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THE QUANTUM THEORY OF AMPLIFICATION
OF SOUND (ACOUSTIC PHONONS) BY LASER
WAVE IN NON- DEGENERATE SEMICONDUCTOR
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Abstract. Based on the quanium transport equation for the electron- phonon system
of semiconductors, the amplification of sound (acoustic phonons) by Laser wave with
multiphoton absorption process is theoretically studied. The analytic expressions for
the coefficient of amplification of sound (acoustic phonons) and the conditions of
amplification of sound (acoustic phonons) in non-degenerate semiconductors and in
the case with summation over all values with (Q(2— a frequency of Laser wave,
¢ =0; +1; %2...) are obtained. The difference of the coefficient of amplification
of sound (acoustic phonons) and the conditions of amplification of sound (acoustic
phonons) in the case with multiphoton absorption from the case with monophoton

absorption is discussed.

[. INTRODUCTION

The theory of amplification of sound (acoustic phonons) by Laser wave EOSin(Qt)
(§2 - the frequency of Laser wave) in semiconductors has been studied (1,2,3]. In [1,2] the
physics problem was restricted for degenerate semiconductors in the case of monophoton
absorption. The resnults of works (1,2] indicate that the abgorption cocfficient of sound
(acoustic phonons) can be negative in some regions of values of acoustic wave vector .
That is the absorption coefficient of sound (acoustic phonons) changes into the coefficient
of amplification of sound (acoustic phonons). In [3] the analytic expressions for the ab-
sorption coeflicient of sound (acoustic phonons) have been obtained for the case of non-
degenerate semiconductors with multiphoton absorption process, but in restricted values:
N kT /2m, wg > ¢ /2m, wg < kT and A > kT ( m and e - the mass and charge of
electron ; A = eEy/m&; k - the Boltzman constant ; T - the temperature; wg - the energy
of acoustic phonons (A = 1) ) and the condition of amplification of sound has not been
obtained .

In order to continue the ideas of [1,2,3], in this paper we consider thedretically the
amplification of sound (acoustic phonons) by Laser wave in non-degenerate semiconductors
with multiphoton absorption process (in the case with summation over all values 092,
£ =0,£1,+£2,...) for the value wg, A which is not restricted by the condition in (3] and
we obtain the condition of amplification of sound.
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I . THE QUANTUM TRANSPORT EQUATION FOR PHONONS

Hamiltonian of electron-phonon system of semiconductors with the presence of Laser

wave Eosin(Qt) has the form

2m

1 N
Hit) = ——-“Z [p = ;A(f)] (I,I_-:.-(l,-; =+ Zw;; b;bi + ZC@‘ a;;a,—,-,,,é-(b@%— btq), %
2 q g

where: a! and ay (b} and bg) - the creation and annihilation operators of electrons
(phonons); p - the vector of momentum of electron; ¢ - the velocity of light ; Cy the
interaction constant of electron- acoustic phonon scattering; /I(f) - the vector potential
(~1940 = Fosin (1)),

Proceed from (1) and used method of [4,5,6] the quantum transport equation for
phonons in semiconductors with the presence of laser wave has the form

Sthsls :
<8:>' +- lwq‘(bq‘)f = ICq' 22(715— n,;_q) / dfl<b§')t, X
P g
x 3 exp {i(eg — ep-q)(t — 1) — ilQty + i} (@7)Js (@), (2)
f.s=—00

where: the symbol (r); means the averaging of statistics of operator x; nj the distribution
function of electron; £ the energy of electron; a = (eEq/mS?); Jo(z) - the Bessel function

with real argument.

[1I. AMPLIFICATION OF SOUND (ACOUSTIC PHONONS) IN NON-DEGENERATE
SEMICONDUCTORS IN MONOPHOTON ABSORPTION PROCESS

By using the Fourier transformation from (2) we find

(w — wy) Ba{w) = } Cal? ST Ju@@) Iy @ g{w + 692) By(w — £+ s9Q), (3)
f,8=—00
where P 2 s :
Mg(w +0Q) =) . (6§ — +0). (4)

Ei—g — Ep + (w + Q) + i ’

In the case of £ = s from (3) we have dispersion equation
o0

(w—wg) = | Cql? Y JR@D4w + 62) =0, (5)

f=-—00

and absorption coefficient of sound (acoustic phonons)

alf) = n!cq—l‘-* S R@EDY (g = neq) 8 (eeq — €5 — wg = 60), (6)

f=—00 P

with é(7)- the Dirac delta function.
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Suppose that the argument of the Bessel function is small so that aqg = AN < 1.
Passing from summation to integration over j in (6) the absorption coefficient of sound
(acoustic phonons) for monophoton absorption process (in the case with summation over
only values /Q with ¢ = 0, +1) has the form

2 . .
_ H()g 1/2 A2 . u}q S)
a(f) = 5 (2”, ) {(—_252) [exp(?Stjwq-Q)sh( 1T ) + exp(—2S;wz0)

+ 2 ; , q’
X sh( ?)I"T )}exp (—Sd(wé-k 1% 4 4:})/2 )) }, (7)

where S; = m/(2¢°KT) ; ng-the density of electron: & - the constant of deformation

potential: s -velocity of sound ; p - the density of crvstal.
It wi/)1 we have a(q))0. If wg/2 < 1 we have a(§)(0 and which has the form

__12052 Tm \ 1/2 (/\ 2 Q
ald) = - (ﬁ?) {Q‘gi) sh(m sh(2S70;9)

4
X exp l'-*S(; (wj— 4 P + 4{;2)} } (8)

It means that we have the coefficient of amplification of sound (acoustic phonons) .

IV AMPLIFICATION OF SOUND (ACOUSTIC PHONONS)IN NON-DEGENERATE
SEMINCONDUCTORS IN MULTIPHOTON ABSORPTION PROCESS

From (6) we have

al) = ‘ (q[ L I ”(DL”P (eprq — €5 — wg — ) — b(eprs — e5 + wg— I82)} .

(9)
In the case of /\)SZ used changing formula in [6.7] :
L ae ) TP ot T (10)
(A2 — 5%)1/2 1o
where - { 1 if 2)0
Ex E€prg— 5 Fwy ; 2} =
F R 0 if =(0,
we have . : i ;
Py O(A* —€2) (A —e2)
e L] B " 3 +
a((f)—lC( Z7r,, {(/\2—82_)1/2 (/\2—53_)1/2 : {113
p

Passing from summation to integration over p in (11) the analytic expression for
the absarption coefficient of sound (acoustic phonons) by Laser wave for multiphoton
absorption process (in the case with summation over all values £ with # = L IE oF BE Y R
is following
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: ‘ . 2 o0 P 1
2 Eng r m \1/2 mA2 m ( q° - 4) E(J + 5)
e 2ps (QL‘T) ix 2q¢°kT i 2q2kT \ 2m “a ;} o
Ll NSl 8 R
X {A(wq) exp( kT) A( wq)} e (12)

7
where : A(wg) = (?h%:) I; [E’}{—f—% (—297% = w(;)] ; 1;(z) - the Bessel function with com-

" q

plex argument; I'(z) - the Gamma function.
It is important to note that the expression for the absorption coefficient of sound

(acoustic phonons) is calculated exactly by direct summation over all values f€). Futher-

more, if
w—.
A(wg) > exp (*F;—,) Al—wg), (13)
we have a(q))0 and if
it
Alwg) < exp (=% Al=wq) (14)

we have a(q)(0 and which has the form

£2n m /2 —mA? m T SR S - (+13)
s TH) 8 £ 3 2
i e (sz) i (Qq'sz) s { 22K T (2m “’q) P s

=0

X {Pxp (,_,;_;;) A(—wg) — A(w(;)} ; (15)

It means that we have again the coefficient of amplification of sound (acoustic phonons).

From the analvtic formula (12) we make analyze the absorption coefficient of sound
i it cases. wyg 2> g [2m; X > KT, wg < AT and N <« hgTq? /2m then the argument of
the Bessel function is bigger than 1 | the summation only value j = 0 and Ip(z) ~ e* V2rz.
Our result for the absorption coefficient of sound in this limit cases is the same result of
[3].Not that if the condition of amplification of sound (14) is satisfied then the absorption
coefficient of sound changes into the coeflicient of amplification of sound.

We numericallv evaluate and plot the analytic formula (7) for the case of monopho-
ton absorption (Fig.1) and (12) for the case of multiphoton absorption (Fig.2) in the same
condition. The absorption coefficient of sound (acoustic phonons) is plotted as a function
of the frequency of Laser wave (©2) and of the frequency of sound (acoustic phonon ) (wy).

From the graphics we can see

- For the monophoton absorption : when wgz/€? > 1 we have the absorption coeffi-
cient of sound (acoustic phonons) a(q) > 0.

- In the same condition for the case of multiphoton absorption we have again the
coefficient of amplification of sound (acoustic phonons) a(q) < 0.

Note that, the dependence of the coefficients of amplification of sound (acoustic
phonons) on the frequency of Laser wave (€2) and on the frequency of sound (acoustic

phonons) (wy) is nonlinear and complicated.
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Fig I:'The coeflicient of amplification of sound (acoustic phonons)

in the case of monophoton absorption

K- axis = a(q)- axis : omega - axis = wg - axis ; OMEGA - axis = ) - axis .
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[f1g 2: The coefficient of amplification of sound (acoustic phonons)
in the case of multiphoton absorption

S3- axis = a(q)- axis ; omega - axis = wy - axis ; OMEGA - axis = () - axis.;

V. CONCLUSION

In the conclusion, we want to emphasize that
1. The analyvtic expressions for the condition wz/2 < 1 and the coefficient of ampli-
fication of sound (acoustic phonons) (8) in the case of monophoton absorption and for

the condition and coefficient of amplification of sound (acoustic phonons) (14) , (15) in
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the case of multiphoton absorption are obtained by us first time. In the limit cases
N < kT@*/2m,w; > q*/2m; and w; < KT, A > kT the absorption coefficient of
sound with multiphoton absorption process (12) return to the result of [3].

2. In the case of monophoton absorption (Section 3) : our results are different from
results of {1,2]4 The reason of difference is that results of [1,2] for the case of degenerate
semiconductors, but our results for the case of non-degenerate semiconductors.

3. In the multiphoton absorption (Section 4) : the expressions for the condition and the
coefficient of amplification of sound (acoustic phonons) (14), (15) show that the different
dependencies of that ones in comparison with results of [1,2] and Section 3. The reason
of difference is that results of [1,2] and section 3 for the case of monophoton absorption,
but the expressions (14) and (15) for the case of multiphoton absorption.
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LY THUYET LUQONG TU VE SU GIA TANG SONG AM (PHONO AM)
BOI SONG LASER TRONG BAN DAN KHONG SUY BIEN

Nguyén Quang Bau, Nguyén Va Nhan, Chhoumm Navy
Khoa Vit ly - Dai hoc KH Tu nhién, DPHQG Ha Noi

Trén co s& phuong trinh dong lwong tir do he dién tir - phonon cia ban dan, nghicn
ciru ly thuvét sir gia tang séng am (phonon am) bo séng Laser ¢6 ké dén qua trinh hap
thu nhieu photon. Thu dwoc biéu thirc giai tich cho hé s6 gia tang song am (phonon
am) va dieu kién gia tang séng am (phonon am) trong trirong hop co ke dén tinh tong
theo tat ca cac dai lwong chira £2(€2 — tan s6 séng Laser,# = 0, £1; £2; ...). Thao luan ve
sir khac nhau cia hé s6 gia ting séng am (phonon am) trong truong hop hap thu nhieu
photon so v&i truong hop hap thu mot photon




