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Abstract: In this paper, we analytically investigated the possibility of parametric
resonance of acoustic and optical phonons. We obtained a general dispersion equation
for parametric amplification and transformation of phonons. The dispersions of the
resonant acoustic phonon modes and the threshold amplitude of the field for acoustic
phonon parametric amplification are obtained. The parametric amplification for acoustic
phonons in a doped semiconductor superlattice can occur under the condition that the
amplitude of the external electromagnetic field is higher than the threshold amplitude.
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1. INTRODUCTION

Resonance effects in general and parametric resonance are important processes in
physics research. For many beneficial resonance processes, we try to strengthen but there
are also processes that people limit to eliminate. The study of parametric resonance and
parameter enhancement in low-dimensional systems is expected to provide many
important bases for many applications in modern physics and engineering, especially in
low-dimensional materials engineering, microelectronics technology, information
technology... [1], [2].

As we know, in the presence of electromagnetic waves, the electron gas
environment becomes non-stop, when the parametric resonance condition is satisfied, the
parameter interaction or the same type of stimulus will appear (phonon-phonon) or
between phonon-plasmon types, meaning that the process of converting energy from one
type of stimulus to another stimulus appears.

Resonance of phonon parameters and optical phonons in conventional
semiconductor semiconductors in the presence of electrons has been studied in recent
years [3-5]. This phenomenon can be understood as follows: when the presence of
electromagnetic waves (laser field) with frequency Q will appear frequency density

electronic waves @, ifQ(ézl,Z...). If a certain frequency of these electron density
waves coincides with the optical phonon frequency v, , the optical phonons are increased.
These optical phonons then generate electron density waves with frequency
Vg iEQ(f :1,2...), and when a frequency of the electron density wave coincides with
the frequency of some acoustic phonon e, it increases the acoustic phonon.

In this paper, we study the parametric resonance between acoustic phonons and
optical phonons in doped semiconductor super-lattice (DSSL) [6] in the case of
degenerate electron gas, from that we find the dispersion resonance frequency and the
amplitude condition of the laser field for this resonance.
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Il. THE GENERAL DISPERSION EQUATION

The research model is a DSSL created from two identical but doped
semiconductors. The DSSL is created by the periodic spatial distribution of charges. An
example of such a DSSL is created by the recirculation arrangement of thin-type GaAs
semiconductor layers (GaAs:Si) and GaAs p-type (GaAs:Be) separated by non-doped
classes (called is n-i-p-i crystal).

Suppose the electromagnetic wave propagates along the axis of the Oz axis of the
super-network penetrating into the sample, the vector of electric field strength of the

electromagnetic wave takes the form E = Eosin(Qt), EO direction perpendicular to the

axis Oz. Assuming the DSSL does not confine the phonon, the electron energy is
quantized and each state of the electron is characterized by the quantization index n and

the wave vector IZL directed perpendicularly to the axis Oz. Hamiltonian of the electron-

phonon system when a laser field is present, in the secondary quantum representation,
assuming two phonons are present but not dispersed (block phonons) of the form [7]:

H(t) = Ho(t) +H,_, + H,qp (1)

where I:IO(t) is the Hamiltonian of the electron-phonon system that does not
interact with the laser field.

Ho)=> ¢, (R’L -h% A(t)]an*an + habib, + > hv,cic, @
n a a

—

where |n>=‘l§,n> is the electron state corresponding to the wave vector K, ;

a ,a, are the creation and annihilation operators of electron in the |n> state; by, b,

(cq*,cq) are the creation and annihilation operators of acoustic phonon (optical phonon)
with wave vector § ; o, (vq) is the frequency of acoustic phonon (optical phonon) that

due to the electron-phonon interaction; c is the speed of light in a vacuum; &, is the
energy spectrum of electrons in the DSSL, in the form [6]:
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where n=0,1,2... and o, =(

J is the plasma frequency caused by donor
KoM,

impurities with a concentration of doped n,, &, is static dielectric constant, e is electron

charge, me is the effective mass of the electron; A(t) is the vector potential associated
with the electric field intensity vector of the laser field:

A= A, cos(Qt), AJ:% (4)

The Hamiltonian interaction between electron-phonon H I—A|efop given by:

e-ac’
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=>.2.G,.(d)aa, (b, +b,) (5)
g nn'

=ZZDn,n-(q)a§'an(qu +Cq) (6)
g n,n'

With the assumption of block phonons, the electron-phonon interaction
coefficientsG,,,(G), D,, () have form:

Gn,n'(q) :Gann'(qz)’ Dn,n'(q) = Dann'(qz) (7)
2 ey
with: [ = has D[ = AT ®)
To2pvy T NGz

where V, p,v,,& are the volume, the density, the acoustic velocity and the
deformation potential constant, respectively; y,, x, are the static and the high-frequency
dielectric constants, respectively; and I\/Inn.(qz) is electron form factor in DSSL, it has

form [7]:
ZI(D (z—jd ), (z- jd)exp(ig,d)dz (9)

_1 0
®, (z) is the eigenfunction of the electron for an individual potential well, N, is

the number of periods of the DSSL, d is the periods of the DSSL.
In order to establish a set of quantum transport equations for acoustic and optical
phonons, we use the general quantum distribution functions for the phonons [6].

(P), :Tr<V\7‘i'> , where W is the density matrix operator; (¥), denotes a statistical
t

average at the moment t.
We look for quantum dynamic equations for <bq >t :

%(bq ) = %GH (®), qu (10)

Performing algebraic calculations, we get quantum dynamic equations:

T
x j {Gn,n-(q)‘z«bq)t,+<b+q>t,)+Gnvn.(—q)Dnyn.(q)(<cq>tl e @

xexp(l[gn(li—q)—gn.(IZL)+shQ}(t'—t)dt'j

Here J,(4) is Bessel function, f (k ) is the distribution function of the electron in

t

In) state.
From Eq. (11) we can obtain an equation for the Fourier transformation B, ()
and (b, ) :
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(0-,)B,(0) =53 3. |6, () —2—B, (0~ (2)R (. 0)+

n,n' (= £Q+CO

2226 ) (6)—— 55— Ci (- 1Q)P.(4. @)

nn' (= w_€Q+Vq

(12)
Vv

Similarly for C, (co) we also have:

(a)—a)q) ;(Z . q\ — £Q+v —————C,(0—1Q)P,(4,0)+
’ (13)
FEES W gt s
where ZJ Joot ()T (0 +5Q);
[f (K)o (k. -)

Lol s0) =2 R (7 ) h(or so)—io

Here, we pay attention to the hypothesis of the thermal segment of interaction by
multiplying the factor € (5 —+0).

We see equations (12) and (13) describe the interaction between two phonons and
the other. So if we only consider the interaction between two different types of phonons
in the first term of the right side of the two equations we only get /=0.

Rewriting the equation and transformation we obtain the general dispersion
equation for parametric resonance between acoustic phonon and optical phonon:

o -0 L 36, @0 60)| o i Z T @R (w0 -

h—ZZ G (@) 0P (@.0)P, (d,0- 1)

The general dispersion equation (14) for parametric resonance of the two
types of phonons we just found plays a decisive role in the phonon re-normalization
study by interacting with electrons in the presence of the electromagnetic field. From this
equation, we can determine the incremental conditions and transform the parameters of
these stimuli to another.

The dispersion equation (14) is general and can be used for degenerate
and non-degenerate electronic gases, for both receivers one or more photons.

(14)

n,n' q ‘

1. CONDITIONS FOR INCREASING PHONON PARAMETRIC
RESONANCE IN CASE OF DEGENERATIVE ELECTRONIC GAS

When the condition of resonate parameter between acoustic phonon and optical
phonon is done, ie|a, - NQ|=v, (N is a specified integer) the sum is followed ¢, on the

right side of equation (14) there is only one term left /=N .
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To pretend that the dispersion equation (14) is very complex, here we consider
o (@) D, (@) <<1, in the

only the first parameter resonance case o, +v, =

case there are:
q) @, (d,0)=0 (15)

—%ZG
Z oo (3) VP (6,0) =0 (16)

Spectrum of acoustic phonon and optical phonon is written in the form

0, (0) = @, +i7,; @, (0) = 0, +iy,.
For acoustic phonon, we have:

n,n'

a)aza)q+—2 q)‘ZRePO(q,a)q)
. (17)
2
Va :_F . Gnn(q)‘ Im I:)0 (q,a)q)
For optical phonon, we have:
v, za)q+hi2 Dm.(q)‘2 Re Po(q,vq)
. 2 (18)
7o =27 2|Dun (@) IMPy (d.v5)

If w, =v, and the wave vector overlapping acoustic waves and optical waves
merged together, this time is the greatest resonance, assuming at(a)o,qo). We examine

dependence on @ and q near the intersection (a)o,qo) according to the electronic
interaction constant and phonon is[7]:

co:—wa%[(vaivo)A<q)—i(ya+yo)iJ[(va¢vo)A(q)—i(7a—yo)]ziAﬂ (19)

Where v, (v,) is the group velocity of acoustic phonon (optical phonon); a, is
acoustic phonon frequency re-normalized due to electron-phonon interaction;
A(Q)=qg—0q, is the intersection distance of the dispersion line; A(q)<<qg and

A:h—inzm;e (G)Py (d. @) -

In the expression (19): the signs (z) in the subscript of @; correspond to the signs

o ()

(2) in front of the root and the signs (+) in the superscript of @; correspond to the other
sign pairs. These marks are chosen from the selection of resonance conditions. From
equation (19), the expression @ corresponds to the increase in acoustic phonon

parameters when selecting resonance conditions v, +a, = NQ. We find an increase in
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the number of acoustic phonons for the case A(q) =0. The condition for an increase in
acoustic phonon parameters is imaginary parts of @; must be positive, ie:

o1
Im o, =§(—(ya+y0)+\/(;/a—7/0)2+A2)>0 (20)
In case of N = 1, we get:

A= 35 2l (@ @ () = 3 @100 (@[ e(2) -T2 -2)] @D

Replace expression (21) into (20) we get:

IMT, (@, )Tq (vq)

AP >4 > (22)
(ReT (@ )—ReTy (@, -Q))
When thermal energy kg T is much smaller than Fermi energy, electronic gas
degrades. The gas distribution function now takes the form:
1 khig >e, (K )

f(k)=0(er e (k)= 0 khig, <é,(K,) &)

Perform calculations instead (23) into (22), note A = % we get the condition
me

of the electromagnetic field amplitude to have an increase in acoustic phonon:
ZmSQ gnn'(a)q)(gnn'(a)q)_'_hg)

0> — x
Q" [2m, (&, —gn.)—\/Zme(gF —8n—aq2)
_ 212> 212> 2 V2
x [ °q (SF_gn.)—ann.(vq)j_[ 9 (SF_gn—i_th)_gnzn'(Vq)j ] x (24)

E

m, m,
| 2h%g° 2522 w2 M2
X { r'nq (gF—gn.)—gnn.<a)q)]—[ mq (gF—enJrhcoq)—gnzn.(a)q)j ] =E,

2

2m

e

here ¢, (®)=¢, &, -ho-aq’;a =

V. CONCLUSIONS

In this paper, we analytically investigated the possibility of parametric resonance
of acoustic and optical phonons in DSSL. We obtained a general dispersion equation for
parametric amplification and transformation of phonons. However, an analytical solution
to the equation could only be obtained within some limitations. Using these limitations
for simplicity, we obtained dispersions of the resonant acoustic phonon modes and the
threshold amplitude of the field for acoustic phonon parametric amplification. The
parametric amplification for acoustic phonons in a doped superlattice could occur under
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the condition that the amplitude of the external electromagnetic field is higher than the
threshold amplitude. Analytical expressions show that the threshold amplitude depends
on the field, the material and the physical conditions.
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TOM TAT

CONG HUONG THAM SO CUA PHONON AM VA PHONON QUANG
TRONG SIEU MANG PHA TAP KHI CO MAT TRUONG LASER

Trong bai bao nay, ching t61 da thiét 1ap phuong trinh dong lugng tir cho qua
trinh cong huong tham s6 gitra phonon @m va phonon quang trong siéu mang ban dan
pha tap duéi tac dung cta trudng laser va diéu kién gia tang tham s6 phonon am trong
siéu mang ban din pha tap cho trudng hop khi dién ti suy bién. Sy gia ting tham sb cho
céc phonon am trong siéu mang béan dan pha tap c6 thé xay ra khi bién d6 truong dién tir
ngoai l6n hon bién d ngudng.

Tir khoa: Phonon; phonon am; phonon quang; siéu mang béan dan.
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