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PARAMETRIC RESONANCE OF CONFINED ACOUSTIC AND
OPTICAL PHONONS IN RECTANGULAR QUANTUM WIRE

LE THI THU PHUONG
Hue University’s College of Education, 84 Le Loi, Hue, Vietnam
NGUYEN VU NHAN, NGUYEN THUY LINH, NGUYEN QUANG BAU
Hanoi National University, 334 Nguyen Trai, Hanoi, Vietnam

Abstract. The effect of confined phonons on parametric resonance of acoustic and optical phonons
in rectangular quantum wires (RQWs) in the presence of an external electromagnetic field is the-
oretically studied by using a set of quantum kinetic equations for phonons. The analytical ex-
pression of intensity of threshold field Ein of the parametric resonance of confined acoustic and
optical phonons in RQWs is obtained. Numerical results for the the threshold field intensity in a
GaAs/GaAsAl quantum wire are presented for both models of phonon confinement for a range of
values of the relevant parameter. Numerical results are compared with those for the unconfined
phonons to clarify the difference and show that the confinement of the phonons effect significantly
on the threshold amplitude of the field.

I. INTRODUCTION

In the presence of an external electromagnetic field (EEF), an electron gas is well
known to become non-stationary. When the conditions of the parametric resonance (PR)
are satisfied, parametric interactions and transformations (PIT) of the same kind of ex-
citations, such as phonon-phonon and plasmon-plasmon excitations, or of different kinds
of excitations, such as plasmon-phonon excitations, will arise; i.e., energy exchanges pro-
cesses between these excitations will occur [1]. The physical picture can be described as
follows: Due to the electron-phonon interaction, propagation of an acoustic phonon with
a frequency wg is accompanied by a density wave with the same frequency. When an
EEF with a frequency €2 is presented, a charge density waves (CDW) with a combination
frequency wgy £ LQ (L = 1,2,3...) will appear. If among the CDW there exists a certain
wave having a frequency that coincides, or approximately coincides, with the frequency of
the optical phonon, vg, optical phonons will appear. These optical phonons cause a CDW
with a combination frequency of vz 4 LS}, and when vy 4 L = wg, a certain CDW causes
the acoustic phonons mentioned above. The result of the study shows that the PIT can
speed up the damping process for one excitation and the amplification process for another
excitation; namely, acoustic phonons are amplified while optical phonon are decreased or
vice versa. For low-dimensional semiconductors, there have been several works on the
generation and amplification of acoustic phonons [2, 3] but just for unconfined phonons.
In order to continue these ideas, the purpose of this paper is to also study the parametric
resonance of acoustic and optical phonons, but in a RQW and phonons are confined. The
electron gas is assumed to be non-degenerate. In Sec. II, we introduce the interaction
Hamiltonian of the parametric interaction model and the dispersion equation obtained
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from the quantum transport equations for phonons. In Sec. III, we present the results of
an analytical approximation for the resonant acoustic phonon frequency and the threshold
amplitude of the field for parametric amplification of acoustic phonons. Numerical results
and Conclusions are shown in Sec. IV and V.

II. MODEL AND DISPERSION EQUATION

Let us consider a quantum wire of rectangular cross section along the z axis, with
finite z and y dimensions, given, respectively, by L, and L,. We assume that the walls
are impenetrable; that is, the confining potential well is an infinite square well. In this
case, the state and the electron energy spectra have the form [4]
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where k, is the electron wave vector along the wire’s z axis and m, is the electron effective
mass, L, is the length of the RQW, —L,/2 <z < L,/2 and —L,/2 <y < L,/2.
Here, we are interested in the role of phonons. With the confined-phonon assump-
tion, the total Hamiltonian of the electron-phonon system in a RQW in the presence of a
laser field, E = FEysin t, can be partitioned as
H=H.+ Hy, + He_pp (3)
The first term in Eq. (3) is the Hamiltonian of the electron [5]
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Hpy, is the Hamiltonian of phonons. Here, two kinds of phonon modes, confined acoutic
phonon and optical phonon, are considered. So Hpy, takes the form [6]:

Hpp = Z hwm,n.g. @ mn(‘h)amn qz) Z hvmn,qzbmn(%)bmn(‘k) (5)

m,n,qz m,n,qx

The one-dimensional Frohlich Hamiltonian in the last term of Eq. (3) describing the
interaction between an electron and two different confined phonon modes can be written
as [7]:

H._ ph = Z Z Mgy, o mmn q,z) (kz + QZ)Coz(kz)(am,n(QZ) + aiz,n(iﬂ.Iz))

a,a’ mon,k;,qz

+ Z Z Ga,a’,m,n(q,z)c;;(kz + q,z)ca(kz)(bm,n(QZ) + b7—'r_L7n(_qz)) (6)

/
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with e, and co (k)" (ca(k:)) being the energy spectrum and the creation (annihilation)
operator of an electron for state |a, k), and a;}, ,,(¢z) (b}, ,(¢2)) is the creation operator
of an acoustic (optical) phonon for energy Awm, n.q. (AUmn.q. ). In this paper, we will deal
with confined phonons; therefore the electron-phonon interaction matrix element take the
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forms Ma,a’,m,n(q,z) = Cm,n(q,z)lg:har}(Qm,n) and Ga,a’,m,n(Qz) = Dm,n(Qz)Igf&?}(Qm,n) where

8]

Lz /2 Ly/2 mlx Ty 'z 'y
150 (@mon) dx dy cos ( cos (—=) cos cos
LL L2 Jer,)2 m) (Ly) (Lx) (Ly)
X Gm(2)Caly) (7)
The function (,,, which is determined by the confinement mode, is defined as follows
Cm(z) = cos (nzmc + 55 m) (8)

The confined electron- acoustic and -optical phonon interaction constants take the
forms [9]

2 h&? T\ 9 nm
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In order to establish a set of quantum transport equations for confined -acoustic
and - optical phonons, we use the general quantum distribution functions for the confined
phonons, < @ n(q:) > and < by, n(qz) >¢, where < b >; denotes a statistical average at
the moment t: < ¢ >,= TT(W@ZA)), where W is the density matrix operator and Tr denotes
the trace. Using the Hamiltonian H and realizing the operator algebraic calculations, we
obtain a set of coupled quantum transport equations for the confined acoustic phonons.

From that, we can obtain an equation for the Fourier transformation A, ,(¢.,w) of
< Gmn (QZ) >

(w_wm,n,qz)Amn 4z, W hz Z Z {{’Cmn QZ ’ ‘

a,a’ m,n,qz L=—o00

 Dmalter o~ L0 = Dy (. g.00) ) (11)

where we have set
ML (m,n,.0) = Z T e () o 0+ 50, (12)
Pong (0 52) = 3 olhs) — fur (b — g2) o

’ (aa(kz) — e (ky — qz) — hsQ) — hw — ih&)

It can be noted that I'y, 4. (w4 s§2) is the polarization operator of the electron
distribution function and that the quantity ¢ is infinitesimal and appears due to the
assumption of an adiabatic interaction of the EEF, f, (k) is the distribution function of
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electrons in the state |, k, >, J5(A\/Q) is the Bessel function, and A = eq, Eo/meS) (m, is
the electron mass).

Repeating the above processes, we can also obtain an equation for the Fourier trans-
formation A}, ,,(—¢.,w) of < a;}, ,,(—¢.) >¢ and the relative expression between A, ,, . (w)
and A,‘;’n(—qz, w). In the same way, but for confined optical phonons, we obtain a similar
equation in which wp, pnq., Amn(qz,w), Amn(gz,w — LQ), Cpn(qz), Dmn(qz), and vy, p g,
are replaced with Um,n,qz» Bm,n (QZ7 UJ), Bm,n(Qm W= LQ), Dm,n(q,z)a Cm,n(‘]z)a and Wm,n,q.
respectively. In the equations, A, »(¢z,w) and By, »(¢.,w) are the Fourier transformations
of < amn(g:) >t and < by, n(gs) >¢ respectively. In these coupled equations, the first terms
describe the interactions between phonons that belong to the same kind (acoustic-acoustic
or optical-optical phonons) while the second terms describe interactions between phonons
that belong to different kinds (acoustic-optical phonon). We can put L = 0 in the first
terms of the coupled equations because we are now focusing on the PIT of the confined
acoustic and the confined optical phonons. Solving the set, we obtain a general dispersion
equation for the PIT of the acoustic and the optical phonons

[WQ mn,qz hz Z Imn(an)| wmnquO(m7n,qz,W)] [(W—LQ)2

a,a’ m,n,q;

mnqz hz Z D QZ | ;naT:(an” HO(manafhaw_LQ)Um,n,qz]

a,a’ m,n,qz

AY S B @D i
a,a’ m,n,qz L=—o00
XHL(m,n,qz,w)HL(m,n,qZ,w—LQ). (14)

III. CONDITION FOR PARAMETRIC AMPLIFICATION

The solution to the general dispersion equation, Eq. (14), is complicated; therefore,
we limit our calculation to the case of the first-order resonance (L = 1), in which wy, 4, £
Umon,g, = §2. We also assume that the electron-phonon interactions satisfy the condition

Conn @I @ )| | Do) 5 )|

dispersion relat10ns for acoustic and optical phonons as wge (m,n,q,) = w, + i1, and
Wop (M, M, q;) = wy + i1y, we obtain the resonant acoustic phonon modes [10]

< 1. With these limitations, if we write the

W) = wa + % (Ve £ 00) Ags — i (7 +70)] £ 4/ [(va F v0) Ags — i (7 — 70)* A2 (15)

where v, and w, (vp and wy) are the group velocity and the renormalization (by the
electron -phonon interaction) frequency of the acoustic (optical) phonon, respectively,
Aq. = q, — qo, qgo being the wave number for which the resonance is maximal,

2
10 (q,z,wm,n,qz) (16)

2 m,n
A= o) Z Cm,n(QZ)Dm,n(QZ) Ia,a/(Qm,n)

a,a mn
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In Eq. (15), the signs (+) in the subscript of w(f) correspond to the signs (+) in

front of the root, and the signs (4) in the superscript of wf) correspond to the other sign

pairs. These signs depend on the resonance condition wy, n g, = Umn,q. = §2. For instance,

the existence of a positive imaginary part of W) implies a parametric amplification of
the acoustic phonon. In such cases that A\/Q2 < 1, the maximal resonance, and g = ¢, we
obtain

F=1Im [wS:)] = % [— (Ta + 70) + \/(Ta —70)° + |A|2] (17)

where 7, and 7y are the imaginary parts of the frequencies of the acoustic and the optical
phonons and take the forms

1 m,n 2
Ta = _ﬁ ‘Cm,n(Qz’)Ia’&/(Qm,n)‘ f(wm,mqZ) y (18)
1 mn 2
70 = _ﬁ ’Dm,n(Qz’)Ia,&/(Qm,n) f(vm,m(h) ) (19>
and
A mn 2
Al = 5 Z Cmn(q2)Dmon(gz) Ia,&/(Qm,n)
R a,a’ ,m,n
9 9 1/2
x {10 @mnna) = 0 @mg. = D + [ @) = & @mna. — DL (20)
with
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& (Wm,n,q.) 2h2q, exp [B (eF — €a)] exp !_ 222
x {1 — exp (Bhwm,ng.)} (21)
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- hy/27 (3 Ea,a’ (wm,n,qz)

with 8 = RE%T’ kp being the Boltzmann constant and 1" the temperature of the system.
er is the Fermi level, and

¢
2m

(23)

Ea,a (Wm,n,qz) =E&a — & — hwm,n,qz -

From Eq. (17), the condition for the resonant acoustic phonon modes to have a
positive imaginary part leads to [A|* > 47,79. Using these conditions and Eqs. (18)-(20)
yields the threshold amplitude for the EEF for a non-degenerate electron gas:

2m€Q2 \/é- (wmynaQZ) 5 (UmynaQZ)
€4z \/[6 (wm7n7QZ) -0 (wmvnafh - Q)]Z + [g (wm7n7q2) - § (wmvnvfh - Q)]2
(24)
Equation (24) means that the parametric amplification of the acoustic phonons is
achieved when the amplitude of the EEF is higher than some threshold amplitude.

E() > Eth =
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IV. NUMERICAL RESULTS AND DISCUSSION

To numerically estimate the threshold amplitude, Fy,, and the parametric ampli-
fication coefficient, F' for parametric amplification of confined acoustic phonons, we use
specific GaAs/GaAsAl RQW with the parameters [6, 11, 12]: xo = 10.9, xo = 12.9,
£ =135¢eV, p =532 gcm™3, v, = 5370 ms™!, ep = 50 meV, L, = 104, L, = 1004,
m = 0.067mg, mo being the mass of free electron, and hvy, 4, = 36.25 meV, T' = 77 K,
Q =4 x 10'3 Hz, the set of transitionis n =2, =1,n" =2,/ =1,m=1,n= 1.

In Fig. 1, 2, we show Ey, as a function of the reduced wave number ¢,, and the
length L, of RQW at temperature of 77K. The figures show that the shape of the curves
are total similar each other, the curves have maximal values and are non-symmetric around
the maxima. This is due to the fact that a fixed EEF, with an amplitude greater than
the corresponding threshold amplitude, can induce parametric amplification for confined
acoustic phonons in two regions of the wave number corresponding to the two sign in
Wimn,g: £ Vmn,g. = 2. Ey, strongly depends on temperature 7', as the temperature drops,
the maximum value of Ey, decreases significantly, and its peak shifts to larger wave num-
bers. However, in Fig. 2, when the length L, of RQW increases, the value of E}j, increases
and reaches a saturated value. We can see that in the case of confined phonons the am-
plitudes are greater than the corresponding threshold amplitude in the case of unconfined

phonons.
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The dependence of the parametric amplification coefficient ' on the reduced wave
number ¢, and the length L, of RQW is presented in Fig. 3 and Fig. 4. It is easy for us
to recognize the shape of these curves are different from they are in above figures. F has
the both positive (amplification) and negative (absorption) values. This is consistent with
the above consideration for the threshold amplitude. Apparently, there are two regions of
wave number in which parametric amplification for acoustic phonons is achieved (F' > 0).
The amplification for wave number from 1 x 102 m~! to 3 x 10® m~—! is stronger than it is
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Fig. 3. F (s7!) as a function of ¢, in Fig. 4. F (s7!) as a function of L, in
two cases: confined-phonon (solid line) and ~ two cases: confined-phonon (solid line) and
bulk-phonon (dashed line). Here, L, = bulk-phonon (dashed line). Here, ¢, =
40A 2 x 108 m~!

for the other wave numbers. In Fig. 4, F' is also sensitive to the length L, of RQW and
it has the similar explanation.

V. CONCLUSIONS

In this paper, we analytically investigated the possibility of parametric resonance
of confined acoustic and confined optical phonons in RQWs. We obtained a general dis-
persion 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. Analytical expressions show that the parametric amplification and thresh-
old amplitude depend on the frequency wi, n ¢, and vy, n.q, While Wy, n g, and vy, 5 ¢, depend
on m,n quantum numbers and component of wave vector ¢,. That is a basic difference
between confined phonon mode and bulk phonon mode .

Numerical results for a specific quantum wire GaAs/GaAsAl: Be clearly showed the
predicted mechanism. Parametric amplification for acoustic phonons and the threshold
amplitude depended on the physical parameters of the system and were sensitive to the
temperature in the region of low temperature but saturated in the region of high temper-
atures. These characteristics are similar to those in quantum wells, and maybe they are
common properties of low dimensional systems.
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