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This paper reports that the ground-state energy of polaron was obtained with strong electron-LO-phonon coupling

by using a variational method of the Pekar type in a parabolic quantum dot. Quantum transition is occurred in the

quantum system due to the electron—phonon interaction and the influence of temperature. That is the polaron transit

from the ground-state to the first-excited state after absorbing a LO-phonon and it causes the change of the polaron

lifetime. Numerical calculations are performed and the results illustrate that the ground-state lifetime of the polaron

will increase with increasing the ground-state energy of polaron and decrease with increasing the electron-LO-phonon

coupling strength, the confinement length of the quantum dot and the temperature.
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1. Introduction

The rapid advances of nanofabrication technol-
ogy have made it possible to work with quasi-zero-
dimensional quantum dots (QDs) in laboratories.
Such systems are of great interest in fundamental
studies because of the completely discrete electronic
states, as well as in practical applications for micro-
electronic devices because of their design flexibility.
Consequently there has been a large amount of work,
both experimentall> 3! and theoretical,[*~9) especially
with the development of quantum information and
quantum computing in recent years, the most feasi-
ble approach is QDs for realizing the quantum com-
puter because of the advantage of being integrated.
The two quantum state of electron is employed as a
single qubit in a QD% in practice, the two quan-
tum states of electron interact with its environment
(phonon) inevitably which lead to the phenomena of

[12-14] 36 the electron—phonon interac-

decoherence.
tion is significant to study the decoherence; mean-
while the electron—phonon interaction is essential to
understand the optical absorption spectra in semi-
conductors, research on the polaron effect has be-
come a main subject in the physics of low-dimensional
quantum systems. Especially in a QD system, the

electron—phonon interactions are enhanced by the ge-

ometric confinement. Therefore, a number of studies
have been focused on the polaron decay in QDs re-
cently. Boucaud et al['%! studied the polaron decay in
InAs/GaAs self-assembled QDs by pump-probe spec-
troscopy and Zibik et all'®! investigated the polaron
decay in n-type InAs QDs by using energy dependent,
mid-infrared pump-probe spectroscopy. Verzelen et
all'™l calculated the polaron relaxation time to thermo
dynamical equilibrium when its lifetime is limited by
the decay of its phonon component due to crystal an-
harmonicity. in these works, however, the ground-
state lifetime of polaron in a parabolic QD has not

been investigated so far.

The purpose of the present paper is to explore
the ground-state lifetime of polaron in a parabolic
QD with strong electron-LO-phonon coupling by us-
The rela-
tions between the ground-state lifetime of polaron and

ing a variational method of Pekar type.
the ground-state energy of polaron, the electron-LO-

phonon coupling strength, the confinement length of
the QD and the temperature are discussed.

2. Theoretical Model

We consider that the system in which the elec-
trons are bounded by the confinement potential in a
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single QD is parabolic.
1
Vir)= 5m*w§r2, (1)
where m* is the band mass of the electron, r is the
coordinate of the electron and wy is the confinement
strength. The Hamiltonian of the electron—phonon
system is given by
h2
2m*

H=—

1 *
V2 4+ M wir? + Z hwrobg by
q
+3 (Vb + hc), 2)
q

where b (by) is the creation (annihilation) operator of
a bulk LO-phonon with wave vector ¢(q = q,//,q1),
and

Vy = i(hwro/q)(h/2m*wio)* (4ma/V)2, (3)
o = (62/2tho)(2m*wLo/h)1/2
X (1/e00 — 1/20). (4)

The LLP transformation to Eq.(2) is modified as

U = exp [Z (fobd — f;bq)] , (5)
q

where f, will be treated as a variational function.
After the above transformation the Hamiltonian be-
comes

H' =U'HU. (6)

Suppose that the Gaussian function approximation is
still valid in the ground-state of electron—phonon sys-
tem according to the variational method of Pekar type.
For the ground-state we choose the wave function of
the system as

3/2
W0) = (%) ep(-N2/2)00), (7)

where A is a variational parameter and |0) is zero
Then the
ground-state energy of polaron can be written in the

phonon state which satisfies b,]0) = 0.

following form
Eo(A) = (Pe—pl H' [pe—p)
3h2\? 3h?
dm*  Am*N203

2
\/;OzthoTo)\, (8)

where the confinement length of a QD is [y =

A 1/2
and the polaron radius is r9 =
m*wo

(h/2m*wLo)1/2.

Hence, the ground-state energy of polaron in a
parabolic QD can be written as

2
— \/;Ozthoro)\%. (9)

Under the influence of the electron—phonon in-

O3RN 3R

E
0 4Am* 4m*)\gl§

teraction and the temperature based on the Fermi
Golden Rule, the transit rate that the polaron transits
from the ground-state to the first-excited state after
absorbing a LO-phonon is given by

_ awro [2m*wro
7! =
™ Vo n v

2 2m* 2
in LY A(Q“L m*“’LO/h+A°)2. (10)
(\/)\0—2777/ UJLO/h_)\O)

According to quantum statistics, we have

where kp is the Boltzmann constant, Eq.(11) should

be self- consistent with the n, of Eq.(10).

LO
kgT
ture parameter and then the Eq.(11) is converted into

fig = lexpy — 1]

Mean-

while, we assumed that = + is the tempera-

3. Results and discussion

The numerical results of the dependence of the
ground-state lifetime of polaron on the electron-LO-
phonon coupling strength, the confinement length of
QD, the ground —state energy of polaron and the tem-
perature in a parabolic QD are presented in Figs.1-4.
Choose h = 2m* = wr,o = 1 polaron units.

Figure 1 presents the ground-state lifetime of po-
laron as a function of the ground-state of polaron at
different temperature parameters. It can be seen that
the lifetime of polaron increases with increasing the
ground-state energy of polaron. This is because the
higher the ground-state energy of polaron, the lower
the transition probability per second is, which is a
measure of quickness of the polaron scattered from its
ground-state into the first-excited state under absorp-
tion of a LO-phonon.
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Fig.1. The ground-state lifetime of polaron as a function
of the ground-state energy in a parabolic QD.

Figure 2 shows the lifetime of polaron as a func-
tion of the confinement length at different electron-
LO-phonon coupling strength o = 5,6, 7 and the tem-
perature parameter v = 1. From it we can see that the
lifetime of polaron decreases with increasing the con-
finement length. The reason is that with the decrease
of confinement length (wy decreasing), i.e. with the
increase of rg, the thermal motion energy of electrons
and the interaction between electron and phonons,
which take phonon as medium, are reduced because
the range of particles motion becomes large. So the
ground-state energy of polaron in a parabolic QD de-
creases. As a result, the transition probability per
second becomes fast and it leads to the reduction of
lifetime of polaron.

0.45 1
0.40 o

0.35

-1
LO

0.309"

T/ w

0.25 9

0.20 4

Io

Fig.2. The ground-state lifetime of polaron as a function
of the confinement length in a parabolic QD.

Figure 3 illustrates the ground-state lifetime of
polaron as a function of the electron-LO-phonon cou-
pling strength at the different confinement length [y =
0.3,0.4,0.7 and the temperature parameter v = 1. It
shows that the ground-state lifetime of polaron de-
creases with increasing the electron-LO-phonon cou-
pling strength. This is derived from the contribu-
tion for which the electron—phonon interaction to the
ground-state energy of polaron is decreased. So with
increasing the electron—phonon coupling strength, the
And
then the transition probability per second becomes

ground-state energy of polaron will decrease.

large. Consequently, the ground-state lifetime of po-
laron is reduced with the result.
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Fig.3. The ground-state lifetime of polaron as a func-
tion of the electron-LO-phonon coupling strength in a
parabolic QD.

Figures 4(a) and 4(b) plot the ground-state life-
time of polaron as a function of the temperature
parameter at different electron-LO-phonon coupling
strength and confinement length ,respectively. From
them, we can see that with increasing the tempera-
ture parameter (the temperature falling) the lifetime
of polaron increases rapidly. This is because the lattice
thermal vibrations become slowly with falling the tem-
perature. And it makes the numbers of phonon around
electron decrease sharply. For this reason, the prob-
ability that the electron absorbs a phonon becomes
small. Meanwhile, we also see that the influence of
temperature to the lifetime of polaron is dominant in
a QD. Only on the condition of certain temperature,
the influence of coupling strength and the confinement
length to the lifetime of polaron is mainly considered.
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Fig.4. (a) The ground-state lifetime of polaron as a function of the temperature parameter at different

coupling strength. (b) The ground-state lifetime of polaron as a function of the temperature parameter at

different confinement length.

4. Conclusion

With strong electron-LO-phonon coupling by us-
ing a variational method of Pekar type in a QD, the
ground-state energy of polaron lifetime was studied.
The relations between the ground-state lifetime of po-
laron and the ground-state energy of polaron, the

electron-LO-phonon coupling strength, the confine-
ment length of a QD and the temperature are dis-
cussed. The results indicate that the ground-state
lifetime of polaron will increase with increasing the
ground-state energy of polaron and decrease with in-
creasing the electron-LO-phonon coupling strength,
the confinement length of a QD and the temperature.
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