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Abstract

A phenomenological model is used to study the lattice dynamics of diamond. Pleop@méies, Debye Characteristic
temperatue and micoscopic elastic constantseastudied using léty Bradley ®lence Foce Field (UVVF) appximations.

The potential of the gstal involves (i) the central foe due to bond-sttching (ii) the angular fare due to bond bending

(i) central force between non-bonded atoms (iv) thedadue to interaction of one internal codarate to adjacent
internal co-odinate .Calculatedasults of phonon dispersion eas, Debye Characteristic temperasiand miarscopic

elastic constants arcompagd with experimentakssults giving fairly good agement.

Key Wrds: Phenomenological model, Phonon frequencies, Debye Characteristic temperature,

microscopic elastic constants, Urey Bradkayence Force Field (UVVF) approximations.

Introduction
Diamond is an elemental semiconductor which has been studied extensively both theoretically and
experimentally Lattice dynamics of diamond has been previously investigated by Born (1914) using
celebrated theory of lattice dynamics developed/twry Karman and himsel¥/arious extensions of
their work appeared in later years by Begbic and Born (1947), Smith (1948) and Herman (1959) using
the model, known as Bornex-Karman model (BKM).Awo neighbour BornvYon Karman model is
applied to the diamond crystal to study the lattice dynamiestheoretical study of lattice dynamics of
diamond has been madeTybino et al.( 1972) using a six parameters valence force field. First principle
calculations of lattice dynamical properties of diamond have been formed using density-functional
perturbation theory together with plane —wave expansion and non-local pseudopotentials by Pavone et
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THAPA

al.(1993). Patel et al. (1984) reported the phonon dispersion curves aferepdgymmetry directions.

The lattice dynamics of diamond has been investigated by using central forces, angular forces of the
type deLaunay and Clark, Gazis andllis by Bose et al. (1973).&#en et al.(1967) measured the
phonon frequencies in the symmetry directions [100] alid [ly method of inelastic neutron scattering.

Later on they extended their measurements to includ¥ find [£0] directions also. Robertson et al
(1934) reported the first order Raman spectra of diamidmelone phonon infrared spectra have been
studied experimentally by Smith and Hardy (1960). Hardy and Smith (196 Weimiker et al (1967)
measured the two phonon spectra of diamdin@. precise data on second order Raman spectra are
made available by Solin and Ramdas (19V@jious attempts have been made to study the dynamical
behavior of solids with the application of valence force fields. Early attempts in this direction have
been made by Herman (1959) and Pope (1965) to study the lattice dynamics of the elemental
semiconductors germanium and silicon. Singh and Dayal (1970) studied extensively lattice dynamics
of a number of elemental semiconductors on the basis of general valence for¢adéeldplication of
valence force field to the lattice dynamics of sphalerite and wurtzite zinc sulphide has been made by
Nusimovici and Birman (1970). Lattice dynamics of diamond type crystals have been studied by using
Keatings valence force field by Bashenov et al.( 1978). Kulda et al. (1997) explained coupling between
acoustic and optic branches in longitudinal mode aloht) [direction.

Phonon dispersion relation of diamond has been calculated by Pandey and Dayal (1973) on the basis
of Clark-Gazis-Vdllis type angular force model having only four parameters giving good agreement
between theoretical and experimental data.

In this paper Urey-Bradleyalence Force Field (UVVF) is assumed to describe the forces operating
inside the solids which crystallize in diamond structure. Urey-Bradégnce Force Field is the
combination of the simple valence force field and the central interaction between the non-bonded atoms.
Thus forces considered are those which resist the extension or compression of valence bonds together
with those which oppose the bending or torsion of bonds and central interaction between the non-
bonded atoms. Urey-Bradley (1931) potential function is assumed to represent properly the forces
present in the solids which are predominantly covalent. In the present work Urey Bradley (1931) valence
force field (UVFF) approximations are used to express phonon dispersion relation of diamond. It is
noteworthy that valence force potential is a dynamical representation of the results of a quantum
mechanical treatment of a covalent crystal. Forces between atoms arise from the changes of the electronic
enegy due to the atomic displacement from the equilibrium configuration during the vibration. Because
of the directional properties of orbital and their hybrids, forces act along the valence bond, bond angle
and dihedral angles. In present formulation forces along the dihedral angle are neglected. Contribution
to potential engy from other neighbours except first and second neighbours has been neglected because
of the short range character of the force fi€lte Coulomb electrostatic interactions are not considered
since atomic chages are either zero or very small.

Theoetical Model
The potential of the lattice is assumed to involve the following interactions:

() The central force due to bond stretching.

(i) The angular force due to bond bending.

(iii) The central force between non-bonded atoms.

(iv) The force due to interaction of one internal co-ordinate ( bond-stretching) to adjacent internal co-ordinate (bond-
stretching)
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STUDY OF LATTICE DYNAMICS OF DIAMOND

Potential engyy of solid having diamond structure is given by
4 12 2 12 4 4 4
PVEDN S ARDN ACARDN AL N EDW ACTSEDN ANEIN EACH LY (1)
7= O = e %

Where ‘i’ is the reference atom of one type, ‘j’ and ‘k’ are two atoms of another type bonded to atom
I, ‘I'are atoms of type ‘i’ bonded to atom ‘', ‘I’ atoms are second nearest neighbours of ‘i’ type atoms
and ‘k’ atoms are second nearest neighbours of ‘J’ type atoms.

k. = bond stretching force constant

k. = central force constant for non-bonded atoms (cation-cation)
k., = central force constant for non-bonded atoms (anion-anion)
k, = bond bending force constant for the bond afigle

ke, = bond bending force constant for the bond aﬂgle
k . = force constant for interaction of two adjacent bonds.

In the case of diamond lattice the two atoms are similar so that force coik, &k, andky =
kg =Y(say).
ar, , an and ay are internal co-ordinate corresponding to bond stretching.

ae andae are internal co-ordinate corresponding to bond bending. Following the meivddait
et al. (1955) and Singh and Roy(1975), Urey Bradley valence force field co-ordinates (change in bond
length and bond angles) are transformed into atomic displacement co-ordih&dsansformation

helps in expressing the potential enein terms of the components of the displacements of atoms of
the crystal.

The secular determinant for the normal modes of vibration of the atoms in the crystal is given by

|Drx,l3’ [qukrj - mz'ﬁrx,ﬁ’ 5kk|’|: 0 (2)
Do (g9,kK) represents the elements of the dynamical matrig) B(dwis the angular frequency of

the normal modes of the vibration of the crysﬁgﬂ. andd,, are the usual kronecker delta functions.
Dynamical matrix corresponding to the short range interaction are given by

D,(q,11) = I/m[(4/3)k— (2/3)k + 4k, + (28/3)WIr 2) + (8/3) (YIr,?) (Cosm, )(Cosm) - {2 k, + (2/

3)(¥YIr, 2} (Cosm, )(Cosm,) +(Cos, )(Cosm)}] (3)
D, (q.11) = 1/m[ {2 k, + (2/3)(¥7rA} (Sinmg, )(Sinmm)

+(4/3) Yr ?) iSinmg, (Cosm, - Coany)] (4)
D,(9,22) =D, (q,11) )
ny(q,22) = 1Um[ {2k, + (2/3)(YIr ?)} (SinTwm, )(Sinnqy)
- (4/13) (YIr ?) iSinr, (Cost, -Coany)] (6)
D (9,12) = -1/m[{(4/3)k — (2/3)k_- (32/3)(YIr?) } {Cosm(q /2 )Cosn(qy /12)Cos1(q,/2)
-i Sinry(q, /2 )Sinn(qy 12)Sin(q/2)}] (7
ny(q,12) = 1/m[{(4/3)k — (2/3)k - (16/3)(YIr ) } {SinT(q /2) Sirn(qy 12)Cos1(q,/2)
-i Cos1(q,/2 ) Cosrt(qy 12)Sinm(q,/2)}] (8)

‘m’ is ionic mass, § is chemical bond length and ia’half of the lattice parametéther elements
of the matrix Ds (g,kk) can be obtained by cyclic permutation of the indices x, y and z wtfstand
for x, y and z.
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THAPA
Solving the secular determinant (2) for long wave length, following expressions for the three elastic
constants for the diamond structure crystal are obtained in terms of model paraméters kandY/
rpe.
0

C,, = 1/2a[(1/3)k— (1/6)k + 4k + 4(YIr )] )
C,, = 1/2a[(1/3)k— (1/6)k + 2k, - 2(YIr ?)] (10)
C,, = 1/2a[(1/3)k— (1/6)k + 2k + (2/3)(YIr) —A%B] 1)

Where A = -[(2/3) k — (1/3)k — (8/3)(YIr 2]
B = [(4/3) k- (2/3)k + (32/3){Ir )]

Solving the secular determinant along [100] direction one gets
(i) at zone centrel( )

W 2 (M) =2/m[(4/3) k- (2/3)k + (32/3)(VIr )] (12)
(i1) at zone boundary ( X)
W 2 (X)) =1/m[(4/3)k— (2/3)k + 8k, +(40/3)(YIr?)] (13)
w2 (X)=1/m[(4/3)k— (2/3)k + 4k, +(20/3)(YIr7?) +
{(4/3)k- (2/3)k. - (16/3){YTr A} (24)

With the help of equations (12), (13) and (14) along with equilibrium condition of the lattice, model
parameters are evaluated.

Input data for evaluating model parametegskk k and {f7r?) are given in table 1 &2 while
evaluated values of model parameters are given in table 3.
T A B L E 1(zone boundar phonon fequencies of Diamond)

Crystal Zone boundary and zone centre phonon frequenéiekz)10 Reference
Vo(X) Vro(X) Vio(l)

Diamond 35.52 32.16 39.975 Warren et al.(1967)
T A B L E 2(Lattice constant and mass)

Crystal Lattice constant (2a) cm Mass(m) gm

Diamond 3.5668x 10°® 19.9366x 10%
T A B L E 3(Evaluated values of Model parameters of Diamond)

Crystal Force Constants (1@yne cnt)

k k, K, (YIr?)
Diamond -14.309212 3.577303 -76.057446 2.935913

Using the evaluated values of model parameters elastic consfaits,,, and Bulk modulus are
evaluated.

T A B L E 4(Elastic constants and Bulk Modulus of diamond)

Expe-rimental values Present Calculatedvalues Calculatedvalues of others
102 dyne cn? Sokel and Chadi and Harrison and
Harrison(1976) Martin(1976) Sokel(1976)
C, 10.76 9.52
C, 2.75 2.58
C. 5.758 4.49 4.346 4.525
Bulkmodulus 5.45 4.22 12.00

The calculated values of model parameters are used to obtain phonon dispersion curves of diamond
along [100],[1 O] and [11] directions.

To calculate lattice specific heat the first Brillouin zone is divided into an even spaced sample of
1000 wave vectors which reduce to 48 non-equivalent points under symmetry operations. Secular
determinant is solved at these non-equivalent points to calculate the freduesyogropriate statistical
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weight is attached to each of the non-equivalent paiviteen properly weighted the vibration spectra
corresponding to these points represent the complete vibration spectra for the solid and frequency
spectrum is divided into intervals of L Hz. Frequency distribution function\g(is derived by making
use of Blackmars sampling technique(1937).

Lattice specific heats at tifrent temperatures is

3R hv
C,=—_>glVE
' 60007 alv) (kBTJ (15)

xX'e*
Ex = (ex _1)2 where x = hf‘)/gT h = Planks constant, & = frequel’]cy

kg is Botzmann constant, = temperature of crystal, R = Molar gas constant.
The computed values of @re used to find Debye characteristic temperatures form standard table of
(C,-8,/T) from Saha and Srivastava (1965).

Results and Discussion
Elastic Constants

Observation of the table 4 shows that calculated values of elastic constantd G, in the present
work are in fare agreement with their experimental vallies.calculated value of Cin the present
work differs from the experimental one but is in excellent agreement with those of Sokel and Harrison
(1976) and Chadi and Martin(1976).

The calculated values of Gand C, are used to calculate the bulk modulus of diam®dhi value
is comparable to the experimental value but the bulk modulus calculated theoretically by Harrison and
Sokel (1976) is nearly three times compared to our result.

Phonon fequencies
Calculated phonon frequencies for diamond along three principal symmetry directions 10)@kd
[111] are displayed in Fig.1 along with experimental pointé/afren et al.(1967). Calculated phonon
frequencies for diamond along symmetry directid®]hre displayed in Fig.2 along with experimental
points ofWarren et al.(1967).The computed results are in excellent agreement with the experimental
values except for the transverse acoustic modes. It is interesting to compare the results of the presen
investigation with those of the other studies. Cowley et al. (1966) calculated the dispersion curves for
diamond by ten parameter shell model. Fairly good results were obtained for [10Q]1g ik Ections.
However they could not compare the results ©0]land [£0] directions due to non-availability of the
experimental dataNarren et al. (1967) calculated the dispersion curves on the basis of an eleven
parameter shell model and compared the results with their own experimentéhdatssults obtained
are quite satisfactory on the whole.
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T x = T L

= ... .
£0.0 o2 [1oc] + [10] ) — L0 [111]
0 By —m
= o

© Calcuwlated curve
* Expurimental

30.0F

Z20.0p

Frequency (THz) —
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o L 2 s L P - L X i " L L
© 02 04 06 08 10 08 06 0.4 0.2 0.0 01 02 03 0.4

q/Iman ——

Fig.1.Phonon dispersion cues of diamond along symmettirections [100], [1.0] and [111]. Solid circles ¢)
represent the experimentadsults due to Wiren et al. ( 1967).

lragquency (THz)

Fig.2.Phonon dispersion cues of diamond along ED] direction. Solid cicles ¢) represent the experimentaisults
due to Vrren et al.( 1967).

Specific heat and Debyemperatue
Effective calorimetric and X-ray Debye temperature of diamond have been investigated on the basis of
Cochran version of dipole approximation model by Blanchard&/arghni (1967). Pitzer (1938), Sorbo
and Burk (1953) and Burk and Friedp€t958) measured Debyemperature of diamondhe Debye
characteristic temperatures Y of diamond obtained from computed values of specific heat are plotted
in Fig.3 against temperature (T) with experimental points of Pitzer (1938).There is a good agreement
between theoretical and experimental Debye temperature at low temperatures and thegerscdiver
at higher temperatures. Our results are comparable with those of Pandey and Dayal (1973).
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o Experimental
2500 — Theoretical
zo00} M
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Fig.3. (6, — T) curve for diamond along with experimental points (0) due to Petzer (1938).

Conclusion

The present lattice dynamical model having four disposable parameters is found capable of explaining the phonon dispersion
relations of diamondThis model which does not require the employment of elastic constants for the evaluation of its
parameters very satisfactorily reproduces the values of elastic constants and bulk modulus of diaencsdilts for
these quantities obtained on theoretical considerations based on pseudopotential and LCAO theories are found not superiot
and in some cases far inferior to our resultds gives an emphasis on the suitability of the application of valence force
fields to the covalent crystals which gave highly directional bonds resulting from the well defined orbital hybridization. In
view of small number of parameters used in the present work, Urey Bialkeryce Force Field Model (UBVFFM)
describes satisfactorily the phonon dispersion results, elastic constants and Debye temperature of diamond.

Introduction of interaction terms for changes in bond length and bond angles in the present formulation may improve
the features of the present results.

REFERENCES
AGGRAWAL, K.G (1967),Proc. Phys. So®1:381.
BasHeNov, V.K., D.I. Marvakov & A.G. PEtukHov (1978),Phys. &t. Sol.(b)88:k161.
Becsic, GH. & M. Born (1947),Proc. Roy Soc. Lond.A18879.
BLackman, M. (1937),Proc. Roy Soc. LondSer A159416.
BLANCHARD, R. & Y. P VARsHNI (1967),Phys. Rext59599.
Born, M.(1914),Ann. Phys.4405.
Bosk, G, B. B.TRiIPATHY & H. C. GurTA. (1973),J. Phys. Chem. Solids 3867.
Burk. D.L. & FrRIEDBERG (1958),Phy. RevB 11:1275.
CHapl, D.J. & R. M. MhrTIN (1976),Solid $ate Commun.1993.
Cowley R.A.,A.D.B. Woods and GDolling.1966.Phys. Rext50(487)394.
HarDY , J.R. & R. D. &itH (1961), Phil. Mag.61163.
HArrIsON, W.A. & R. SokEeL. (1976),J.Chem. Phys.6379.
HermAN, F (1959),J. Phys. Chem. Solid@405.
HermaN, F 1959.J.Phys.Chem.SolidsB&I5.

110



THAPA

KuLba, J., R. BUER, H. STERNER & D. StrAucH (1997),Physica B(Condensed Matte234-236124.
Kunc,K.,M.BaLkanskl & M.A.Nusimovicl (1975),Phys.$at.Sol.71341.

Nusimovici, M.A. & J.L. BRMAN (1970),Phys.ReB(2):595.

PaNDEY, B.P & B. DavaL (1973),J. Phy .C (Solidtate Physics) 6:2943.

PAaNDEY, B.P. & B. DAvAL. (1972),Solid $ate Comm11:775.

PaTEL, C.,T.J. RRKER, H. HaMsHIDI & W.F.SHERMAN (1984),Phys. &t. Sol.(b)22:461.
PaTeL, C.,\W F. SHiERMAN & G.R.WiLkiNsON (1982a),J.Mol. Sruct.79:297.

PaTEL, C.,W.F. SiERMAN & G.R.WiLkINsON (1982b),Phys. $at. Sol.(b)11:649

PaTEL, C.,\W F. SiERMAN & G.R.WiLkiNsON (1982c), Phys. &t. Sol.(b)14:169.
PavonE, P et al.(1993)Phys. RevB 48:3156.

PTzER, R. S. (1938)J. Chem. Phy6:68.

Porg, N.K. (1965), LatticdDynamicsed. R.BWVallis . pp147.

Rogerrson, R. et al.(1934)Phil. Trans. RoySoc. LondA232:463.

SaHA, M. N. & B. N. SivasTava. (1965),A Treatise on Heath"ed.,Indian PressAlllahabad.
SINGH, A. & B. DAavaL (1970), J. Phys.C. SolidtSte Phys3:2037.

SINGH, B.D. & B. DavaL. (1970),Phys.$at.Sol38:141.

SiNGH, T.N. & B. N. Rov. (1975-76.),). Sc. Res. B.H.MXVI(1&2):1.

SmiTH, H.M.J.(1948) Phil. Trans. RoySoc. LondA241:105.

SwiTH, R.D. & J.R. HRrDY. (1960), Phil. Mag5:1311.

SokEL, R. & W.A. HarrIsoN. (1976),Phys. Rev_etters36(61):212.

SoLiN, S.A. &A.K. Rambas. (1970),Phys. ReB1:1687.

Soreo, W. De & D. L. Burk (1953),J. Chem. Phy21:876.

TuBINO, RiccArRDO, Kuigl PserI & GuiserPEZERBI (1972),J.Chemical Phy56:1022.
UREY, H.C. & C.A. BRaDLEY. (1931),Phys.Re38:1969.

WARREN, J.L., J.L.YARNELL, G DoLLING & R.A.CowLEY (1967),Phys.Rext58:805.
WEHNER. R. et al (1967)Solid $ate Commurb.:307.

111



Note for Contributors
SUBMISSION OF PAPERS

Contributions should be sent by email to Maneesha ShukEditor-in-Chief, Anvikshiki, The Indian Journal dResearch
(maneeshashukla76@redditil.com). www.onlineijra.com

Papers are reviewed on the understanding that they are submitted solely to this Journal. If accepted, they may not be
published elsewhere in full or in part without the EditeChief's permission. Please save your manuscript into the
following separate fileFdtle; Abstract; Manuscript; Appendix. To ensure anonymity in the review process, do not include
the names of authors or institution in the abstract or body of the manuscript.
Title: This title should include the manuscript, full names of the authors, the name and address of the institution from which
the work originates the telephone numlf@x number and e-mail address of the corresponding aittharst also include
an exact word count of the paper
Abstract: This file should contain a short abstract of no more than 120 words.
MANUSCRIPT: This file should contain the main body of the manuscript. Paper should be between 5 to 10 pages in
lenth,and should include only such reviews of the literature as are relevant tgpuimearAn exact word count must be
given on the title page. Papers longer than 10 pages (inclalbistgicts, appendices aneference$ will not be considered
for publication. Undue length will lead to delay in publicatidathors are reminded that Journal readership is abroad and
international and papers should be drafted with this in mind.
References should belisted al phabetically at the end of the papaiving the name of journals in fuluthors must check
that references that appear in the text also appear in the ReferensearasaTitle of book and journals should be
italicised.
Examples:
BLUMSTEIN,A.and ®HEN,J.(1973),’ATheory of Punishmentiournal of Criminal Law and Criminologh4:198-207
GUPTA,RAJKUMAR (2009)A Sudy of The Ethnic Minority inrinidad in The Perspective ofifiidad Indians Attempt to
Presewre Indian Cultue, India: Maneesha Publication,
RICHARDSON,G(1985),Judicial Intervention in Prison Life’, in M. MaguireVagg and R. M@an, eds.Accountability
and Prisonsl13-54.London:&vistocs.

SINGH,ANITA.(2007)My Ten Shor Sories113-154.India:Maneesha Publication.

In the text,the name of the author and date of publication should be cited as in the Harvard system(e.g.Garland 1981:
41-2;Robertson antaylor 1973;ii.357-9)If there are more than two authors, the first name followetchbis manadatory

in the text,but the name should be spelt out in full in the Referaifbese authors cite them as XXXX+date of publication.
Diagrams and tables are expensive of space and should be used spadiglyiagrams, figures and tables should be in

black and white, numbered and should be referred to in the text. They should be placed at the end of the manuscript with
there preferred location indication in the manuscript(e.g.Figure 1 here).

Appendix: Authors that employ mathematical modelling or complex statistics should place the mathematics in a technical
appendix.

NOTE : Please submit your paper either by post or e-mail along with your photo, bio-data, e-mail Id and a self-addressed
envelop with a revenue stamp worth Rs.Sixafl on it. One hard copy along with the CD should also be seetfA
addressed envelop with revenue staniixed on it should also be sent for getting the acceptance. |€batributors
submitting their papers through e-mail, will be sent the acceptance letter through the same. EditorgatiBciaidh will

be communicated within a week of the receipt of the pa&mermore information, please contact on my mobile before
submitting the papeAll decisions regarding members on Editorial boardfatvisory board Membership will rest with

the Editor Every member must make 20 member®fovikshiki in one yearFor getting the copies of ‘Reprints’, kindly

inform before the publication of the Journal. In this regard, the fees will bgezhftom the author

COPYRIGHTof the papers published in the Journal shall rest with the Editor



Search Research papers of The Indian Journal of Research Anvikshiki-ISSN 0973-9777 in the Websites given below

http://nkrc.niscair.res.in/BrowseByTitle.php?keyword=A
e e
-\\ Lt wrwilpilee Jesounce hl-whu}.-—

www.icmje.org www.scholar.google.co.in

: INTERNATIONAL COMMITTEE ¢ GO L) [e

m ’CM E MEDICAL OURNAL EDFTORS scholar

www.kmle.co.kr www.fileaway.info

5 KNLE 2% g4 Azl e =L
. Korean medical library engine _l \v 0 J'_;‘J;,S

-

It/ forww.m e co. kr

www.banaras.academia.edu www.www.edu-doc.com

&y Academia.edu V)

www.docslibrary.com www.dandroidtips.com

@ MyCelular.ORG

www.printfu.org www.cn.doc-cafes.com

‘ pd! search EnqlnE‘

ARTAPP.NET

www.freetechebooks.com

Tech eBooks

www.onlineijra.com

N/

www.google.com

Go ug
|

le

India

35N 097 3=-9777

09739777

¥ 1500/-




