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Based on the effect of a resonant laser pulse on an electron, the realization of a general single qubit gate U( , )α φ  in a 
double-quantum-dot structure is investigated theoretically. By varying the voltage biases and the parameters of the pulse 
which acts on the double-dot structure, all single qubit gates can be implemented. 
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1. Introduction 

 
Recently, there has been great interest in the 

implementation of quantum logic gates by manipulating 
two-level electron systems in semiconductor quantum dots 
[1]. Several interesting phenomena have been recognized 
when the quantum-dot structure contains one or two 
electrons. In 1999, Openov [2] first reported the resonant 
electron transferred between quantum dots, where the 
electron confined in the double-quantum-dot structures is 
interacted with external electromagnetic pulse. According 
to the above resonant phenomenon, a quantum NOT gate 
[3] and controlled qubit rotations were investigated [4]. In 
addition, quantum transmission and measurement were 
also analyzed [5-11]). We believe that progress in 
quantum information processing will boost the 
achievement of quantum computers. 

Here, the potential of coherent manipulation of a 
double-quantum-dot structure is investigated. A method of 
realizing a general single qubit gate based on double-dot 
nanostructure is proposed. Moreover, the implementation 
of several single qubit gates, such as NOT, Hadamard and 
unit gates are discussed.  

 
2. Model and analysis 

 
Two semiconductor quantum dots (QDs) A and B, and 

an excess electron in the nanostructure are considered. 
Energy levels diagram of the nanostructure is shown in Fig. 
1. The assumed conditions are given as the following: the 
QDs A and B are different, and the electron locates in the 
conduction band of A and B. Provided that the distance 
between the dots A and B is sufficiently large, the wave 
functions of the ground states r A  and r B  are 

localized in the corresponding QDs, and the overlap is 
negligible. Besides, U is the height of the energy barrier 
which separates the dots and one excited state TAB  
whose energy lies just below U serves as a “transport 
state” for the electron. 

 
Fig.1. Energy levels diagram of two different quantum dots 

nanostructure. 
 

Here, we use electron locations-ground states to 
encode qubits in semiconductor dots. If the electron 
locates in the dots A (B), the corresponding state is A  

( B ), which is viewed as the Boolean states 0 (1), 
respectively.  

The external electromagnetic pulse which acts on the 
nanostructure is in the form of 

 
0 0 0 1 1 1( ) [ cos( ) cos( )] [ ( ) ( )]E t E t E t t t Tω ϕ ω ϕ θ θ= + + + − −

v v v
�  

        (1) 
 
where T is the pulse duration, that is, the operation time. 

0 0 0cos( )E tω ϕ+
v

 and 1 1 1cos( )E tω ϕ+
v

 act on dots A 

and B, respectively. We assume that 0,1ω  is close to the 

resonant frequency , ,A B TAB A Bω ε ε= − , which equals 
to the energy difference between the ground state and the 
exited state of the dots, so that the detuning 

0,1 , 0,1A Bδ ω ω= −  satisfies 0,1 0,1δ ω<< . 

With the effect of the external electromagnetic pulse, 
the electron in the dots will do a resonant movement. Its 
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wave function ( )tΨ  satisfies the Schrödinger equation 

  ( )
( ) ( )

t
i H t t

t
∂ Ψ

= Ψ
∂

         (2) 

and the Hamiltonian is given as 
 

0 1

, ,

1( ) ( . .)
2

i t i t
K K K A TAB A B TAB B

K A B TAB

H t a a a a e a a e h cω ωε λ λ− −+ + +

=

= + + +∑
    (3) 

 

where Ka+ ( Ka ) is the operator of creation (annihilation) 

of the electron in the state K , and 
 

0,1
, 0,1 ,

i
A B A BE d e ϕλ −=

vv
            (4) 

 
in which 

                        

, ,A Bd e TAB r A B= −
v v         (5) 

 
is the dipole matrix element for the transitions 

TABBA ⇔, . 
From the resonant approximation, the state vector 

( )tΨ  can be written as 
 

  
, ,

( ) ( ) ki t
K

K A B TAB

t C t e Kε−

=

Ψ = ∑       (6) 

 
Here, the detuning condition 0,1 0δ =  is considered 

for facilitating analytical solution. When the initial 
condition is 

(0) AΨ =             (7) 
and the Hamiltonian is as described in Eq.(3), the solution 
of Eq.(2) is 
 

2 2
2 2( ) [1 sin ( )] [ sin ( )]

8 8

             sin(2 )
4

A B

TAB

i t i tA A B A

i t A

t e t A e t B

ie t TAB

ε ε

ε

λ λ λ λ

λ

∗ ∗
− −

−

Ψ = − Ω + − Ω
Ω Ω

− Ω
Ω

      (8) 

where 
2 2

4
A Bλ λ+

Ω =  is the Rabi frequency for the 

system. 
From Eq. (8), it can be seen that at the operation time 

/ 2 ( 1,2,...)T n nπ= Ω = , the electron state vector is 
completely localized in the logic qubit subspace 
{ },A B . Then the discussion can be divided into two 

parts according to the parity of n. 
When / ( 1,2,...)T K Kπ= Ω = , one has 
 

( ) Ai tt e Aε−Ψ =               (9) 
 

and when (2 1) / 2 ( 1,2,...)T K Kπ= − Ω = , 
 

2 2

2 2 2 2

2( ) A BB Ai T i T A B

B A B A

t e A e Bε ελ λ λ λ
λ λ λ λ

∗
− −−

Ψ = −
+ +

          

(10) 
 

Alternatively, if the initial condition is 
 

(0) BΨ =               (11) 

the solution of Eq. (2) is 

 

2 2
2 2( ) [ sin ( )] [1 sin ( )]

8 8

             sin(2 )
4

A B

TAB

i t i tA B B B

i t B

t e t A e t B

ie t TAB

ε ε

ε

λ λ λ λ

λ

∗ ∗
− −

−

Ψ = − Ω + − Ω
Ω Ω

− Ω
Ω

    (12) 

 

When / ( 1,2,...)T K Kπ= Ω = , 
 

( ) Bi TT e Bε−Ψ =           (13) 
 

and when (2 1) / 2 ( 1,2,...)T K Kπ= − Ω = , 
2 2

2 2 2 2
2( ) A B B Ai T i TA B

B A B A

T e A e Bε ε λ λλ λ
λ λ λ λ

∗
− − −

Ψ = − −
+ +

 

         (14) 
 

At / ( 1,2,...)T K Kπ= Ω = , it can be seen from 

Eqs.(9) and (13), if A Bε ε≠ , qubit rotations are 
performed. Now, let us see how to realize a general single 
qubit gate at (2 1) / 2 ( 1,2,...)T K Kπ= − Ω = . 
Assume that 

   CB Aλ λ=             (15) 
 

in which C is a constant. Then, we can obtain 
2 2 2

2 2 2

C 1
C 1

B A

B A

λ λ

λ λ

− −
=

++
, 1 0( )

2 2 2

2 2C
C 1

iA B

B A

e ϕ ϕλ λ
λ λ

∗
−=

++
, 

1 0( )
2 2 2

2 2C
C 1

iA B

B A

e ϕ ϕλ λ
λ λ

∗
− −=

++
. 

 
If    ( ) 2 ( )B A T m m Zε ε π π− = + ⊂      (16) 

and 

1 0 2 ( , [ , ))
2

n n Zπϕ ϕ π φ φ π π− = − + ⊂ ⊂ −   (17) 

Eqs.(10) and (14) can be rewritten as 
 

( ) [cos sin ]Ai T iT e A ie Bε φα α−Ψ = −   (18) 
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( ) [cos sin ]Ai T iT e B ie Aε φα α− −Ψ = −   (19) 

where 
2

2

C 1cos
C 1

α −
=

+
 and 

2

2Csin
C 1

α =
+

. 

Now, from Eqs.(18) and (19) we can see that, when 
(2 1) / 2 ( 1,2,...)T K Kπ= − Ω = , the U( , )α φ  gate is 

implemented if Eqs.(15), (16) and (17) hold, where  
 

   
2

2

C 1arccos  ( [0, ])
C 1

α α π−
= ⊂

+
          (20) 

1 02 ( ) ( ,  [ , ])
2

n n Zπφ π ϕ ϕ φ π π= + + − ⊂ ⊂ −    (21) 

 
Actually, from Eqs.(4), (5), (15) and (20), it can be 

seen that α  is a function of the distance between the 
QDs ( r ) and the electric field amplitudes ( 0,1E ), and the 

value of α  will be changed with the variation of 0,1E . 

Aε  and Bε  are dependent on the electron effective mass, 
the dots size and the energy barrier. And the energy barrier 
is dependent on the voltage biases which apply to the 
surface dots. So through adjusting the voltage biases, 
Eq.(16) is easy to be satisfied. Besides, it can be seen from 
Eq.(21), φ  can reach all its intended values by changing 
the initial phases of the electric field. Therefore, a single 
qubit gate U( , )α φ  can be implemented by varying the 
voltage biases and pulse parameters such as intensity, 
phases, duration and frequencies. In the following we give 
some examples. 

If 
2
πα =  and 0φ = , according to Eqs.(7), (11), (18) 

and (19), 
 

(0) ( ) Ai TA T ie Bε−Ψ = → Ψ = −        (22) 
 

(0) ( ) Ai TB T ie Aε−Ψ = → Ψ = −        (23) 
 

The right hand sides of Eqs.(22) and (23) have the 
same global phase factor Ai Tie ε−− , which has no 
observed effects in a real implementation and can be 
ignored. Therefore, Eqs. (22) and (23) mean that a NOT 
gate is realized by using the double-dot structure. 

Similarly, if 
4
πα =  and 

2
πφ = − , we have 

2(0) ( ) [ ]
2

Ai TA t e A Bε−Ψ = → Ψ = −    (24) 

2(0) ( ) [ ]
2

Ai TB t e B Aε−Ψ = → Ψ = +    (25) 

which corresponds to a Hadamard gate.  

If 
2
πα =  and 

2
πφ = − , then 

      (0) ( ) ( )Ai TA t ie i Bε−Ψ = → Ψ =       (26) 
 

(0) ( ) ( )Ai TB t ie i Aε−Ψ = → Ψ = −       (27) 
 

which implies that the realized operation in the double-dot 
structure is the unit operator Ŷ . 

From the above discussion, we know that several 
single qubit gates can be realized by varying the voltage 
biases and the parameters of the pulse which act on the 
double-quantum-dot structure. The general gate can be 
conveniently used in experiments. 

 
3. Conclusion 

 
Charge qubit rotations in a double-dot structure were 

analyzed [3], including a NOT gate and a Hadamard gate, 
but the method how to choose proper parameters to realize 
other single qubit gates hadn’t been discussed. Here we 
have shown that a general single qubit gate U( , )α φ  can 
be realized by using the microwave pulses with different 
parameters. In addition, the particular implementations of 
some single qubit gates such as NOT gate, Hadamard gate 
and unit Î  operator are presented.  
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