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The dependence of the parametric transformation coefficient
of acoustic and optical phonons in doped superlattices on
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Abstract. The parametric transformation of acoustic and optical phonons in doped superlatticesis
theoretically studied by using a set of quantum kinetic equations for the phonons. The analytic
expression of parametric transformation coefficient of acoustic and optica phonons in doped
superlattices is obtained, that depends non-linear on the concentration of impurities. Numerical
computations of theoretica results and graph are performed for GaAs.Si/GaAs.Be doped
superl attices.
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1. Introduction

It is well known that in presence of an external eectromagnetic field, an e ectron gas becomes
non-stationary. When the conditions of parametric resonance are satisfied, parametric resonance and
transformation (PRT) of same kinds of excitations such as phonon-phonon, plasmon-plasmon, or of
different kinds of excitations, such as plasmon-phonon will arise; i.e., the energy exchange process
between these excitations will occur [1-9]. The physical picture can be described as follows: dueto the
electron-phonon interaction, propagation of an acoustic phonon with a frequency w; accompanied by

a density wave with the same frequency W. When an externd dectromagnetic field with frequency is
presented, a charge density waves (CDW) with a combination frequency ug =IW (1=1,2,3,4...) will

appear. If among the CDW there exits a certain wave having a frequency which coincides, or
approximately coincides, with the frequency of optical phonon,uy , optical phonons will appear.

These optical phonons cause a CDW with a combination frequency of ug =IW, and when
up £IW@wy, acertain CDW causes the acoustic phonons mentioned above. The PRT can speed up

the damping process for one excitation and the amplification process for another excitation. Recently,
there have been several studies on parametric excitation in quantum approximation. The parametric
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interactions and transformation of acoustic and optical phonons has been considered in bulk
semiconductors [1-5], for low-dimensional semiconductors (doped superlattices, gquantum wells,
guantum wires), the dependence of the parametric transformation coefficient of acoustic and optical
phonons on temperature T and frequency W is has been dso studied [6-9]. In order to improve the
PRT theoretics for low-dimensional semiconductors, we, in the paper, examine dependence of the
parametric transformation coefficient of acoustic and optica phonons in doped superlattices on
concentration of impurities.

2. Model and quantum kinetic equation for phonons

We use model for doped superlattice with eectron gas is confined by the superlattlce potential
along the z direction and dectrons are free on the xy plane. If alaser field E(t) Eosm(\/\/t) irradiates
the samplein direction which is along the z axis, the electromagnetic field of laser wave will polarize

paralldsthe x axis and y axis, and its strength is expressed as a vector potentia A(t) = VEV Ilfocos(\/\/t)

(cisthelight velocity; W isEMW frequency; E, isdectric field intensity).

The Hamiltonian of the e ectron-acousti c phonon-optical phonon system in doped superlattice can
be written as (in this paper, we sdect h =1):

H(t)= é_ea ta’a, + éwrbrbr + 5%0505 +
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where e, (t) :en(kA +& A(t)) is energy spectrum of an electron in external electromagnetic field, a;,
c

(a&,) is the credtion (annihilation) operator of an eectron for state |n,I'<A A, b, by (ci, c) is the
crestion operator and annihilation operator of an acoustic (optical) phonon for state have wave vector ¢ .
The dectron-acoustic and optical phonon interaction coeffi cients take the formg[10]

2
|Gy = )
2rnV e q c, C,
hereV, r , ng, and x arethe volume, the density, the acoustic velocity and the deformation potential
constant, respectivdy. ¢ is the éectronic constant, c, ,c, are the static and high-frequency

did ectric constants, respectively. The dectron form factor, | .(('q) iswritten as[11]:
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here, F(z) is the eigenfunction for a single potential well, and S, is the number of doped
superlattices periods, d isthe period.
Energy spectrum of e ectron in doped superlattic [12]:
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here, n, is concentration of impurities, m and e are the effective mass and the charge of the € ectron,
respectively and ¢, arethe energy levels of an individual well.

In order to establish a set of quantum kinetic equations for acoustic and optical phonons, we use
equation of mation of statistical average vdue for phonons

i%<ba > = 4by, H(O]A; i%“a >=4c, HOI ©

where aXfi means the usud thermodynamic average of operator X.

Using Hamiltonian in Eq.(1) and realizing operator algebraic calculations, we obtain a set of
coupled quantum kinetic equations for phonons. The equation for the acoustic phonons can be

formulated as:
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A similar equation for the optical phonons can be obtained in which &y fj, dyfi, ug, wy,
Cy, Dy arereplaced by &y i, écaﬁ, wy, Ug, Dy, Cy, respectively.

In Eq.(6), f, (II<A) is the distribution function of electrons in the state |n,II<A A, Jm(lﬁl) is the

Ly
Bessd function, and | :@
mw

3. The parametric transformation coefficient of acoustic and optical phonon in doped
superlattices

In order to establish the parametric transformation coefficient of acoustic and optical phonon, we
use standard Fourier transform techniques for statistical average value of phonon operators: ébaﬁ,

&', &, &’;f . The Fourier transforms take the form :
¥ ¥
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One finds that the final result consists of coupled equations for the Fourier transformations Cy (w)
and By(w) of acrfj and dbfj.
For instance, the equation for Cr (W) can be written as:
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By(w-1W) _ r
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In the similar equation for By(w), functions such as Cy(w), Cgy(w-IW), Byw- IW), ug, wg,
Cy, Dy arereplaced by By(w), Br(w- IW), Cr(w- IW), wy, ug, Dy, Cp, respectively.
In Eq.(8), we have:
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where, the quantity d isinfinitesimal and appears due to the assumption of an adiabatic interaction of
the dectromagnetic wave (EMW).

In Eq.(8), the first term on the right-hand side is significant just in case 1=0. If not, it will
contribute more than second order of € ectron-phonon interaction constant. Therefore, we have
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Transforming Eq.(11) and using the parametric resonant condition wy + m\W @, the parametric

transformation coefficient is obtai ned
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Consider the case of | =1; and assign g, = § Wl F1Dg [ ImPo(c'1,u(5)

=K (12)

Notethat d =g,, we have
& 11 . FD.{CP(Gw)
K, = , 13)
19
Using Bessel function, Fermi-Dirac distribution function for € ectron and energy spectrum of eectron
in Eq.(4), we have

G
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Where G= \I/_v Al . [ DiCrReGy(wy) (15

g =all_; FID; F ImGy(ug) (16)
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In Egs.(17) and (18), b =1/k,T (k, is Boltzmann constant), f, is the eectron density in doped
superlatti ces.
K, is analytic expression of parametric transformation coefficient of acoustic and optical phonon

in doped superlattices when the parametric resonant condition wy + IW@uy is satisfied

4. Numerical results and discussions

In order to clarify the mechanism for parametric transformation coefficient of acoustic and optical
phonons in doped superlattices, in this section we perform numerical computations and graph for
GaAs:Si/GaAs:Be doped superlattices. The parameters used in the calculation [6,7] x =13.5eV,

r =5.32gem®, n,=5378ms*, c, =109, ¢,=12.9, d =10nm, m=0.066m,, m, being the mass
of free dectron, hw, = 36.25meV , E, =10°V/m (E,is dectric field intensity), k, =1.3807" 10 % j/K ,

f,=10°m®, e=1.60219" 10 °C, h=1.05459" 10 * j.s, T=300K, q=3.2" 10'm*.
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Fig. 1. Dependence of the K, on n.

Fig 1 shows the parametric transformation coefficient K1 as a function of concentration of
impurities n . It is seen that the parametric transformation coefficient of acoustic and optical phonons

in doped superlattices depends non-linearly on concentration of impurities n,. Especialy, when
concentration of impurities n, tend toward zero, value of the parametric transformation coefficient of
acoustic and optical phonons in doped superlatices will turn back nearly eqgual that in bulk
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semiconductors  [5] (K, ; 0.35), when concentration of impurities raises, the parametric
transformation coefficient also to increase. This can be explained as follows. when concentration of
impurities ny tend toward zero, the doped superlattices as a normal bulk semi- conductors. When
concentration of impurities raises large enough, the doped superlattices is as low-dimensional
semi conductor.

5. Conclusions

In this paper, we obtain analytic expression of the parametric transformation coefficent of
acoustic and optical phonons in doped superlattices in presence of an external eectromagnetic fied

K, Egs.(14)-(19). It isseen that K, depends on concentration of impurities. Numerical computations

and graph are performed for GaAs.Si/GaAs.Be doped superlattices, fig 1. The results is seen non-
linear dependence of parametric transformation coefficient on concentration of impurities. when

concentration of impurities n, tend toward zero, value of the parametric transformation coefficient of

acoustic and optical phonons in doped superlatices will turn back nearly eqgual that in bulk
semiconductors  [5] (K, ; 0.35), when concentration of impurities raises, the parametric

transformation coefficient also to increase. This can be explained as follows. when concentration of
impurities n, tend toward zero, the doped superlattice as a norma bulk semiconductors. When

concentration of impurities raises large enough, the doped superlattice is a low-dimensional
semi conductor.
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