SL,} L 0" Iw dt

Using eq. (3.7),eq. (4.3) becomes,

= .._e___. Ll e
Ity = 7 £ |<spdli>]

Since "QL.} - —(E;—-E;)

h

eqe (4.5) can be expressed as

Joy = 5 = €

- E':/l(‘T
2

Setting »A: ‘/k";‘, then I(t) can be expressed as

1) =

~AE;
= 2 Q@ <i|dt]4><il o

A
Since Ei is an eigenvalue of H one can express eq.

equally well in terms of the Hamiltonian by performing the

(-t
At .vnn.. (4.2)
-zf.(l,gt
e ............. (4.3)
................. (4.4)
o R e (4.5)
....................... (4.6)
a _L(E}‘Ei)t
](4]&“7} e % ... @D
‘-‘i‘ﬂ’“’é‘%
ard>e v (4.8)
(4.8)
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reverse operation such that

-Aﬁ l;tl:‘i'l\ -iﬁﬁ’ Ao
Iw=%3ule g dermsidiy

Now writing

eq. (4.9) becomes

Ity = L = <ile del

Taking the average over the initial thermodynamic equilibrium

state, I(t) is written as

I® = —12— pRARLS Ay d 1> (4.12)

which can be further expressed as

A
=2H a4

It = L 7 [¢”7 d'w

Q..
(.
o
0
=
w
A —

For a given operator ﬁ, the quantum statistical average is given

by .[22].
<fs>s = —é‘ T (e P) ................. (4.14)

This allows us to write the R.H.S of eq. (4.13) as a

/, A
quantum statistical average of the operator ECU{{)d.J such that
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it becomes

A

Ty = <d'w d > S5

Finally, using eq. (4.15) the band shqpe function F:@Q)»

can be expressed as

-

- - Ag A t‘; ft-ﬂ-
F(@)= 3‘}5 Lelwaod X € At uae
bl
This is the quantum mechanical representatiorn of the
band shape function. In deriving this equation an assumption
has been made that the final state is empty and also the
{——H>Z transitions have been ignored. If this is taken into

account the function will be given by,

- * jat i
F() = 5‘-;-( (1— sz) 5 e <ot(£) a. >5 gt .... (4.17)

But in the optical region R >> kBT'such that the term
~ARa ’
e can be ignored and to a good approximation eq. (4.16)

holds true.

5: Band shape function for optical transitions between

adiabatic states.

In this section, the band shape function is expressed
for optical transitions between adiabatic states with special
attention paid to transitions from a non-degenerate to a
degenerate state, i.e. A—>T transition. It is assumedi ’

that the initial electron-vibrational state 1i> is adiabatic.

This is to mean that the internal and external non-adiabiticities
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are negligible and so not considered. For external non-
adiabacity of initial state to be negligible, the energy gap
between this level and others should be large as compared to .
the phonon energy. This means ﬂmtifEi and Ef are the energies

of the initial and final states and A is the typical phonon

energy, then
E, - B >> e

The internal non-adiabacity condition is trivially satisfied
for a non-degenerate electronic state. If lﬂ> and lf) are the
initial and final eigenfunctions of the initial Hamiltonian
ﬁf. having the adiabatic part of }k14, and because of the

unitary invariance of the trace operator, one can write the

shape function given by eq. (4.17) as

.'4,

-tHt

Far= g5 [ Cacst] P ¢ Fipardis

5 v2)
-

Thé operator 3 operates on electron coordinates and so remains
uncnauged. Since the initial state is assumed to be
adiabatic, and if 1A} is the initial electronic wavefunction,
then the adiabatic approximation allows one to write the

wavefunction of the initial state as

1> ':— }A>Llln£> 5w alm s e O & 1 )

where fgz are the phonon occupation numbers. Taking hxi

to be the eigenvalue of the electronic Hamiltonian and following
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the said approximation, we obtain,

where ZL is the phonon partition function defined by the

equation. =

Now, if {—}-) and H> are the exact elgenfunctlons of the
Hamiltonian Ho (where H = Heo4 HL) and H respectively,
then the wavefunction j{;> can be expressed in adiabatic

approximation as

14> = IRy> Il [ng> e ORI

The wavefunction 1[} a’_}> of the "non-self consistent" or the
Frank-Condon excited electronic state should be computed
at a frozen nuclear configuration corresponding to its

equilibrium position in the initial electronic state.

With the help of completeness condition of the phonon

wavefunction,

Z !f]g—z S<n2| =1 PP
20

and the spectroscopic stability condition,

(5.7)
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'.?:H><'H e~ ?Ho><ibl .......... (5.8)

the band shape function given by eq. (5.2) is rewritten as

rad - )t LHt’ ":,H‘Et
Fl=4 w3 fdee &ale® d'lpa<nule oUA>>
r b= sessesssaaces
where € csrnvessssos )i'denotes the phonon average.

A
We now introduce the evolution operator LL&Q which is

defined by the relation

exp(-iHith) = exp[ - (He +HOLJU® .

The evolution operator satisfies the differential equation

hdl = fe, 0 u,®
db ..................

whose solution takes the form,

g — s .
W () = Texp [l § AL (e ot

where T is the time ordering operator arranging the time-
A . A
=93 € t : :
dependent factors 1]{QL(€,), }{QL(ﬁg ....... in chronological
order t,> L= WA . f{eL@) is the electron-phonon Hamiltonian

operator defined by the equation

(5.12)
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A L ~ -
Hey (#) = P& Hee € 7 il (5.13)

Substituting eq. (5.10) into eq.(5.9) the expression for the

band shape function becomes

(- ﬂ*,,) t

Fla)= MW 3 jdﬁe <A)dqu;><rx,lu(e)>w;>x
1 py ~e
75 |d[AY-... 5.1

where

is the frequency of the Frank-Condon transition.

If the initial state is non-degenerate, then the operator
¢l can be represented as the one column matrix with elements

(A]&]qag} and <q(}1 u’qyi)asasquare matrix such that eq. (5.14)

can be rewritten as

-y

fi((}_) — —JLK yod,{: Q‘."“f 0 <O(,23 {':Lté)o(alz ..... (5.16)

where Q is the index of polarization of light. Eq. (5.16) can

be further expressed as

>

€

F(JL) g ot Qm't oz,z Q—he- <Q({)>L dz ..... (5.17)

A
Ifiﬁ(bis the centre of gravity of the excited levels and W

the perturbation acting on the system, then
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—

Q% = h(nl 4+ w) (5.18)

This perturbation describes the splitting of the final
electronic states. It involves internal interactions such as
spin-orbital, static crystal field as well as interaction
with external non-magnetic fields (electric and stress). The
A
perturbation tivvvis assumed to be small .  compared to the
energy gap between the set of excited states forming the band
and other excited levels and it just splits the excited level.

The inter-multiplet vibronic mixing as suggested by eq. (5.1)

is assumed to be non-existent. Finally the band shape function:

can be written in the form

A
La-2dt Ay AWE 4

AORY S” at @ <ald, € <uw>,_oi%lA>...

This expression for band shape function will be used in the

next chapter to get the exact expressions for the moments.

(5.19)
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Clinr ILR L1

MOMENTS OF SPECTRAL BANDS

6: General formulae of moments of spectral bands

For degenerate electronic states of the phonon-impurity
systems, the exactanalytical derivationef the optical bands
is not possible for Jahn-Teller cen;re;. However, the exact
computation of moments of absorptioé&speptrum is realizable for
a sufficiently . . real model of the impurity centre: [16].
Because of their integral characteristic, the moments of
spectral bands can be computed without resorting to solutions
of Schrodinger equations. The analytical expression for the

spectral moments has been derived up to the third order. using

the perturbation method [17].

The general definitions of moments of spectral distributions

F (1) are given as below:

The zeroth moment (band intensity) is defined as

The second moment which determines the half band width is

given by

{0, = <:_;L_;> JQQ F(a)d ... ;6.3)



—~ B =

and the third moment which determines the asymmetry of the curve

is given by

The normalized N#horder moment is given by

(=L farr@ea s

But the rn”‘order normalized moment measured from the centre

of gravity is defined as

Q. ((a-a) F@yda .. o

<ao>

The integration extends over the range =~o0g (L< o0. Using
eq. (5.19) for the band shape function and eq. (6.l) the

following expression for the zeroth moment is obtained

<2,
€

and in operator form this is written as

(6.7)

= <aldy [Fed<re]dy|a>
=

I
s

<ﬂo>z

This equation shows that the zeroth moment is perturbation
independent and so is the band intensity. This result justifies

why eq. (5.8) is called the 'spectroscopic stability principle’.



g

Making use of the relation,

o0

[ J (£ 5 — -1 &6®W
gt Ml 5 o gl = T
2K a

- a0

cesreese (6.9)

the expression for the first moment becomes

A A A
- +
(A> = ad> +-1 {dy Wdip
A
\A] is the perturbation and eq.(6.10)1s valid for linear
electron-phonon interaction. Under this circumstance, i.e when
< u(o)}_ =0, the first moment does not depend on temperature
/
and does not involve the phonon correction. It is through
higher-order terms in the expansion of }QL in nuclear

displacements that the corrections of this kind appear.

Following similar transformations, the nﬁﬁnormalized and
centralized moment of the absorption band due to transitions

arising from a non-degenerate ground state to the excited

multiplet takes the form

<JLM>2 : %o (" OL'I, (W— A<J)‘>7>l) 0 dz . (6.11)

where A(ﬂkl is given by

A <{)_> 4{2 x <OL7> > S ey

m A
(|<> are the binomial coefficients,Cil is a one-column

matrix of the electric dipole moment, and A(.(-).>

b

is the field
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A

induced shift of the first moment. The matrix 61, called

elementary moment is given by the equation,

A 'g A .
G = )¢ %‘U‘“;m} s (613)

where LL“)) the evolution operator is defined by

A . t A
L = Texe[im | Helerdt] oo 6220

A

The matrices G; determine the effect of electron-phonon

interaction on the band shape and its temperature dependence.

7: The Electron-phonon Interaction Hamiltonian based on the

lattice—point model

The expression for the electron-phonon interaction
Hamiltonian (HQJ and electronic states in the crystal are
derived in lattice-point model. In the lattice-point model,
ions or atoms are situated at the lattice sites and the
impurity centre observe some crystal symmetry. There are two
types of impurity centres. In the first case of impurity
centres, the effective radius of theelectronic state is greater
than the crystal lattice cénstant. In this case as the
electron moves in the crystal, the poteptial of the lattice
forms a systemreferred toas apolaron. Such polarons have
been observed to exist in crystals. In the second case the
effective radius of electronic state of the impurity centre
is less than the lattice constant, a case which is true in

deep impurity centre electrons and especially for p, d and £
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electrons of impurity ionms.

The interaction of the optical electrons of the impurity
centre with lattice vibrations of the surrounding lattice atoms
or ions is due to the modulation of crystal field by the lattice

vibrations. s
A
%

i { P H
If R“ is the equilibrium position of the & lattice

point, 3“ is the new position of the same after displacement,
the displacement of this lattice point from the equilibrium

-
position,Aﬂu can be expressed as

-
YA\ R, — Qd — an PP ¢ e i

AR, | is small compared to the lattice constant. Now
& P ‘

A - ->

W(rk”"'Rq): the electrostatic potential energy of the
optical electrons with the ligands of the surrounding is
expressed as

AL . I 66*
W(Yk ““'Ra) = Z LEEo ":l—é:‘l ceeneas (7.2)

oK

~

- ﬁ\ %
where Y‘-‘ is the position of the /( electron, e the effective

charge of the lattice ion,€, the permittivity of the vacuum.

The summation is carried over all the ions of the surroundings
and the electrons of the impurity centre. The electron-phonon
interaction operator in the first order displacement is written

- 1 ’
as [18J)
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- -
(dk Ra) ) A Qd
oL a é:‘ Eot:’ é:co .

which with the help of eq. (7.2) is written as

A -
Hoo = E ‘7“ e 57 o o ARy SITIITL (7.4)
R -

#Ke"} Yx— Qotl

With the help of group theory the cartesian displacements

=
AR‘* can be transformed into the so called symmetrized

-
displacements Q _ using the transformation [23]
ryY
=5 AT -
Q_ — P AR TR (7
Fé - v o

-

F) : -
where P;; is the projection operator, [ and ¥ are the
irreducible representation to which the lattice vibrations
belong and the index of the row of r respectively.
(P
If . (G—) is the symmetry operation matrix representation,
9(;“) the dimension of [ and 9 the order of the group G— , then

-
the symmetrized displacement Q_; can be written as [23].

|= e —_—

G = 98 = NT(6) G AR, o
' 5 &

Q,:; are transformed in the same manner as the normal

coordinates. The summation is carried over all the symmetry

A .

operators G . Performing the reverse transformation in eq.(7.6)
& :

and using eq.(7.3), Hex, can be expressed as
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HC’/L(?"{) S 2 ﬂ-,(?) Qf-r’ as s
(7
where
s = Ol O
f; - L aRO(L -.6Rd¢: ...............
% , ([::XZV,Z )

are the electronic irreducible tensdr operators of the type
and they transform like the corresponding symmetrized
-

coordinates CQF; under the symmetry operations of the

point group [24] and

=>

A

|l
\V/
N
=
S+
H
\_/‘
B
?éx
O
.

where

Y is the branch of phonon spectra

= .

>¢ 1is the phonon wave-vector.
M is the mass of the crystal lattice

WHRry is the phonon frequency

Qifv is the dimensionless normal coordinate of the

lattice vibration.
-

Cva are the Van-Vleck coefficients given by the

expression
>V

-
The cartesian displacements AQ‘ are related to the normal

-~
coordinate ezi,.of the lattice vibration through the

F

V. = 9@ > D(F) (G) G €€ ...
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expression

» ™ _ + no-
AR, = = (Wm) Cav Tav €
-YR%

-
where é;zv is a unit vector in the direction of

polarization.

phonon

-5
The Van-Vleck coefficients C]gtv appearing in eq. (7.9)

satisfy the orthogonality relations,

4 - . o y
S Qo) Bgy(i? = v
re

and

where j:E; implies the integration along the
<23¢
= . . .
wave vector 2, and averaging over the direction

-
polarization vector G%g, for a fixed direction

In the language of second quantization, the

A

direction of
of the

-—

of 2€.

electron-

phonon Hamiltonian operator }JQL can be quantized by

A

introducing the creation and annihilation operators - C:.> and

A -

C?éZV such that

i" _ /_(é->u + ;y) .....
SoV - Ja 2 -

A
and the quantized Hamiltonian (jJeL) operator

oY

becomes

\
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<’
y
1
2N
>
-

o
—
E:l;+

|>
L
{s

This equation enables us to split the Hamiltonian eq. (7.15)
into parts corresponding to irreducible representation of

the lattice vibration.

8: Investigation of higher order elementary moments.

second and third moments..

If we restrict ourselves to the linear electron-phonon
interaction, we find that the phonon contribution to the first
moment vanishes i.e. 6\,=0 and @:1 [25] « Applying the
differentiation rule for the Heisenberg operators one can

’k 3 . 3 < 3
compute the K~ order derivatives in eq. (6.13) by successive

differentiation of the evolution operator given in eq. (5.11)

Using eq. (6.13) one obtains the second morient as
A g A
G = Ei)l { ol Uct)l >
3 == ‘ dtl t:D L

Differentiating eq. (5.11) one obtains
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i e = ﬁu(t) aw + H. uw) (8.2)

Using eq. (5.11) for (luj one gets

ik d(t) — ﬁel_(t)_'- U@ Hol® + I'Ln[”o: Hu] UW ... (8.3
B it

which on rearranging gives,

A
i A @ 0 1 >
_edluw) N = L lenz Gl Yt <CH) He JUB
< d_ez Iﬁ:o>l.. é h:, [< He" u ’t:«o7l~ B

A
H‘> is the zeroth-order Hamiltonian defined by

A A

Ho = Ho — bW e e (8.5)

A A
Since the commutator [H,)}JLL] is linear with respect to

the phonon and therefore vanishes  when phonon (L) average is taken,

i.e. <[g‘“ ﬁu]>:o)eq. (8.4) becomes

a o Y
-< %%;U%)IGOZ = T { Heo >

A
Using the quantized Hamiltonian operator Hep, eq. (7.15),we

finally get the expression for tHe second moment as

G = 4, A Ls 125 15 Gt 2 - 6D
A }:1 << He, :a_ “";ﬁ-?z% F 7/§é fl _gf TR

where



= B =

‘}g-» =2 h w
% .__—:.
Kgl

Equation (8.7) shows that the second moment is perturbation

independent.

Using eq. (7.16) and the orthogonarity relation for Van-

- ’s

Vleck coefficients CL»V eq. (7.13)Lthe expression for the second
-9

moment becomes

A A
Lot
GA\ - L = 2 baw (P Cottn é;? \/’:; \/Fr ...... (8.8)
3 atM 2y fr wrv
or
A

G = = a6 T s e . (8.9)
a F : ‘ :

i.e. the total second moment is the sum of the contributions
of each irreducible representation of lattice vibrations. 1In

the same way the expression for third moment takes the form

Oi = (i ) < OL U«L{T)}tzok .......... .. (8.10)

The third derivative of eq. (5.11) yields

00

=4 [$4,, T e Ty -2 LR ] - Hu[“»»”“]+ e, | uw

veeeeeess (8.11)

Applying the well known commutation properties of the phonon

operators,i.e,
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(\) >
M
&y
—
1
)
(>
Rt
>
Ry
1
It
@)

1]

[é;g, é+sz" ] 8;,;,; ..... (8.12)

and making use of the substitution

A

A
A ~
H = H, + hal + &w o (8.13)

the third moment is obtained with two parts as follows

------

so that
=~ ~ (4) AN
O; — 0\3 -+ O; ....... (8.16)

~ A
C& is the perturbation independent while CB
A
is linearly dependent on perturbation W. The third moment -
is known to determine the asymmetry of the band shape. As can

be seen,eq. (8.14)>the perturbation independent part of the
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third moment is temperature independent but the dependence
operator

on temperature comes in when the higher order EPI
Finally the Jahn-Teller

is taken into consideration.

A
Hew
stabilization energy (AEI'T) is given by the expression

(8.17)

-
e s e 0

in Chapter 3.

and it will be discussed in detail
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CHAPLER 111

2* 1N CdF..AND CaF

MOMENTS OF A——T ABSORPTION BAND OF Co 2 2

As was stated earlier, the absorption band of impurity
crystals consist of broad band, an indication of a strong
electron-phonon interaction. The absorption band shape
associated with transition from a singlet to an orbital triplet
state was investigated intensively on F-centres in halides
[26], F-centres in CaO [27, 28] and especially on the transitions
lA-—————-"lT and lA-——-———->3T bands,i.e. A and C bands of heavy

1g lu 1g lu 3
metal ions in alkali halides. This latter problem was
theoretically treated in semiclassical approximation by
Toyozawa and Inoue [8] and by Cho [9]. Their calculation
of the absorption line based on the Frank-Condon approximation
showed that strong linear interaction of an electronic
triplet state with a triply degenerate Tz—mode results
in a symmetrical triple band. In this chapter the calculations
for the secord and third moments and Jahn-Teller stabilization energy
(z}EJ_T) will be done for both CdFZ:Co2+ and CaFZ:Co2+ systems.
The triple absorption bands in this systems (see figs. 3 and 4)

indicated a strong electron-phonon interaction, i.e, the main

contribution is due to Jahn-Teller lattice vibrations.

9% Electron wavefunction of Co2+ in CdF2 and CaFZ.

The two systems (CdF2 and Can) are closely related, both

having the same structure, the same anion and nearly the same

crystal lattice constant (5.388A for CdF, and 5.463A for

2

Can). The structure of CdF2 and CaF2 can be viewed as a cubic

close-packing cations with F  ions occupying all the tetrahedral
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Fig. 3. The absorption spectra of a CdF23C02+ crystal at (1)

21K (2) 300K in the region of the 4Azé—-————Pl’Tlg(P)

transition [31].
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Fig. 4. The absorption spectra of a CaF,:Co crystal at

2

(1) 21K (2) 125K (3) 300K.in the region of the

4 4 e
Azg_____1>Tlg(P) transition. [32].
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holes. In this structural framework, . Cd2+ and Ca2+ ions are

located at the centre of the cube of F anions. Each cation is
therefore surrounded by eight F ions at the corners of the

cube forming an MX8 system of 0h symmetry (see fig. 5). In both

systems the impurity ion Co2+ substitutes the Cd2+ and Ca2+ ions

in the lattice sites randomly.

A free Co2+ ion has seven electrons (three holes) in

its outermost shell (3d7). Therefore the wave function for

3d3 will be derived which is equivalent to 3d7 configuration.

In these systems, the intermediate crystal field scheme is

applicable. That is, where V. > V > V , such that the 4F
ee c S0

state of the free ion is split into 4A2, 4T2 > 4T and 4P state

1

remains unsplit. V , V and V__ are electron-electron,
gei e so
crystal field and spin-orbital interactions respectively. In

these systems the absorption spectrum'for 4A————§Tlg(P) and

2
4Ai—g-————lf’Tlg(F) have been experimentally observed [31, 32].
The wavefunctions for AAZg and 4T1 are constructed in strong
crystal field approximation with the help of single d-electron
wavefunctions (t:zg and eg wavefunctions), taking into

consideration the intermixing of the states by Coulomb

interaction. The single d-electron wavefunctions are as

follows [29].

.. (9.1a)

s os X 95ID)

1l

§ = Un (Y,‘.(G- ¥+ \:,,(6.4))&;"
(: U (Y. o0+ Y, (Ga?))R“Lf)
f o I/\f'; ( Ym_i(e.ﬂ + \:/m'(e,.f)) Qad.('()

s %s =(9.10)
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Fig. 5. The fluoride structure (MX8 system) showing each

metal ion (impurity ion) being surrounded by eight

~fluoride iomns.
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U = \:O (8.9) R 1) e (9.2a)

v o= W (Y 69 + \ﬁn(&-%) Ry0) -ovn (9:2)

.

where Ide(n) is the radial part of the wavefunction and
YW(Q,&}’) are the spherical harmonic's._}‘ The bases given by
eq.” (9.1) are the wavefunctions of thié tég orbital while

eq. (9.2) gives the wavefuncitons of the e, orbital:.

g

Using the standard technique of Slater determinants,
the two-electron wavefunction are obtained from single-

electron wavefunction as follows

A %(6; T M _-.uz) = /zgj ceieee. (923)
V(e m=i1x) = [sul e (9.4)
L{,(en %2M=N’) - }u\f[ ....... (9.5)

Eq. (9.3) gives the two-electron-wavefunction for the ground

 state ]4A;2>as determined from the energy term Sefp = BT:L
while eq. (9.4) and eq. (9.5) gives the wavefunctions for the

- 3
excited state 14T1> constructed from S;[; = 'T:L and Soly = A9
energy terms respectively. The other components of the wave-

fucntions can be obtained by the appropriate cyclic permutations

of the bases ;, ?, G, t and 1.
: , h

Further, the three-electron wavefunctions for the states
4

7

4 4

2 2 . . .
A2, T‘2 (tze) and ’1‘1 (t2e ) are derived by way of adding a

7 ¢ 2
system of one t-2 electron to a two t2 electron system. This



s U

is achieved with the help of the function [29 ].

U/ (sr) &, sr) = %:m Y (&2 sors Mo¥s) B (kamys) X

xo YI
LML g [SMOL LY, T ¥ [T

" 2 X . 2 . .
where Lf(fa [ Mor.)) is the wavefunction of ty involving
N =
electrons 1 and 2 and 95({5y5!9 the spin-orbital of the
/
added electron i.e electron 3. Here, tn orbital is taken
to mean that it has the same symmetry as that of t2 but

different from t2 orbital. This function i.e eq. (9.6) is

base ¥ of irreducible representation [ of 0h group. Though

\
this function is antisymmetric with respect to electrons 1 and
2,it is not with respect to electron exchange 1, 3 and 2, 3.
The function is made antisymmetric with respect to all the
electrons but must remain an eigenfunction of §> and Sz,
where §> is the resultant spin-angular momentum.

Anﬁisymmetrizing the function and using the appropriate

properties of determinants one obtains.

499

kg

g Kiglg

2 3 iii
k% (£, Cso/;,)%ta S My)= =
where Ki reppesenks set of quantum numbers (fnmiyt) for

: 7
i = 1,2 and K, represents (ta"btz)- Ci are numerical constants

3
to be determined from eq. (9.6). Using eq. (9.6) and eq. (9.7)

the three-electron normalized wavefunctions for the states

4 4 2 4 2
A_, Tl(tze) and Tl(tze

) ) are found to be

(9.6)

(9.7}
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Gt (37) €47 M=%Y) = [pgul - (9.8b)
Y(e2 (PA,) €,4T M=3%¥) = = Juvg] ...... (9.8¢)

The two electronic states arising fgom 1t§e% and tze? whose
wavefunctions are given by eq. (9.8§§ an& €q. (9.8c) are
admixed due to the Coulomb interaction (electron configuration
mixing) resulting in shifts of their energies. The term
energies of two 4T states &xe calculated by soléing the

i

secular equation

£, 2<51415> + T(§p)— K(§q) -E a<gql [sv>
to] Kl Isv> <514 15> +Xvlfluy + 60 KE-E |

where J(Xx') and K((85 are the Coulomb integral and exchange

integral respectively and

U Hv> —<Sl4l1g> = 10dbg . 530

The two states are termed as 4Tl(P) and 4Tl(F) states.
Expressing the infegrals in terms of crystal field parameter
Dq and Racah parameter B’ the wavefunctions for the two states

4Tl(P) and 4Tl(F) can be written as

I‘?T(P)\> = cosp P(tie) — SO ¥, e®) ... (9.11a)
]4T,CF)> = %$nb Y(£8) + Cosg LF((:;E’)' ..... (9.11b)
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where

tan2g = 128
' 10Dbg —98

The values of Dq and Racah parameter B are shown in the

table below.

TABLE 1. The Crystal Field Parameters and the Racah Parameters

2+ 2+
CdF,:Co CaF,:Co
[31] [33]
=1
Dq(cm ~) 400 360
-1
B(cm ) 930 930

Finally, in the zeroth order approximation, the normalized

wavefunctions for these states are obtained as follows

e = % [-!7,5u!+ \fslfz,svﬂ+ 54 luvs|

[41(9

Il

e ’/«zl'_lgg,ul +}§5vl] = 5/9]uwg,[

e, = Palysul + #4luvs]

.I"T.(F}},< = - 7g [-]régu/-;»\/.‘a}rzsu]]—j-’_{g]uvg]
St (F)>p 2 5/’3[’55”‘*}55‘*1]‘]3;3}&\}@[

1@y, = ~algsul - Psluvs)

. (9.12a)

. (9.12b)

. (9.12¢)

(9.124d)

(9.12e)

.2 (9. 128)
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Since the Dq values for both CdFZ:Co'Z and CaF2:Co2+
are close and the values of the Racah parameter B for the
two systems are the same, the three-electron wavefunctions eq.(9.12)

holds true to both systems.

10. The Electron-Phonon Interaction oﬁerator

As was pointed out earlier theéelectronic configuration

of Co2+

LA
is 3d7 and it is surrounded b§?eight ligands (MX8 s
Considering only the first eight nearest neighbour ions of the
A
impurity centre, the potential energy hé’of the

24
electrons of the central ion (Co ) in a system having 0h

symmetry can be expressed as

A : jz j% 622*
g = Gotas azl AAG|R-T.) caseses (10:1)

where &¥is the effective charge of the C(“'lattice point and
e 1is the charge of the electron of impurity centre. « =1,

2 ..... 8 represents the eight point charges (nearest neighbours)

2+

and k=1, 2, 3 are the three electrons of the Ce ion. Ry is
_> .

the position vector of the oghpoint charge and r, 1is the

- position vector of the electron. Taking Wc to be a small

perturbation, it is expanded in Legendre polynomial as

g = 2 .
W, (¥, é’“) ee = =z €<C°5“’°‘) ... (10.2)

—_— —_— S

4X€0 A=1 |=0 Y)

- —>
e and r> and r_ are

where W is the angle between R” and ;k < 5

the lesser than and greater than §> respectively. Without loss
f . o’ => b v =2 d §>
of generality, T, and ry can be written as r and Ry PR

respectively such that eq. (10.2) becomes,
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E <

x vt
_.->) — e, e EZ_TH QCCoswd).... (10.3)

C'(r' L A€o =] (=0 R.‘

The addition theorem of spherical harmonics yields E(_Coswu)

as [29]

>\

4 *
FI?CCO.S wa) = ;1-(" %’4— \YL‘MCGJ LP) \{'M (eqfl (el)) ..... (10.4)

*
where YLM(B.‘?) and Y‘m( e“,f“’) are the spherical harmonics

and their complex conjugate related through the expression

*

\/‘Lm(ed' o =) Y,m {907 N (10.5)

-t -
and Y, O, ¥ and Q)q, 6_“ \ﬁt are the polar coordinates of

-r) and R respectively. For the systems CdFZ:C02+ and

CaF2:002+ which are body centred cubic, Fig. (5)J the values of

(O,, ﬁ) for the eight nearest neighbours have been found to be

as shown in table 2.

Substituting eq. (10.4) into eq. (10.3) the expression for
A

Wc. becomes
A ee* g o0 E(‘" Y
Wc(F;. Rq) = 4RéEs %% e L(:L-u) vt | B Y(w) waae (1DE)

For d-state of the electron in 0h symmetry, the non-zero

A
contribution in V\/c(?'éi) is given by the terms with L= 0, 2,

4 such that eq. (10.6) becomes
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TABLE 2. Values of ( Uy, Yx) for the eight 1igands

of an MX8 system.

Bu Ve
1 cos™ (13) R/
2 A = COS:I (1~/J"3) 3K/4
3 R - Coséi SE) 7R/ 4
4 cos™t %) 5%/4
5 os ™ US) 374
6 A —cost y3) /4
7 . gos T (B X/ 4
8 A -cost A3y sh/4

4 2 *
* oZ h%-a é}ai Yaw(,g'ﬂ Y(e"“\ﬂ‘)

A
The electron tensor operator \L,,eq. (7.8)foranMX8 system
Fe

in cartesian coordinates is expressed as

LRI
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Vo= 2 [ 00, Ol 90; , QW &@r«]
O Rux &)Rux ) R 8!?.” Rz OR2 (10.7b)

Now, the differentiation of spherical harmonics which appear
in eq. (10.7b) above is carried out with the help of the

following equations [30].

L Ql‘” (L4m+2)((,—m+t)}
aacx th(g'f)] [ (at+3)(2L+1) Y(Qd' %)

Lme]

—{(L-M-r-ﬁ(t—/ﬂ) /3
(9*“3)(9**')7 (9’\0) ... (10.8a)

t4,m—

(:)L-H) [ @-rm-m) (L4m %
OR"V [F\)w Y(Q«;‘ﬂ) ] Q-R"“ (1L+3)(3&-H) w(.%ﬂw

tom+3) (=)
z(’-\-«t-tS)(lL-H)j Lfﬁﬁl‘f’«)] ... (10.8b)
@ (H,Y(e ‘P] ..(31,-\‘:1) {((,-l—m-ﬂ ((,-hn-u)j
Ok sk R:fl (24+3)(a4+1) Y(s.u e

L
The symmetrized displacements are determined with the
help of projection operator eq. (7.6), which gives the
symmetrized displacements in trigonal coordinate system

as follows
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@A.g = Ya(z, +'%, + 2, + I, +Z;+2‘+Z,+ZJ

«saie- _ (10.9a)
Gl—:‘ur = '/iﬁl(xa"'x;‘xz oF :qu + X5~X6+ X; "Xs>( ,
' A 10.9b

Qev = Y26 (Y-Y-Y+Y-Y +Y =Y +%) .

. . e 10.9c¢) E

Qry = 05 (F+ 2ty T B~ T + %02
% ve... (10.9d)
f/m(’z.-z,+‘zs-§;z¢,+'zs—z‘,~‘z,+z&3

..... (10.9¢)

QT - ’/3(}3(2'_‘21, 23 '* zz, ’Zs <5 'Z'c,"'z; "”Zg)

.
18]
un
I

..... (10.91)
The local ligand trigonal coordinate system for MX g
is shown in fig. (6). The active lattice vibration modes
which are interacting with the electronic excited states
4Tl(P) and ATl(F) are represented by
—_— - o ¢
where
Alg - totally symmetrical lattice vibration
Eg - two-fold tetragonal lattice vibration
ng - three-fold trigonal lattice vibration
The displacements of ligands for A, , E and T,_ modes of
lattice vibrations are shown in figs. 7, 8 and 9.
Using the transformation eq. (10.10) below (see fig. 10),
Y ( )
X at /VZ x "f“Y’ T LT anins (10.10a)

Y = (X — 5 b LT (10.10b)
Z = Y (R +NY +72Z) ... ... (10.100)

the final expressions for the symmetrized displacements in
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Fig. 6.

Local ligand coordinate system for an MX

8

system.
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(a)

(b)

Fig. 7. Symmetrized displacements for (a) Alg - mode and

(b) Eg -mode of lattice vibration of MX8 system.



- 50 -

(a)

§

(b)

Fig. 8. Symmetrized displacements for (a) Eg-mode and

system.

(b) ng-mode of lattice vibration of MXB



- 60 -

(a)

(b)

Fig. 9. Symmetrized displacements for T, -mode of lattice

2g

vibration of MX8 system.
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Fig. 10.

Local trigonal and tetragonal coordinate systems for

an MX8 system.

<V
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tetragonal coordinate system becomes

+ (Y 4% - +Y+YL Y, - V)
+(z.~-2 - zgaz 425 -F, 47, Z,ﬂ

(g

[l

« (10+11a)
qu — I/4J§ [(‘X,+X1—X3+X4+XS-“X‘/X;+Xg>

YA Y =Y - Y EY Y

. (10.11b)
QEV b ‘l/4[(x‘"X3+X3'XQ“X5+X‘,+X:}—'X9‘)
(Y - FY Y=Y Y 4Y, Y]
. (10.11c)
@ng = %JZ[(X.—XL—‘X.B-#X“.‘.XS—XL_*_X?__Xg)
(VY + Y e Y - Ye- Y- Y, - Ye)
b ; (Z. = Z,,*'Zg --’Z‘1 -Zs +Z,. 42, '285]-
. (10.114)
QT:@ = l/ZIJZ[(X,-#X1+)<3>+ Xy = Xg =X — X3 ~ Xg)

+ (Y.—Yz—Y3+\2+Y5—Y‘_+Y;~Yg)

i (z, t B, “ 23~ Fy + s +Z‘_-Z4—Zg)]~
. (10.11e)

@T;s — ’/QJL[(X."‘ Xl"‘ XS——X(P.,'XS-*—XL - X;} "'Xg>
+(Y»"Y; +Yz, "\‘/k"'Ys +Ye +Y;"Yv)

+(z, 42,42, 42, -7 -z‘,-z;-zg)]
. (10.111)
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Using eqgs. (iU./a), (iU.sb), (LU.8) and (10.11), and without

showing the lengthy though elementary calculations, the
A
expressions for \@;- are obtained as- follows

= y
Va = _éj'}x\{ (%) G -+ :;L.Féﬁ T Y“,DCS.&,O)
Ze Y4

+ T'§J3% Ig‘e( Lo 4 \Qge.v)) cen. (10.122)
& 2~ 2 = 44
Vo = 30% 2 Y o0+ %[5 e X o +5 R e

+ ’c‘g' %’—% :'Lq‘ (Y (6.9) —+ Y CGI‘P) csis (10.12b)
A
\/ev = -%./% 'é;p (Y;, (6:19) — \]/ L&) ) ...... (10.12¢)
e B P AR

Ton = 3j/5x RY (\ﬁ () =Y, (9"’)) SH/ar R

) + '%“/—‘Sj;-‘ —Y—;—b (}:“_3 (61¢) — Ym(e,?))_.... (10.124)

. - > ¢~ ]
\/T:zj = =fb = ’YE(_, <Y (61¢) + Y_ (9.~p)> - -é~ §% IE" (qu@;ﬂ.;\:__(io,pﬂ

EA

: 'l“"g?‘/{;( Y/Qé» (\i 61¢) + Y4 (6 ~P)) ..... (10.12e)

» = 2
VT;S = %% %4 (Yag(sl‘?)" \T;-_,}GPP)) ..... (10.12£)

A
Since \/_, is one -electron operator, its matrix element

]
W
C'
>

between three-electron Slater determinant wavefunctions

]X.ag,xg} can be expanded as follows [29]

<IYIYJ)~<}” \A/,:; ]l“’;"sb = <K'l(/fr'}r‘> & <8’) \Zi)Y>> +<<3Nrrjr3> .. (10.13)

where XL represents any of the bases . ’Z'j/ 5, AL and V

of irreducible representation [ . Using the wavefunctions for

4 K

A2, Tl(P) and 4Tl(F))eqs. (9.8a) and (9.12) and with the help

of eq. (10.13) and the standard integration for three spherical

harmonics [30],
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< Y Jemd = (YN Y. di

() [L4 1), +x)(:u. 41)] ( ) L}_)(L. L L;)
m m m3/\0 0 0f

. (10.14)

‘ A
the expressions of the matrix elements of operator VF§ are
5 3
obtained as follows; b

<QA=I\A/A.J HA;> = (7&[57\-/:;: N 367‘) ¥ Q U) (10.15a)

A 5 * L
<47T,1P)! V| 15> = (SMJn 18"71\ ) R* Q’""U ...... (10.15b)
< ""(P)l Va, e = (gﬁ R ;8%( ﬁ>R‘°>02 ¥

...... (10.15c)
{ 2
< d (P)I ‘27}’"- (P)> &’ ;Rv +3lé-g(’x‘/3 ‘Q") de(f.) ..... (10.154d)
< l(F) VA,] b(ﬂ> (C-s#/&.}a mxf )Iﬁ" QB ------ (10.15e)
0B ry | 5
(1") Eur‘ f')> ( 2”(-/3 Rq ( "89K>;‘) R3§)'.(10.15f)
n 2 No 3 vy =
<q~ (F) \/,?)}4 (/67‘ ; :QQ +§g;.mj§ —EG> R:*dw.... (10.15g)
Using the Wigner - Eckarts theorem [29]

AT oY

lV,,l ! > Jaw) U\/”(” B ]FX> ....... (10.16)

where "\/ I are the reduced matrix elements of the operator
~
Vf; which do not depend on (, g(r) is the dimension of ,

irreducible representation of the electronic state and

4x Gnlﬁ,)are the Clebsch-Gordon coefficients [29],the
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expressions for the reduced matrix elements ”\/% ” are

obtained as follows:

Ffor 4Az-g—————ﬁTlg(P) transition,
e b
// = M s e (10.17a)
= b
” V “ = [b/? <U§'S~2) o /Lg QIR.'. ....... (10.17b)
u vT-,_ ” e [-S/a"l:‘% o 55/56 J’Séj bi/R. (10.17¢)
AAEE_-—_aéTlg(4F) transition,

”i‘/At “ = 4?—/IO Bi/g ..... (10.174)

Vol = 3B 5% D)%
WGl = [%Ba- Sty [ %,

" where Dq is the crystal field parameter expressing the nature
of the metal-ligand interaction in so far as it affects the

spectral splitting. For a cubic system of Oh symmetry with

MX8 configuration it is given by

D2 (MX) = ~ %3 e,%s AED,
Sl e e TR e R e e (10.18)
- and 4{ is a parameter given as

et g2 Q:"
% <ve>

- where

YD = JYM:Q;U) v
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de(r) is the radial function for d-electron and n is an integer.

C nd
In eq. (10.17), ” \/;,” have been calculated by renormalizing

the electron-phonon interaction operator such that

BV = 10 V41D = AV, | a>

(10.19a)

and

0| Va 4> = eV, 47,00 — CA, AN
(10.19b)

In this expressions, Dq and R are known while the parameter L

can be calculated using the radial wavefunction of free ions.

11. The phonon sums

The determination of the Van-Vleck coefficients éi;z(fi)
eq. (7.10) and the quantities t>fﬁh’CF;> eq. (7.13) will be
restricted to the approximate sums in the "Extended
Brillouin Zone" scheme as was mentioned earlier. In the
"Extended Brillouin Zone'" scheme, the phonon sum for the
accoustical mode of vibration is calculated in Debye's model

0 "
with a cut off wave vector : 2@ pn= (67()/\/(,)é which extends
beyond the boundary of the first Brillouin Zone, where Yb
is the volume of unit primitive cell. For the optical ﬁode
of vibration, the Einstein model is applied. This is because
the polarization vector 1§R§fﬂ) for all directions in the
Brillouin Zone for all branches of lattice vibrations are not
avaiiable in the literature and therefore could not be used.

However, the experimental determination of dispersion
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relations for phonon frequency against the phonon wave vector
2+ 2+ .

for CdF2:Co and CaFZ:Co have been carried out by [34].

The frequency of the longitudinal optical mode obtained

by the above mentioned was relatively high as determined

from the analysis of reflection spectrum. Pamela et. al. [34]

attributes this discrepancy to the difficulties encountered in

preparing thin films of ideal crystal structure and thickness.

-

Now, the Van-Vleck coefficients Cla

wuand the quantities

k%y will be calculated in the case of the "Extended Brillouin
Zone" scheme in which real coordinates, real polarization vector
and Van-Vleck coefficients can be used. The required Van-
Vleck coefficients transform in the same way as the bases

of the ng, Eg and A Irreducible Representation (IR). Since

lg
the bases of the ng - IR are not real [29] a unitary

transformation is applied to make them real within the sub-space
belonging to the ng IR. It is possible to do so because any
unitary transformation within a degenerate sub-space does not
affect any physical situation. Therefore, exp b-i 5£-Qoq‘] in
eq. (7.10) is replaced by 2 sijl[ﬁafz(q-Kﬁ;] . For the
impurity centre of 0h symmetry, the Van-Vleck coefficients

are {35].
.—9
Uov o) = Bt o B oo 524 Re

% Q‘IS""’ SR + €, i, Qe) ...... (11.1a)

Uooted = W sin Ml & sin s

* e\,s:lva’c’.,Qo—D.é;,wao'ElQo) ik (11.1b)
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d
" (EV) = Sy (é’,s,‘nxxRo "eys'"i’?v Ro)

. (11.1c)
e -2 - = - -
Oz, _(":,g) = Snkly (ezsih%ﬂa"‘evs“"’z&). (11.1d)
R
R (-:%) =

Sim /i (CySim52,Ro + é‘;s;‘w;ﬁ,‘ﬁe).. (11.1e)

7 d*u(Tas) = S A (é:’sfn 5€, Ro+ é‘,‘sf-—»a'zyﬂa)... (11.1f)

Y
3

Ve

To determine b’-;:,,) the polarization vector "@’é’,v is expanded

in the directions parallel and perpendicular to the phonron

; i
wavevector 3 (see fig. 11). From fig. 11, when elli then

1l

Cu

-ty
ShB CosY = 3¢x/5

..... (11.2a)
e* = [ SmBistad. = Q—El ..... (11.2b)
QE ol = % . (11.2¢)
When @I[b? then
ex = CosPCosY + Sin® Cosf ----- (11.3a)
Qy = Cos®PSnnPCoio—SinPCos¥ ..... (11.3b)
€; = —Cos®Pswo ... (11.3c)
and
DZ,,R = 2eRSMmBCsY  ...on.. (11.4a)
XKy R = DR smB sy B ta (11."4b)’
KR =

o R Cosb
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\%\s

N
":’4/‘?‘

— —

Fig. 11. The polar coordinates of the polarization vector

-
Qg.g-
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with

0<Q¢ ~ 0< ¥Y<aRn  0&<P¢ax

Taking the integration and averagin'gg over the squares of
Van-Vleck coefficients, the following: expressions for bo—b,(l’)

are obtained

b A, N Si2k + Sind -335
ge (A) & 4§ 8§ 45>
— Sin V3§ 3smVEE _ 3CSvE§
vas T 3?:?&;‘ '—-5?;" . (11.5a)
bse (A) = % - S936 + szt 4 gas
5 £5% 24§
"‘____5_3‘5_'_."\’3 + 3Csva§
44 g° 4¢3 SR (11.5b)
s _ Slw:)g 5,“,_3 i CD:SQ;
+ éln\fsg 3'5‘”‘,55 _J. 3&5\;3
203 § 4358° 4T (11.5¢)
h _ 42 5'w3§ 5 Co.s.')j __ Smag
gt(E) — 6 /6‘5 8§ 4&5
+ 35085 | BCos5§
82 g3 BT S s (11.5d)
rN o W Sha8 4 G508 . SmBES
b_gl.(’l) - 6 /653 851 ' 205 €
—+ 3$lwﬁ§ . 3C0.S\El§
472 g* R I A (11.5e)
Beatry o= o= Sih33 o siiaf _ Cosak
5¢ (1) s Sk - Mt
+ SRS 353§ 4 BCosV3§ <
412 853 §° e e {11.5£)

In the above expressions §=D<.R. is a dimensionless . coordinate.
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To carry out the calculations, for the second.and third
moments, the expressions for these moments egs. (8.8) and
(8.14) are to be expressed in integral form. First, the
Wigner-Eckarts theorem in matrix form is applied to the

operator such that

\/‘-_; — J’jgi(—:;; ” \/r ” é;; ....... (11.6)

where ”\J;” is the reduced matrix element which is
independent of the index of the row Y of irreducible

representation Ex C)ii are the Clebsh-Gordon coefficients

matrix which satisfies the orthogonality relation

A
8 &
'z; O;; O;; = 1

Now, changing the summation in eq. (8.8) to integration with
respect to 2¢ and using the Wigner-Eckarts theorem, the

expression for the second moment (63) becomes

xo
3
A L A 3J ab"‘ (f) >
R R » I8 2 Sz2v (' Cote Bav doc
G = 2im (ax)’ % 3(f)”\/fH ) Wy 2 e (11:8)

where S(Dis Debye cut off phonon wavevectore;
Changing the valuable 2¢to dimension less variable § and applying
the Debye dispersion relation for accoustical mode of vibration

i.e Cq£,=;cyg and the Einstein relation for optical modes of
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vibracion (ie optical frequency (e, assumed to be independent
- . .
of &), the following expression in integral form is obtained

for the second moment

5;: re?fggm R, // ’;// j § o [_gé%_ﬁmm

F 2RKg1

_‘}_ ngt(F Cotn b Ve § + b (".)Co”«'hwot -+ bi () C.,mﬁwm

g Ve afokg wmeo kT €0, Ro ok,
(11.9)

where §p= %Qﬁ \/—3/3 0099.—,, and Q, is the crystal lattice
constant. The perturbation indepeﬁdent part of the third

moment is given by eq. (8.14). Using the same argument as

above and taking into account one longitudinal and two transverse
modes for both optical and accoustical branches, the final

expression for the third moment is obtained as follows

(3} = $SER:Ph (P %}l ’f//:zj 5 d§<bsL(r)+Qb§ (r))

where ? is the density of the crystal.

i) The Jahn-Teller Stabilization emergy

A
Let HY be the diagonal matrix element between the electronic

states ]r ¥> of the total Hamiltonian given by eq. (1.1). Then
I\+ A A
in terms of the creation %v and annihilation C:?,V operators Hy

can be written as

A

He = <relhlred = <re) bo|rd + %(vft—ﬂfc;)

Xy X >V v

b Co Ca

(1111)
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where IZZ= <rb’) })L%f&') and ‘\Z;M implies that the

A

non-adiabatic part of the interaction Hamiltonian Hel is

neglected.

2l Noting that neither are |r#)> exact eigenfunctions

~
nor <I¥[He|re> = €r exact eigenvalues of the Hamiltonian

A
He, and making use of suitable mathematical formalism for

A
perturbation theory based on unitary transformation) H_a, can be
transformed as

~

s A S
HY = Hy € (11.12)

s 0 00 o0

where & is anti-Hermitian operator which takes the form

2 ()P ()% >
Sror O le P

v (39%13)

A s
Here, H‘X is taken as an operator acting in the phonon sub-

space. The values of : ,’éw /

can be determined by expanding

BB H, o [Hr; é] 3 é;[ﬁy,élé ;+‘ (11.14)

and since the linear terms in § vanish in the expansion,

eq. (11.14), that is

[}-;L) é] £ }:}e‘- =0 | e 1T, 15)

then

cos ke 41.716)

E:’m a "'\/’t"/'lfla)g
A

In this approximation the second-order Hamiltonian Hr is obtained



Pk

as

A

Hy

Il

ry }:;e, I — 3 Krfhl\:o Irr>|

-+
+ =2 hoz Gl
v s ARBAT
where the second term in eq. (11.17) is called the Jahn-Teller

stabilization energy (A.EI.I).

¥),
Expressing \gz(' in terms of irreducible tensor operator
i :

\/f; and using the Wigner-Eckarts theorem,the expression

for Jahn-Teller stabilization energy is obtained as follows

F

i o B -ﬂiﬁ 2V ' ®
AE = Z E baasu(:) // \/// ....... (11.18)

which can be expressed in integral form as

Xp
3

8= s o 30 S ) X 22C el

o Wy i ee (11:39)

Applying the Debye's and Einsteins approximation for lattice
vibrations as was done for second and third moments and
changing the variable 0 to dimensionless variable 5 » the

expression for the Jahn-Teller stabilization energy becomes

= + 2 bo 2
AETT = IéﬂsftiRoﬂ(F) Z—”V;“ i §af x

NG bee (7 bi‘m 2bge (P
x[ VL e 5 U +wu S coc,P] eess (11.20)

In the calculations of the moments and Jahn-Teller stabilization

energy, the following phonon parameters were used (Table 3)
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TABLE 3. Phonon Parameters [34]

Csz CaF2
-3 3 3

Density, (f) kgm 6.33 x 10 3.18 x 10
Lattice Constant
x 10710, 5.388 5.463
Nearest neighbour
distance x 10—1qm 4.666 4.73
Longitudinal velocity
of sound (V) - ms * 4521 6858
Transverse velocity
of sound (V) ms " 2863 3960
Longitudinal optical 6.028 6.38
phonon frequency fﬁyob(s—l) X 1013 X 1013
Transverse, optical i 6.028 6.38

-1
phonon frequency ,0396 (s P > 1013 . l013

The third moment ( 6;) is known to determine the asymmetry
of the band shape. The asymmetry deviation of the band shape

from the Gaussian form can be described by the third coefficientcn)

of Edgeworth series defined as [18].

<6, >
G, D% ceeees. (11.21)

[l

Y

For strong electron-phonon interaction, ﬁﬁ(l)a condition that

indicate the presence of strong Jahn-Teller lattice vibrations.
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ii) Comparison of theoretical and experimental values of the

Jahn-Teller Electron-Phonon Interaction parameters

The second and third moments of the absorption bands of

Co2+ in CdF, and CaF, arising from the 4A-———-———éﬁT (P)

2 2 2g 1g
4

and Azg——t>4TléF) transitions .have been calculated at 78K

4

using eqgs. (11.9) and (11.10). féf J?hn—Teller stabilization
'energy (Z&EJ—T) and the third coefficient ($3) of Edgeworth
series have also been computed using eq. (11.20) and eq. (10.21)
respectively. Both experimental and theoretical results appear

in Table 4. The temperature dependence of the second moment

for 4A-——————)»AT (P) and 4A-————4§TléF) transitions are shown

2g 1g 2 ;
+

in fig. 12 for CdF :Co2+ aﬁd in:fig. 13 for CaF.:Co .

Z 2

iii) Energy separation ( AE) between extreme peaks

The half band width of the non-Gaussian curve is given

by [37].

A

K - S5
a
2 1 S Rt A S (11.22)

Ao = % [1 + 80
-G i)
Experimentally, in place of this half band width, the energy
separation (A E) between the extreme peaks (see fig. 14) has
been determined [31, 33]. To compare these two values an
experimental fit has been taken at 300K. This mathematical
reduction factor ¢ is not a bad approximation since the . |,
extreme peaks are nearly symmetrical about the central peak'

(fig. 3 and 4). This factor is defined as



- 77 =

X = Ak
2 A ST SRR, 4 (11.23)
and has been calculated at 300K.
TABLE 4. Jahn-Teller Electron-Phonon Interaction parameters

CdFZ:Co2+ CaFZ:Co2+
4 srolA—s> 4T 0 [A -fﬁﬁ-TMEA’“éﬁng
A ST T O (A T AT
6;(78k) Theor. 8.9 14.3 12.1 19.7
x 1073 (ev®) [38] ¥ [38]
Expt. 9.6 & 10.2 -
G}(78k) Theor. 1.51 2.44 3.00 4.85
p'e 10'4 (ev3) [38] - [38] =
Expt. 3,12 = - 2.86 =
Agt Theor. | 0.196 0.30 0.181 0.292
(eV) [31] [31] [32] [32]
Expt. 0.23 0.26 0.223 0.248
Xg(7sk) Theor. | 0.018 0.014 0.022 0.017
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Fig. 14.
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For the 4A2§————69T1g(P) transition, the second and third
moments at 300K are found to be GB= 2.56 x 10“2 eV2 and
. -4 3 o i i3
G5 = 1.51 x 10 ° eV™ for CdF,:Co” and G;Z =3.7x 10 " eV
and (;3 = 3.0 x 107 V> for CaFZ:C02+. The values of (X are
therefore found to be 0.67 and 0.48 for CdF :Co2+ and

2

CaF2:Co2+ respectively. Now, using this factor & , the
theoretical AE has been computed and compared with the

experimental results as shown in figs. 15 and 16.

DISCUSSION AND CONCLUSION

As can be seen from table 4, the values of moments and

Jahn-Teller stabilization energy in the region of 4Azg———ﬁTlg(P)
and 4Azg-———,\'l'Tlg(F) transitions for both CdFZ:Co2+ and

+
CaFZ:Co2 systems show close agreement with experimental values

with an exception of the third moment for CdF2:002+ associated

with absorption band arising from the 4A2§———aﬁT1g(P) transition.

The deviation between the experimental and theoretical values
is between 57 and 507. Figs. 12 and 13 show the dependence of
the second moment on temperature which is found to vary linearly
with T at high temperatures. This dependency of second moment is

identical to the one observed in other systems [36].

- The Jahn-Teller stabilization energy indicate the presence
of Jahn-Teller electron-phonon interaction between the excited

electronic states léTl(Pl> and 14T1(F£> of Co2+ and the

- J-T ,4
lattice vibrations of the ligands. Since AEJ T( 4P>) D>AE ('F)

there is a stronger electron-phonon interaction for

the 14F> electronic state than for the ,4P> state. Further, it

EXMH

T (P)

is seen from table 4 that for both the transitions 4§ 1g
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and 4Azé—-—-——;‘l‘lg(F) in both the systems, 33((1 which indicates
the presence of strong Jahn-Teller interaction. Moreover,

X;(AF) <‘Y3(4P), hence the Jahn-Teller interaction is stronger
for [4F> electronic state as compared to )4Pﬁ> state which
supports our earlier argument. From f;gs. 15 and 16; 1t is
evident that there is a close agrégpent between theoretical

i :

and experimental results at high te%peratures, but a deviation
of about 20% at low temperatures. The deviation of theoretical

values from the experimental results can be attributed to the

approximations applied in the calculation which are,

i) The electron-phonon interaction bperators were
expressed in the lattice-point approximation of
first order (linear) ignoring the quadratic terms.'

14 The interaction of the optical electrons (electrons
of the impurity centre) with the first nearest
neighbours only was considered.

A . 4 4
s Bl ) The wave functions for the I A2g>, l Tlg(Pl> and
&

—

Tlg(Fx> states were expressed in terms of Slater
determinants but taking into account the electron
configuration mixing.

iv) The dispersion of the phonon spectrum has not been
taken into account i.e the depegdence of the phonon

>
frequency on the wavevector X has been ignored.

v) The phonon sum appearing in the expressions for the
second moment and Jahn-Teller stabilization energy

. 7

has been determined in the "Extended Brillouin Zone"

scheme with extended cut off wave vector, >C ¢
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In conclusion, the lattice-point model for electron-phonon
interaction and the "Extended Brillouin Zone" scheme to the
phonon sum prove valid to absorption spectra by d-electron
impurity centres in crystals with cubic symmetry and in
particular to the CdFZ:Co2+ and CaFZ:Co2+ crystals. The
presence of strong Jahn-Teller interaction in these activafed
crystals has been implied in the calculated results which have
also been observed experimentally. More accurate results could
be obtained if the above cited approximations are taken into
account e.g consideringminteraction with second nearest
néighbours, considering the qﬁadratic terms in the EPI operator,

-

the dependence of the phonon frequency on the wavevector 2<%

etc.
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