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Abstract

A phenomenological model has been developed for zinc blende structure and diamond structure crystals. Both types of
crystals are covalent and tetrahedrally bonded. The model developed in the present work is an extended valence force field
model which takes into account the short-range valence force interactions between bonded atoms and central interaction
between non-bonded atoms. The model also incorporates the long-range coulombic interaction for zinc-blende structure
crystal which are partially ionic in bonding. The extended valence force model has been applied to lattice vibration of
diamond to obtain the theoretical values of phonon dispersion curves along three principal symmetry directions and Debye
characteristic temperatures at different temperatures. The calculated results are compared with the available experimental

values with satisfactory agreement.
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Introduction

Diamond is an elemental semiconductor which is entirely
different from other elemental semiconductors of diamond
structure. The study of diamond has been made extensively both
experimentally and theoretically. Earlier Pandey and Dayal' and
Singh and Dayal® have reported the lattice dynamics of diamond.
Patel’ et al also reported the lattice dynamics of diamond applying
BKM for phonon dispersion curves along different symmetry
directions. Bashnov* et al studied the lattice dynamics of diamond
structure crystal using Keating’s valence force field. In recent
years some studies”® have been made on the different aspects of
lattice dynamics of diamond and diamond structure elemental
semiconductors. Recently some studies’” '’ have been reported on
lattice dynamics and other properties of tetrahedrally bonded
elemental and binary semiconducting crystals.

In present lattice dynamical model of diamond structure crystals
the valence force field model has extended to include the central
interaction between non-bonded atoms up to second neighbors for
short-range interactions. In addition to this the bond-bending,
bond-stretching and interactions between bond-stretching internal
coordinates are considered for short-range interaction between
atoms. The extended valence force field model is developed for
the zinc-blende crystals which are partially ionic and takes into
account the coulombic interaction. The model is modified for the
diamond structure elemental semiconductor crystals which are
predominantly covalent and the ionicity is almost negligible. The
extended valence force field is physically realistic for such
covalent elemental semiconductor crystals.

Methodology

The lattice dynamical model developed for the tetrahedrally
bonded zinc-blende and diamond structure semiconducting
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crystals in the present work is a phenomenological model in the
sense that vibrations of atoms and interactions between them have
been taken just like the phenomenon of vibrations of atoms in
molecules in the fluid phase. The molecular spectra are explained
by taking bond-stretching force between valence atoms and the
bending of valence angles. This is called a simple valence force
field. In solids which are predominantly covalent, the interaction
between valence bonds and valence angles are considered in the
potential function of atoms in the unit-cell in the crystalline
forms. The present extended valence force field (EVFF) takes
into account the interaction between non-bonded atoms of the
crystal in accordance with the modification of Urey-Bradley'.
The changes in the bond-length and bond-angles during vibration
are called internal coordinates, following the method of
Wilson et al, the valence internal coordinates are transformed
into atomic displacement coordinates of the crystal as reported by
Singh and Roy'®. This transformation is employed in expressing
the potential energy of the atoms of the unit cell in terms of the
components of the displacements of atoms. In this model, the
contribution to potential energy from other neighbouring atoms
except first and second neighbours has been ignored because of
the short-range character of the force-field.

The potential energy for short-range interactions of atoms of unit
cell of tetrahedrally bonded semiconducting crystals having two
types of atoms is given by
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In equation (1), i is the reference atom (one type) (1), j and k are
two atoms (another types) bonded to i, and / is atom (type one)
bonded to j. Also, in equation (1), we have:

K, = bond-stretching force constant, K = central force constant
between non-bonded atoms of one type, K= central force
constant between non-bonded atoms of another type, K= bond-
bending force constant for one type of bond-angle, K= the

bond-bending force constant of another bond-angle, K = the
force constant for the interaction between adjacent bonds

The components of the forces acting on the reference atoms of
two types of the unit cell are obtained from the relation

F =—grad(V) 2

Secular equation: The secular equation of the lattice vibration of
a lattice with a basis is written as

q 2 3
%JW}Maw%d:o Q)

In equation (3)p B(q jare the elements of the dynamical matrix
OB oo’

and J, e J, are the Kronecker delta function.

To obtain the elements of the dynamical matrix for the short-
range interaction, the components of the forces acting on the
reference atoms by first and second neighbours are obtained. The
internal coordinates are transformed into the atomic displacement
coordinates. Taking help of this transformation and applying the
equation (1) and equation (2), the elements of the dynamical
matrix for short-range interaction are obtained.

The diamond and other crystals of diamond structure are
predominantly covalent, the Coulombic interaction is neglected.
As there is only one type of atoms in such crystals, we have taken
K =K/, K,=K, =K,

The first reference atom is designated as ‘1’ and second reference
atom is designated as ‘2’. Thus following elements of the short-
range interaction matrix under extended valence force field model
(EVFF) are obtained for diamond lattice.
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Here 1 is the chemical bond length and ‘a’ is half lattice
constant, other elements of the determinantal matrix D, (q,00")

can be obtained by circular permutation of the indices x, y, z
where, o, B stands for x, y and z. The elements of the dynamical
matrix obey the following relations.

D,,(q.11)=Dy,(g.11),
D,,(q.22)=D,,(q.22),
D,,(q.12)=D,,(q.21)

Elastic constants: Taking into account the contribution from
coupling coefficients, the following expression for three elastic
constants C;;, C;, and Cy are obtained in terms of model
parameters on solving the secular determinant for long waves for
diamond structure crystals.
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Evaluation of model parameters: The values of EVFF model
parameters for diamond are obtained with the help of the
expression of the longitudinal and transverse optic phonons at
zone center and at the zone boundary of Brillouin zone along
[100] symmetry direction. The expressions for LO (I'), LO(X)
and TO(X) are obtained by solving the secular equation for zone
centre (I)) and zone boundary (X) along symmetry direction
[100]. The expression are

Lnar,(0)=2k -2k, +32 %0 (10)
2 3 3 31
meO(X)zﬁKr—gKrr+2K:+@K—29 (11)
3 3 Ty
ma)?o(X)=§K,—iK"+4K;+iK—f (12)
3 3 T,
From these expression, we have
K, 2|1 , 1 > 2 2
—=—|—ma,\ X )——ma;,\ X )+ —ma;,\I (13)
e i (X) =, () + o, (1)
and
(14)

KL= mol, (X) s {me, (X)=1 ma, (1)

8
The parameter K is obtained applying the equilibrium condition
of the lattice. After obtaining the values of K K : and K o the

values of K is calculated from equation (10). It is significant to

note the values of model parameters have been evaluated without
taking use of the elastic constants, Cy;, C}, and Cyy. The values of
model parameters and the input physical data for their evaluation
for diamond crystal are given in the table-1.

Table-1

Model parameters in

Input Physical data units of 10* dynes cm’
1

v,,(T)=39.975THz
v,,(X)=3552THz
Vyo(X)=32.16THz

2a (lattice constant) = 3.5668%10
¥em

m(mass) = 19.9366x10™* gm

K, =—14309212
K/ =3.577303
K, =—76.067446

K, = 2.935913

Results and Discussion

Phonon dispersion curves for diamond: Warren' et al
measured the phonon frequencies in symmetry directions.
Robertson'” et al reported the first order Raman spectra of
diamond. The one phonon infrared spectra of diamond have been
studied experimentally by Smith and Hardy'®. The precise data on
second order Raman spectra for diamond are made available by
Solin and Ramdas"”.
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The phonon dispersion curves along different symmetry
directions have been obtained on the basis of extended volume
force field approximation by solving the secular equation utilizing
the values of model parameters given in table. The phonon
dispersion curves along symmetry directions [100], [110] and
[111] are shown in Figure-1. The experimental points due to
Warren'* et al have also been shown in figure. The computed
results are in excellent agreement with the experimental values. In
view of the small number of force parameters used in the present
work, the EVFF model describes satisfactorily the phonon
dispersion results obtained experimentally.

Specific Heat and Debye Characteristic Temperatures of
Diamond: Following the theory of specific heat of solids by
Born and Von Karman'® the atomic specific heat at constant
volume is given by

C, =3NRY E(v)g(v) (14)

where, N = 1/3mn, m = number of divisions in the first
Brillouin zone, n = number of atoms in the unit cell, R =
universal gas constant, g(v) is the frequency distribution
function and E(v) is the Einstein function given by

Elv)= (hv)’ exp(hv/KT) (15)
exp(h V/ KT )2

For the calculation of Debye characteristic temperature @, at

various temperatures, the values of Cy is computed first with the
help of equation (14). 6,/T values corresponding the different

computed values of Cy are obtained from C, -6, /T table'.

Having a theoretical values of 6, /T obtained in this way, 6, is
obtained at various temperatures.

The vibrational frequencies of diamond for 48 wave vectors are
computed employing the EVFF model. The frequency
distribution function g(v) is obtained from computed values of
phonon frequencies. The computed values of g(v) are used in
calculating the specific heats at different temperatures for
diamond crystal.

The computed results of Debye characteristic temperatures for
diamond in the present work are given in figure-2. The
experimental values of Pitzer™ are also given in the figure. The
theoretical results agree satisfactory at low temperatures.
However, there is a divergence from experimental results at
higher temperatures. This is mainly due to the harmonic
approximation adopted in the calculation of the vibrational
potential energy of atoms of the crystal. The calculated results
may be improved if anharmonic vibration is considered in the
development of this lattice dynamical model. But our results
compare well with the results of Pandey and Dayal'.
Noteworthy feature of EVFF model lies in the fact that it
involves small number of parameters, the evaluation of which
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does not take help of the measured values of elastic constants.
Notwithstanding, the model explains satisfactorily the phonon
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dispersion curves and Debye characteristic temperatures.
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Phonon dispersion curves of diamond along symmetry directions. Solid circles (e) represent the experimental results
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(0p-T) curve for diamond. Circles represent the experimental results (Ref.20)
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Conclusion

The extended valence force field (EVFF) developed for the
tetrahedrally bonded elemental and binary semiconductors has
been found to explain satisfactorily the experimental results of
phonon dispersion curves, specific heats and Debye
characteristic temperatures of diamond. It is significant the
present lattice dynamical model developed for elemental
semiconductors does not require the use of the values of elastic
constants for the evaluation of model parameters.

References

1. Pandey B.P. and Dayal B., Lattice Dynamics of Silicon
and Diamond, J. Phys. C : Solid State Phys., 6, 2943
(1973)

2. Singh A. and Dayal B., The Evaluation of Elastic
Constants of Mg,Sn and Mg,Si by an Angular Force
Model, J. Phys. C: Solid State Phys., 3, 2037 (1970)

3. Patel C., Sherman W.F., Slark G. and Wilkinson G.R.,
Lattice Dynamics of In As under Hydrostatic Pressures, J.
Mol. Struct., 115, 149 (1984)

4. Bashenov V.K., Marvakov D.I. and Petukhov A.G., Lattice
Dynamics of Diamond-Type Crystals from Keating’s
Valence-Force Field, Phys. Stat. Solidi (b), 88, K161
(1978)

5. Mounet Nicolas and Marzari Nicola,First-principles
Determination of the Structural, Vibrational and
Thermodynamic Properties of Diamond, Graphite and
Derivatives, Physical Review, B71, 205214 (2005)

6. Santiago-Perez D.G., de Leon-Perez F. and Perez-Alvarez
R., Force Constants and Dispersion Relations for the
Zincblende and Diamond Structures Revisited, Revista
Mexicana De Fisica, 52 (2), 163-171 (2006)

7. Dixit Peeyush and Mishra S.K., Lattice Dynamics of III-V
Compounds of Semiconducting Crystals (GaP-InP),
Research Journal of Material Sciences, 1(6), 6-11, July
(2013)

International Science Congress Association

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Res. J. Physical Sci.

Bodo Bhaskarjyoti and Kalita P.K., Structural and Optical
Properties of ZnS: Cu Transparent Nanosheets, Research
Journal of Physical Sciences, 1(1), 2-5, (2013)

Shukla Arun and Jat K. L., The Role of Lattice
Displacement on Brillouin Polarization in Magnetized n-
InSb Crystal, Research Journal of Physical Sciences, 1(3),
21-25, (2013)

Madu, Chinyere Ada, Electronic and Structural Properties
of the Silicon and Germanium Carbides, Research Journal
of Physical Sciences, 2(4), 1-5, (2014)

Urey H.C. and Bradley C.A., The Vibrations of Pentatomic
Tetrahedral Molecules, Phys. Rev., 38, 1969 (1931)

Wilson (Jr.) E.B., Decius J.C. and Cross P.C., in Molecular
Vibrations, published by McGraw Hill Book Company,
Inc. New York, 54 (1955)

Singh T.N. and Roy B.N., Non-Central Force-Model for
Sphalerite ZnS, J. Sc. Rev., BH.U., XXVI(1&2), 1 (1975-
1976) (1976)

Warren J. L., Conf. of Intersection of Neutron with
Condensed Matter (Brock haven) BNL940 (C-45) page 88

Robertson R., Fox J.J. and Martin A.E., Philo. Trans. R.
Soc. (London), A232, 463 (1934)

Smith S.D. and Hardy J.R., Activation of Single Phonon
Infra-red Lattice Absorption in Neutron Irradiated
Diamond, Phil. Mag., 5, 1311 (1960)

Solin S. A. and Ramdas A. K., Raman Spectrum of
Diamond, Phys. Rev., B1, 1687 (1970)

Born M. and Karman T. Von, Vibrations in Space Gratings
(Molecular Frequencies), Physik, Z., 13, 297 (1912)

Saha M.N. and Srivastava B.N., in “A Treatise on Heat”,
875 (1958)

Pitzer K.S., The Heat Capacity of Diamond from 70 to
300°K, J. Chem. Phys., 6, 68 (1938)



