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Abstract:- An equation of motion technique of quantum dynamics and Dyson equation approach have been
used to obtain Fourier transformed electron Green's function in presence of isotopic impurity and anharmonicity
Hamiltonian has been taken as a sum of harmonic part , electron part , defect part , electron phonon interaction
part , anharmonic part .The anharmonicity has been taken upto quartic terms . The response function has been
obtained responsible for electron phonon linewidth . At high temperature, an expression of electron density of
states (EDOS) has been obtained according to different fields present in semiconductor continuum. An EDOS
has also been influenced by perturbed mode energy .The effect on intensity of peaks with respect to temperature
and different excitations has been undertaken in this framework.
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l. INTRODUCTION
Semiconductors are being widely used in computers and in electronic goods. Band gap engineering of
crystal Materials: Band gap estimation of semiconductors via electronegativity [1] and performance estimation
of silicon- based self-cooling device [2] are the recent advances in semiconductor technology. The theory based
on non-interacting normal mode of vibrations is known as harmonic approximation. This can not explain the
complete characteristics of properties like optical absorption, thermal conductivity, dielectric constant etc. It is
essential to take cubic and quartic terms in Taylor series expansion of potential energy [3] to develop the theory.
This results in a phonon phonon interaction to create anharmonic mode. The impurity inside the crystal breaks
the symmetry and formation of localized mode takes place. Thus , semiconductor crystal can be consider as a
container of harmonic field , localized field , cubic and quartic anharmonic field and electron . The double time
temperature dependent electron Green's function is taken to solve the present problem. The work has also been
done on electron density of states in absence of phonon phonon interaction [4]. This paper is divided into
sections namely formulation of the problem, evaluation of response function and electron phonon linewidth ,

electron density of states and conclusion of the present work at the end .

1. FORMULATION OF THE PROBLEM
In present case of semiconductor crystals, density of states (DOS) in Lehman representation is taken as

[5]

N,=-2ImG_ (s) @)

In above eq.(1) , Im.qu\(g)represents imaginary part of electron Green's function . So, the evaluation of
electron Green's function is the essential part of the problem .
1. EVALUATION OF RESPONSE FUNCTION AND ELECTRON PHONON

LINEWIDTH
Let us solve the present problem by taking the following electron Green's function as [6]

Gy (.6)=0y" V), () @
The Fourier transformation of above Green's function qu\ (t,t‘) can be obtained by developing many body

system. An electron and phonon are the main source to develop this system. In presence of harmonic field,
localized field and anharmonic field, an electron propagates through these fields. This can be done by taking
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Hamiltonian H as a sum of harmonic part (H Op) , electron part(He) , defect part (H D) , electron-phonon
interaction part (Hep) and anharmonic part (H A) . This Hamiltonian H is given by [7]-[17]
H=H,+H,+H,+H,+H, (3)
Where,

H,, = (ﬁngk [A’A +B,B,] (4a)

—hzgq s Dy (4b)
)

=—hz[<:(121,|22)|3k1 B, - D[k, K, )A A | (4c
Ky K,
= thb "b,B, (4d)
—h;: k kZV (K Koo A A A (4e)
Where, et
Ak:ak_'_a—k*:Ak* ; Bk:ak_a—k*:_B—k*; Q:E"‘q (5)

The symbols & , &, ,ak*(ak), bq*(bq), C(Izl,lzz), D(Izl,lzz), g ,VS(Izl,IZZ,Izg,...,IZS) in

eqs.(4a-4e,5) denote phonon frequency (in energy unit) , electron band energy , creation (annihilation) operators
of phonon , creation (annihilation) operators of electron , mass change parameter , force constant change
parameter , electron phonon coupling constant and Fourier transform of atomic force constant [7]-[17] . An
equation of motion technique of quantum dynamics via Hamiltonian described in egs.(4a-4e) [6] , [14] ,[15] ,
[18],[19] and Dyson equation approach give the Fourier transformed electron Green’s function as

5 xt
qu\(g) [(g £ )+ ir(kqQ, 8)J ©)
Where Sq is given by
&, =&, +AkaQ.¢) (7)

The perturbed mode energy, electron phonon linewidth and electron phonon shift are given by the symbols Eq ,
F(kqQ, g) and A(kqQ,g) respectively in egs.(6,7) .
This method gives response function P(kqQ, 6‘) as

P(kqQ,g)=8gzgkNQ(gk2 —ng + &, ng —gkz)il(g—gq )72 —8928k8qNQ(8—gk )71(8—8(] )72
+ agz(g+gQ )fl(g—gq )72 +3292NQZ‘D(E1,—E1ZEK1 (52 —gklz)fl(g—gq )72 +727z"1gzNQ Z
ke

Ky ko
r\/3(|21, IZZ ,—E]znl S..e., (g — &, )2 (52 - gmzr +S &, (8 — &, )2 (82 - gfazyl + 647r_1g2 Ng
K kzk ’V (lzl’ k.. IZ3’_E12772 S+2‘9+ﬂ(‘9 & )2 ('92 - ‘9+ﬂ2y1 + 33—2‘9—ﬂ(‘9 & )2(‘92 - ‘9ﬂ2)1]
Where,
Ng = <bQ*bQ> N, = < Al Ak> :[i—t]Coth(%) P Sa=n, k0,
S,,=ltn.n,_+n.n_+n.n (9a)
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a =4e, nk+4g gh +&.n  where, i, =(AB) ; n, :<Bk*Bk> (9b)
And,
E & ...E
~ ~ ~ ~ ~ 2 2 2 ky <k ki
Eg =6 6 =6 6,26 6L =& —& TE6 My == 1 (90)
Ex Ex, - Ek

The response function P(kqQ, 5) is related to electron phonon linewidth F(kqQ,g) and electron phonon

shift A(kqQ, &) as

P(kaQ.& +iw)=A(kqQ,£)-ir'(kaQ.&) , @ — 0 (10)

The phonon linewidth F(kqQ ) of above eq.(10) is given by

F(kqQ,g) oep(kQQ 5)+F (kQQ ‘9)+F (kQQ 5)+FDe(kQQ 5)+F3A(kqQ 5)+F3Ae(kQQ ‘9)
4A(kqQ’ g)+F4Ae (kqQ,g) (11)

The various terms of eq.(11) are glven by
oep(kqQ g): 47Zg N { +kq kq (+)§(‘9 + gk ) g—ququz (_)5(‘9 - gk )+ nggq (‘c"k2 - 3gq2)
(v fole-2,)} (12a)

I,(kaQe)= zzagz(gq +& )? [5(5—5 )—6(5+5Q ) (12b)
FD(kqQ,g):167zgzNQ;‘D(IZ K] V2o + &, )~V (1)le 5, )] (12¢)
Io.(kqQ.2)= MngzNngZ‘D(IZl,—IZ [ Mg Fole <) (12d)

N(kaQ o) 369N, Y M (k S T IR A O R B A G R

ki.ko

S,V 2@(e+e,)-Y 2 (e—e,)} ] (12¢)
Ty (kqQ 2)=144 g%, N Z V2K, K, E] (Sue Yl Y P hle-2,) (2f)

T, (kqQ &)-32¢g? No z N (lz Ky, k Iz]zﬂz[ S+2{Y+ﬁq2(+)5(‘9+g+ﬂ)_Y+ﬂq2(_)5(g_‘9+ﬁ)}+

k1 ko kg

3S_ {Y +)55+g Y_ﬂqz(—)5(8—g ﬁ)} ] (129)

FirekaQ £)1289%,Ng 3 V(K Ky Ky K| 7,(S 06, 435 6 ¥ 7 ble —,) (12h)
k1k2k3

Where,

Vi) =(ete)?: Vi=(62—2?) 1=k kg, ta, 28 j=q (13)

V. ELECTRON DENSITY OF STATES
An electron density of states N (kqQ, 5) is evaluated by substituting eq.(6) into eq.(1) as

N(kqQ,¢) Zr kaQe )l - 2, F + T2 (kaQ.e)]’ (14)

If linewidth is very smaII then in the Breit - Wigner expansion , EDOS tends to a delta- shape distribution .
Eq (14) can be written as

N(kgQ,e) ZF kaQ, 8)(6‘ g, )' (15)

In view of egs.(12a- 12h) eq.(15) may be taken as[17] - [19]
N(kgQ &)= N,,(kaQ &)+ N,(kqQ &)+ N, (kqQ, &)+ Ny (kaQ, )+ Ny, (kqQ, &) +
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Nane (kaQ &)+ Ny, (kaQ 6)+ N, (kaQ ) (16)
Where ,
Noep(kqQ, 8)2 3296kBZT3(gq +&q )4(8(12 +&6 &g —EQ )72{ 5+kq2 Kq +)(gk +g ) —8_kq2qu2(—)
(gk - &, )_2 +2¢,6, (gkz —3gq2Xqu2)2 (5q - &, )_2 } (17a)
N, (kaQ )= 292kBT(<9q +&, )‘2 {g Te, (gq +& )_2(1+ 4e, )+h7'E, }[(gq - &, )_2 —(eQ +&, )_2]
(17b)

No(kGQ.&) = 128.0°ky (e, + )6 + 0 Jeg ~ 5o ) TPl T Vi (e, +2,)7
Ky
Y (e -5,)7 ] (17¢)
Noo(KAQu £) = 512 0%, T s, (5, + £ ) (e + 0 Neg — 2o )2 [Pk, K ) 6, Vg F e~ 2,
ky
(17d)
NSA(kqQ,g);1152 7/Lz’1gﬁkBgT4(gq +&q T“(ng + &9 \ég —EQ fzgkflz NS(IZ“ IZZ,—IZJZUI{ Y+aq2(+)(gm +§q )72
Ky ko

(e -2)" ) (17e)

N3Ae(kqQ,5)E46087’“1’1g6k83T“gq(&:q +&, )_4(gq2 +£QX£Q —EQ)_ZEk_l ‘V ( Ky, k]ziylgw

ki.kz

Vi (6= 2)° @7r)

N,,(kqQ &)= 30727 2g°, T5(gq+gQ)’4(sq2+5Q 8Q—5Q 2~72 Z N (1, Ky, ’—ﬁ]zﬂz

123

(e 427 Yoy -2) ) @79)

N4Ae(kqQ,g);12288h’ g%k, Tqu(gq +gQ)‘ 62 +eoleo —20)°5 7 X VKK ks k),

&5 ( —& )V L7h)

V. CONCLUSIONS

The theory based on interaction of electron in harmonic field , localized field and anharmonic field
gives some essential features regarding electron density of states (EDOS) . Fourier transformed electron Green's
function gives electron phonon linewidth which has harmonic part , electron part , defect part , cubic and
quartic anharmonic part affected by electron interaction . It is clear from this many body approach that EDOS
depends as g° on electron phonon coupling constant in every interaction fields except as g and g* dependence
in electron electron field . It is found from this work that EDOS is most probable in sixfold exciton excitations
in comparison to other non-degenerate states such as harmonic state , localized state , two and three phonon
renormalized state . This EDOS is affected by perturbed mode energy through electron phonon shift . It is also
seen that at high temperature limit not only cubic and quartic anharmonic field but also harmonic field, localized
field, electron- electron field give their contribution through different excitations. This many body approach
interpret that the intensity of peaks depend as T*, (T, T%, T®, T*, and T° on temperature in harmonic field ,
electron electron field , localized field , cubic and quartic anharmonic field respectively . The excitations

produced in semiconductor crystal in the form of harmonic state €, , localized state &, , two and three phonon

renormalized states €., , £.5 and exciton state &, give their asymptotic behaviour when they become
identical with perturbed mode energy . In harmonic field , localized field , anharmonic field in the condition of
Eqg=—&Eq Eq = EQ and in electron electron interaction field in the condition &, =—&g , the peaks show

tremendous increase their values . It is also found that an EDOS is affected by non-linearly on force constant
change parameter, cubic and quartic atomic force constants.

4



Theory of Phonon- Phonon Interaction in Semiconductor Crystals

[1].
[2].
3],
[4].
2
[7].

[8].
[9].

[10].
[11].
[12].
[13].
[14].
[15].
[16].

[17].
[18].

[19].

REFERENCES
Keyan Li, Yanju Li, and Dongfeng Xue, “Band Gap Engineering of Crystal Materials: Band Gap
Estimation of Semiconductors via Electronegativity”, Funct. Mater. Lett., vol. 5,p. 1260002, 2012.
Shinji Fukuda, Yuichi Sabi, Toshio Kawahara and Sataroo Yamaguchi, “Performance Estimation of
Silicon-Based Self-Cooling Device”, Jpn. J. Appl. Phys., vol. 52, p.054201, 2013.
J. Callaway, Quantum Theory of the Solid State Part A, New York, London: Academic Press, 1974,
ch.1, p.2.
A. Chauhan and S.C.Gairola,“Electron Phonon Interaction in Electron Density of States of
Semiconductor Crystals”, Eds. N. Yadav , S. Dubey , S. K. Ghosh , in Proc. EIPT-2011, Published by
Excel India Publishers , New Delhi with ISBN : 978-93-81361-31-3 , paper MS-5,P.144.
P. H. Dederichs, New Concepts in the Physics of Phonons,1977.
D. N. Zubarev, “Double-Time Green Functions in Statistical Physics”, Usp. Fiz. Nauk, vol.71, pp.71-
116, 1960 [Eng. Transl. Soviet Physics Uspekhi, vol. 3, 320-345, 1960].
A. A. Maradudin, E. W. Montroll, G. H. Weiss and I. P. Ipatova, Solid State Physics, Supplement 3,
Theory of Lattice Dynamics in the Harmonic Approximation 2™ edition, New York , London :
Academic Press,ch.2, p.56,1971.
H. Frohlich, New Perspectives In Modern Physics, Ed. R. E. Marshak, New York:John Wiley & Sons,
p. 539, 1966.
H. Y. Fan, Elements of Solid State Physics, New York: John Wiley & Sons, p.183&184, 1987.
D. Feinberg, S. Ciuchi and F. dePasquale, “Squeezing Phenomena in Interacting Electron — Phonon
Systems”, Int. J. Mod. Phys. B, vol. 4, pp. 1317-1367, 1990.
G. C. Mahanty and S. N. Behera, “Dispersion of Superconducting Gap Excitations in Layered Charge
Density Wave Systems”, Can. J. Phys., vol. 61, 1160-1168, 1983.
S. N. Behera and S. G. Mishra,“Electron-Phonon Interaction in Charge-density-wave Superconductors”,
Phys. Rev. B, vol. 31, pp.2773-2775, 1985.
J. M. Ziman, “Elements of Advanced Quantum Theory”, Cambridge: Cambridge University Press, ch.
2,p. 38 & 43,1969.
P. K. Sharma and R. Bahadur, “Thermal Conductivity for Phonon Scattering by Substitutional Defects
in Crystals”, Phys. Rev. B, vol. 12, pp. 1522-1530, 1975.
D. N. Sahu and P. K. Sharma, “Thermal Conductivity of an Imperfect Anharmonic Crystal”, Phys. Rev.
B, vol. 28, pp. 3200-3213,1983.
S. Srivastava, Y. P. Raiwani, S. C. Gairola and B.D.Indu, “Electrons in Anharmonic Phonon fields of
low- dimensional high -T¢ Superconductor”, Physica B,,vol. 223 &224, pp. 538-540,1996.
K. N. Pathak, “Theory of Anharmonic Crystals”, Phys. Rev., vol. 139, A1569-A1580, 1965.
B. D. Indu, “Theory of Lattice Specific Heat of an Isotopically Disordered Anharmonic Crystal”, Int. J.
Mod. Phys. B, vol. 4, pp. 1379-1393, 1990.
C. P. Painuli, B. P. Bahuguna and B. D. Indu, “Microwave Attenuation in Isotopically Disordered
Anharmonic Crystals”, Int. J. Mod. Phys. B, vol. 5, pp. 2093-2107, 1991.




