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Abstract 

We study the eigenenergies and eigenfunctions of the ground and first excited states (GFES) of an electron 

strongly coupled to the LO-phonon in an asymmetry quantum dot (AQD) under an applied electric field by using a 

variational method of the Pekar type (VMPT). This AQD two-level system may be viewed as a single qubit. When 

the electron is in the superposition state (SS) of the GFES, the effects of the electric field and temperature on the 

oscillating period (OP), the time evolution of the electron’s probability density (PD) and the coherence time (CT) 

are obtained. Our numerical results show that the electron’s PD and its OP will increase (decrease) with increasing 

temperature in low (high) temperature regime. The electron’s PD will decrease (increase) with increasing electron-

phonon (EP) coupling strength in low (high) temperature regime. The OP is an increasing function of the electric 

field and will decrease obviously (increase tardily) with increasing EP coupling strength when the temperature is 

in lower (higher) rgime. The CT is an increasing function of the electric field, but a decreasing function of the 

coupling strength.  
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1. Introduction 

Recently, there has been a great deal of interest in 

quantum information and quantum computation, 

and considerable efforts (Harju et al. 2002, Kamada 

et al. 2004, Liu et al. 2008) have been put on those 

subjects with a large amount of experimental work 

(Sikorski et al. 1989, Lorke et al. 1990, Nomura et 

al. 1992). Meanwhile, many investigators studied 

their properties in many aspects by a variety of 

theoretical methods (Li et al. 2006, Li et al. 2010, 

Li et al. 2013). In quantum computation, two-level 

quantum dot (QD) system can be viewed as a single 

qubit, which was studied by many researchers. 

Quantum interference experiments were performed 

on a single self-assembled semiconductor QD and a 

set of quantum operations were combined to realize 

the single qubit (Bianucci et al. 2004). Using 

picosecond optical pulses, complete coherent 

control of a single hole qubit was demonstrated and 

both free-induction and spin-echo decay were 

examined (De Greve et al. 2011). A QD qubit 

architecture, which had a fascinating combination 

of speed and fabrication, was proposed (Shi et al. 

2012). Based on a VMPT, the properties of a QD 

qubit with a triangular bound potential were 

investigated. Furthermore, this system has a long 

decoherence time, which is an attractive property 
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for application in quantum information processing 

devices (Sun et al. 2009). But this quantum system 

is very frail due to the interactions between the 

quantum memories and their surroundings. 

Therefore, quantum coherence plays a crucial role 

in the quantum computer. So considerable efforts 

have been taken to investigate and prolong its time 

in theory and experiment (Petersson et al. 2010, 

Bluhm et al. 2011, Hildner et al. 2011). Actually, 

experiments for any physical system designed for 

the qubits are performed at a finite temperature, 

which will cause decoherence in the system 

(Montina et al. 2008). So, it is necessary and 

important to consider the temperature effects on the 

qubits. In our previous work, we have investigated 

the temperature effects on a QD qubit with 

parabolic linear bound potential (Chen et al. 2008) 

and a quantum rod qubit with Coulomb bound 

potential (Xiao 2013). However, the effects of the 

temperature and electric field on the AQD qubit 

have never been investigated, and this the topic of 

the present manuscript. 

2. Theoretical Model 

To study the AQD in an electric field, we choose 

Fig. 1 as the schematic diagram.  
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Fig. 1. The schematic diagram of an asymmetry QD 

 

The electron under consideration moves in the dot 

under a 3D harmonic potential, and is interacts with 

LO phonons. Under the influence of an electric 

field F  along the ρx  direction, the Hamiltonian of 

the EP interaction system can be written as follows: 
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where,  is the band mass, 1  and 2 are the 

magnitude of the transverse and longitudinal 

effective confinement strengths of the 3D harmonic 

potential in the x-y plane and the z direction, 

respectively. ( )a a

q q
 denotes the creation 

(annihilation) operator of the phonon with wave 

vector q  and frequency . ( ), zpp p=  and 

( ), zr ρ=  are the momentum and position vector 

of the electron, respectively.  and in Eq. (1) 

are 
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We carry out the following Lee-Low-Pines 

transformation (Lee et al. 1953) to (1)  
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where
*( )q qf f is the variational function, then we 

obtain 
 

1H U HU  .                                                   (4) 
 

Following the VMPT (Pekar 1946, Pekar 1954), 

the trial wavefunction of the EP system can be 

separated into two parts, which separately describe 

the electron and phonon. Then the system’s trial 

GFES’ wavefunctions may be chosen (Ding et al. 

2012) 
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where  and  are the variational parameters. 

By minimizing the expectation value of the 

system’s Hamiltonian, we then obtain the electron’s 

ground state energy 0 0 0E H   and the 

first excited state energy 1 1 1E H  . Then, 

the two-level system as a single qubit is built up. 

The SS of the electron can be expressed as  
 

,                                     (7) 

 
and the PD of the electron in the AQD is in the 

following form: 
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where  is the transition 

frequency between the GFES. The OP of the PD is 
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Under the dipole approximation, based on the 

Fermi Golden Rule (Landau et al. 1977), the 

spontaneous emission rate can be written in the 

following form: 
 

 

2
21

2 2 3

0 0

3 52
0 1

52 2 3 2 2
0 0 0 1

0 1
3

16
    ,

3




 

 

   

 







e E
r

m C

e E

m C

          (11) 

 

where C  is the speed of light in vacuum, 0( )   is 

the material (vacuum) dielectric constant, 

1 0E E E    is the energy separation between 

the GFES,   is the CT, and taking 
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 as the unit of CT. 

3. Temperature Effect  

When the electron is at a finite temperature, the EP 

system is no longer completely in the ground state. 

The lattice vibrations excite not only phonon but 

also electron in the electric field and harmonic 

potential. The statistical average value of different 

states can be used to describe the properties of 

polaron. According to the quantum statistics theory, 

the statistical average number of the optical 

phonons is  
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where  is the Boltzmann constant and  

denotes the temperature of the system. With the 

consideration mentioned above, the values of  

and  determined by Eq. (10) relates not only to 

the value of  but also to the value of , which 

should  be self-consistently calculated with Eq. 

(12). In such a way, we can obtain the relation 

between and  and the temperature . From 

Eqs. (8), (9) and (11) we can see that the PD, the 

OP and the CT of the electron in an AQD all 

depend on the variational parameters and , 

and then are related to the temperature T . 

4. Results and Discussion  

As usual, we choose the usual polaron unit 

, and the numerical results of 

the electron’s PD  and its OP versus the 

temperature , the electric field , the EP 

coupling strength   are presented in Figs. 2-5. 

Also, the numerical results of the CT   versus the 

electric field F  and the EP coupling strength   

are presented in Fig. 6. In Figs. 2-6, taking LO , 

LO , 
0LO e r 

, 
1( )LO 
, 0r  and 

1( )LO   

as the units of energy, vibrational frequency, 

electric field, OP, the effective confinement length 

and the CT, respectively. The effective confinement 

length’s magnitude is in the nanoscale. 
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Fig. 2. The time evolution of the electron’s probability 

density versus the temperature. (units of temperature: 

K , units of time: 0T ) 

 
Figure 2 shows the electron’s PD versus the 

temperature and the time when the electron is 

located in  for , , 

,  and . We find 

that the electron oscillates with an OP 

 in the AQD. At the same 

time, we can easily see that the electron’s PD will 

increase (decrease) with increasing temperature at 

low (high) temperature region. This can be 

explained as follows. The thermal motion’s velocity 

of the electron will increase with increasing 

temperature, which will cause its probability in the 

SS to increase. Then, the electron will interact with 

more phonons, which will lead to the destruction of 

the SS. In the low temperature regime, the 

contribution from the former is greater than that of 

the latter, so the electron’s PD will increase with 
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increasing temperature. Opposite tendency 

emerges, however, when the system is in the high 

temperature regime, which will make the electron’s 

PD decrease with increasing temperature. Here it 

can be seen that we can aggrandize the electron’s 

PD by tuning the temperature of the AQD system. 

In low (high) temperature regime, we allow the 

AQD system work in the higher (lower) 

temperature to amplify the PD. 
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Fig. 3. The probability density versus the temperature for 

different values of the EP coupling strength (units of 

temperature: K ). The solid, dashed and dotted lines 

correspond to cases of the EP coupling strength

6.5  , 7.5   and 8.5  , respectively 
 

Figure 3 represents the electron’s PD as a 

function of the temperature and the EP coupling 

strength when the evolutionary time  is 

 and the electron is situated in  

for , ,  and 

. The solid, dashed and dotted lines 

correspond to the cases of the EP coupling strength

6.5  , 7.5   and 8.5  , respectively. It 

illustrates that the electron’s PD will decrease with 

increasing EP coupling strength in low temperature 

zone. This is because the influence of the EP 

coupling strength on the first excited state is weaker 

than that on the ground state in low temperature 

regime, the energy gap between these two energy 

states will increase with increasing EP coupling 

strength. That is to say, the electron’s transition 

probability between relevant states will decrease 

with increasing EP coupling strength in low 

temperature zone, which will lead to the decrease of 

the electron’s PD. Moreover, we interestingly find 

that the electron’s PD will increase with increasing 

EP coupling strength at high temperature region due 

to the novel quantum size confining effect of the 

AQD system. Here we can see that by changing the 

EP coupling strength of the material we can adjust 

the PD of the two-level quantum system. So, we 

may choose materials with smaller (larger) EP 

coupling strength in the low (high) temperature 

regime to maximize the PD. 
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Fig. 4. The oscillatory period versus the temperature for 

different values of the electric field (taking K , 1( )LO   

and 
0LO e r 

 as the units of the temperature, 

oscillating period and electric field). The solid, dashed 

and dotted lines correspond to cases of the electric field

4.0F  , 5.0F   and 6.0F  , respectively 
 

Figure 4 indicates the OP versus the electric field 

and the temperature for , , and 

. The solid, dashed and dotted lines 

correspond to the cases of the electric field 

4.0F  , 5.0F   and 6.0F  , respectively. 

From Fig. 4. we can easily find that (i) at low (high) 

temperature regime the OP will increase (decrease) 

with increasing temperature; and (ii) the OP is an 

increasing function of the electric field and it 

becomes insensitive with the electric field in high 

temperature zone. Our theoretical results are in 

good agreement with the results of Li et al. 2001 

and Li et al. 2001, which were obtained for an 

InAs/GaAs QD in the framework of the effective-

mass envelope function theory. Furthermore, 

because the influence of the temperature, we predict 

a few new phenomena. Here it can be seen that we 

may enlarge the OP by increasing the external 

applied electric field and controlling the 

temperature of the two-level system at a proper 

parameter value. 
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Fig. 5. The oscillating period versus the temperature for 

different values of the EP coupling strength (taking K  

and 
1( )LO 

 as the units of the temperature and the 

oscillating period). The solid, dashed and dotted lines 

correspond to cases of the EP coupling strength

6.5  , 6.5   and 8.5  , respectively 
 

The OP as a function of the temperature and the 

EP coupling strength is depicted in Fig. 5. for 

, , and . The solid, 

dashed and dotted lines correspond to the cases of 

the EP coupling strength 6.5  , 7.5  and

8.5  , respectively. It shows that the OP will 

rise (drop) with increasing temperature in low 

(high) temperature region as depicted in Fig. 4. We 

can also see that the OP will decrease visibly in the 

low temperature regime with increasing EP 

coupling strength. The reason is that the increase in 

the first excited state by increasing the EP coupling 

strength is smaller than that in the ground state. 

Thus, the energy spacing between them will 

increase with increasing EP coupling strength, 

which will cause the reduction of the OP. Moreover, 

we find that the OP will increase slowly with 

increasing EP coupling strength in the high 

temperature region. These phenomena are all 

attributed to the interesting quantum size confining 

effect of the AQD system. Here we can find that by 

changing the temperature and EP coupling strength 

of the material the OP of the two-level quantum 

system can be adjusted. 

Figure 6 plots the CT as a function of the electric 

field and the EP coupling strength for 
1 1.0l   and 

2 1.5l  . It turns out that the CT increases with the 

increase of the electric field. This is because the 

electric field is stronger in the first excited state 

than that in the ground state and the energy spacing 

between the GFES decreases with increasing 

electric field. So the CT increases. This result is in 

agreement with the results of Li et al. 2001, which 

were obtained by using the effective-mass envelope 

function theory, Fig. 6 also indicates that the CT is 

a decreasing function of the EP coupling strength. 

The reason is that, the energy spacing increase with 

increasing coupling strength and the CT decrease. 
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Fig. 6. The coherence time versus the electric field and 

the EP coupling strength (taking 
1( )LO   as the 

units of the coherence time) 
 

As compared to other similar theoretical methods 

mentioned above, the VMPT is quite simple and 

convenient with very clear physical pictures. Under 

this technique, the adopted trial function is the 

Gaussian one, which is very close to the real 

wavefunction in QD and then the obtained results 

are very accurate. It has been demonstrated to be a 

good method to investigate problems of the strong 

electron-coupling. 

5. Conclusions 

We have studied the temperature effect and the time 

evolution of the PD and its OP of an electron 

strongly coupled to the LO phonons under an 

applied electric field in an AQD with a 3D 

harmonic potential. The eigenenergies and 

eigenfunctions of the GFES of an electron have 

been calculated in the presence of an electric field. 

The numerical results indicate that the electron’s 

PD and its OP will increase (decrease) with 

increasing the temperature at low (high) 

temperature region. The CT is an increasing 

function of the electric field, but it is a decreasing 

one of the coupling strength. The electron’s PD 

oscillates in the AQD with a certain period, and to 

maximize it we may choose materials with the 

smaller (larger) EP coupling strength in the low 

(high) temperature regime. The OP is effectively 

prolonged by increasing the external electric field 

and choosing the smaller EP coupling strength in 

the whole temperature regime.  
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