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THE PREFACE
Impurities in crystals produce many effects on the
physical properties of crystals and a variety of experimental
techniques have been used to study them. These effects
include the appearance of new electronic levels in the for-

bidden gap, due to which new electronic absorption peaks

are observed in the spectrum. Electrical and thermal
conductivities are modified. Changes in thermal conductivity

are oObserved as a dip in the curve due to resonant modes

of impurities in‘a temperature range at which these modes

are excited. The lattice vibration spectrum also changes.
Additional modés like resonant, localised or gap modes appear
depending on the nature of the impurity and the impurity-
lattice interaction. So also fhe bulk thermodynamic properties

are affected; for instance, the lattice heat capacity increases

due to the resonant modes.

The appeerance Of resbnant, localised or gap modes
is an effect, which can be studied directly from a knowledge
of the frequency spectrum of the host crystal. Resonant
modes ére impurity-modes introduced into the frequency
spectrum of a crystal due 0 heavy impurities. These fall

within the allowed frequencies of the host lattice spectrum.



Localised and gap modes fall outside the band of frequencies
énd the frequency gap between the acoustic and optic branches
respectively. The first theoretical prediction of g localised
mode in.the case 0f a simple cubic crystal, was made by
Lifshitz1 in 1956. His work was later developed for real
crystal structures by Dawber and Elliottz, who derived
expressions for the impurity-induced lattice vibrational

modes in simple cubic, diamond and zinc-blende lattices.

The first experimental evidence for a localised mode came

in 1960 when Schaefer3

observed a U-center local mode in
KBr crystals. Since then ﬁuch theoretical and experimental
work has been done on impurity phonon-modes. In recent
years, a wealth of experimental data on impurity modes in
non-metallic crystals has appeared in the literature. This
has stimulated theoretical work. Further, infra-red and
Raman scattering experiments have been carried out in our

4 .nd Jain et al.?. This has

Leboratory by Radhakrishna
motivated and encouraged us to undertake the work reported

in this thesis. It is hoped that it would contribute towards
a better understanding of the impurity-lattice interactions

in alkali halides, semiconductors like III-V compounds and

group four elements.

In this thesis a simple theoretical model has been

6
built up, using a model density of unperturbed phonon states ,



to study the impurity-induced lattice vibrational modes in

crystals. The general theory was originally given by

Liféhitz1 end subsequently developed by Dawber and Elliott2

for localised modes in all real crystal structures. The

possibility of gquasi~localised or resonant modes was first
7

discussed by Brout and Visscher . This thesis focusses

attention on £he following aspects of the problem.

(i) The resonant modes of Ag" ana ad’ impurities in
sodium halides have been calculated6 in the mass defect
approximation (MDA) of Brout and Visscher, which neglects
changes in the-force-constant due to the introduction of
the impurity. As the MDA is inadequate for treating Ag+
and Au+ resonances in potassium halides, an estimate of the

mode frequencies of these impurities should include force-
constant changes. This has been done using a model due to

Sievers and TakenoS.

(ii) The MDA of Dawber and Elliott® has been applied to
a treatment of localised modes due to light impurities in
GaAs and GaP9, with the model V(). The force-constant
changes at the impurity sites in these crystals have also
been estimated9 using the Sievers and Takeno model. These
results have been compared to a calculation of the force-

0
constant changes on the molecular model1 .



(iii) ZLocalised modes in silicon and germanium have been

treated ﬁsing a density of states calculated by Johnson11

12 respectively. The forcé-constant

and Dolling and Cowley
changes due to these impurities have alsb been estimated.
This leads to a force-constant softening of 10 to 15% for

these impurities.

(iv) Force-constant changes due to impurities in various
crystéls-have been determined on the basis of either the
band model9 or the molecular model1o. This has been done
by fitting the simple theoretical modelé to experimentally
observed mode frequencies. The results obtained in this
fashion do not fall‘into a simple pattern, which would
form the basis of an ab initio theory of force-constant

changes.

The following is the chapter-wise summary of the

work reported in this thesis.

The first chapter deals with a general introduction
and the éxperimental background of the problem. Different
theoretical models‘which attempt to treat the impurity

modes are briefly reviewed here.

The second chapter discusses in detall, the general

theory of phonon modes due to impurities in crystals. This

A



chapter,describés the band model density of states for the
phonons of the host lattice. The salient features 6f the
model density of states are dealt with in considerable
detail. TFinally an outline of the different force-constant

models for treating the problem are also given.

In chapter three, the theory of resonant modes due
to Brout.and Visscher has been used to study Ag? and Aut
resonances in sodium and potassium halides. Ag+ end Au’
resonances in sodium halides can be described within the
mass defect approximation (MDA). The MDA does not give
any resonance in the low ffeQuency acoustic region for Ag+
impurity in potassium halides. Therefore Ag+ end Au’
resonances in potassium halides have been treated uéing a
"model which incorporates force-constant changes at the
impurity sites8. This and a calculation of force-constant
changes due to these impurities using the molecular model
are also discussed here. A typical Raman scattering
experiment is described in this chépter. The system
chosén for study is Mn++ in LiF. Comparison of computed

and observed resonant mode frequencies is made.

Chapter four discusses a calculation of localised
modes in GaAs and GaP with the model density of states.

The results in the MDA are compared with experiments.

e



The force-constant changes at the impurity sites calculated
on the band model are compared to a calculation of these

changes made on the molecular model.

In chapter five, the localised modes due to impurities
in silicon and germanium are calculated using a density of

11 12

states calculated by ‘Johnson ° and Dolling and Cowley ~.

The force-constant changes at the impurity sites are also

calculated using the force-constant models13.

This together
with a general discussion of the effects of force~constant

changes at impurity sites, concludes this chapter.

Lastly, chapter six summarises and evaluates the work.
This also briefly discusses scope for further work in this

field.

The work presented here has resulted in the following

publications:

1. Raman scattering studies in LiF crystals contalning
manganese. Phys. Rev. B5, 2325 (1972).

2. Resonant phonon modes of Ag'+ and Au" in alkali halides.
Phys. Rev. B6, 596 (1972):

3. Resonant phonon modes of Ag+ in potassium halides.
Phys. Letters 404, 61 (1972).

4. TForce-constant changes due to impurities in GaAs and
GaP. Phys. Rev. B8, 1503 (1973).



5. Force-constant changes due to impurities in Si and
Ge, submitted to Phys. Letters, 1973.

The following points of conclusion have been drawn

from this work.

(1) PFor lighter alkali halides the MDA gives a good
answer fér impurity states; for instance Ag+ and Au’

* in LiF. But for

resonances in sodium halides and Mn'
heavier alkali halides, the MDA is inadeqﬁafe and changes

in force—éonstants at the impﬁrity sites must be incorporated
into the theory. When‘this is done good agreement is

obtained with experiments; for instance, Ag+ and Au®

resonances in potassium halides.

(ii) The localised modes in III-V semiconducting compounds
aré détermined chiefly by the anélytic features of the
density of states in the respective branches, rather than
the details of the lattice dynsmics or the details of the

phonon spectrum of the host lattice.

(iii) The band model is more appropriate than a molecular
’modelvfor treating force-constant changes at the impurity
sites in GaAs and GaP. The molecular model is successful
in yielding satisfactory results for force-constant changes
due to impurities in alkali halides,(e.g. U- and F-centers).

This is due to the éssumptions involved in the model, that



-in the case in alkali halides the localised modes are
highly localised and it is possible fo neglect all motions
except that of the defect itself. TFor polér semiconductors
like III-V compounds, and Group IV élements, the situation
is different. Here the degree Qf localisation is much less,

so that a molecﬁlar model becomes inadequate.

(iv) The force-constant changes for light and heavy
iméuritiés in different crystals, determined using the
band and molecular models, do not fall into a recognisable
pattern. It is, therefore, difficult to draw definite

conclusions from the values obtained.

(v) This theory is unsuitable for very light impurities
such és Li isotopes in GaAs and B isotopes in GaP. Calculation
of mode frequencies of these impurities gives results in
agreement with previous theoretical calculations, but
differ considerably with the experiments. So it is pointed
out that the present.theories ere inadequate for a satisfactory

treatment of the modes of these impurities.
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