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Effect of temperature on the coherence time
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The effects of the temperature on the coherence time of a parabolic quantum dot (PQD) qubit are investigated
by using the variational method of Pekar type. We obtain the ground and the first excited states’ eigenenergies
and the corresponding eigenfunctions of an electron strongly coupled to bulk longitudinal optical phonons in the
PQD. This two-level PQD system may be employed as a single qubit. The phonon spontaneous emission causes
the decoherence of the qubit. We find that the coherence time will decrease with increasing temperature. It is an
increasing function of the effective confinement length, whereas it is decreasing one of the polaron radius. We
find that by changing the temperature, the effective confinement length and the polaron radius one can adjust the
coherence time. Our research results would be useful for the design and implementation of the solid-state quan-

tum computation.

PACS: 71.38.-k Polarons and electron—phonon interactions;

73.21.La Quantum dots;
63.20.kd Phonon-electron interactions.
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1. Introduction

In recent years, investigations of the quantum infor-
mation (QI) and quantum computation (QC) in quantum
dot (QD) systems have attracted considerable interest of
not only experimenters but also theorists. This interest is
based on prospects for the application of realizing quantum
computer and QI processing. At present, there are many
experiment methods [1-3] and theoretical studies [4—6] on
Ql and QC in the QD systems. It is clear that QC with a
large significant number of qubits would be more realiza-
ble in the QD systems, in which two-level (TL) system
may be used as a single qubit. However, this quantum sys-
tem is very frail due to the interactions between the quan-
tum memories and their surroundings. Therefore, quantum
coherence plays a crucial role in the QC. The coherence of
qubit is crucial to the investigations of QC, where the co-
herence time is one of the physical quantities representing
the properties of coherence. This problem was solved by
different authors by prolonging the quantum coherence
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time in experiments. For example, based on the spin mode-
locking and spin echo techniques, Varwig et al. [7] studied
the temperature dependence of the coherence time of hole
spins confined in self-assembled (In,Ga)As/GaAs QDs.
Using ultrafast time-resolved Faraday ellipticity at room
temperature, Zhang et al. [8] investigated the electron spin
coherences in colloidal CdSe QDs with zinc blende struc-
ture. Borri et al. [9] used a highly sensitive four-wave mix-
ing to measure the dephasing time which is about several
hundred picoseconds at low temperature in the ground
state transition of strongly confined InGaAs QDs. In theo-
ry, Bonadeo et al. [10] investigated coherent optical con-
trol of the quantum state of a single QD by using the
excitonic wave function. Fischer et al. [11] discussed spin
interactions, relaxation and decoherence in QDs. The prop-
erties of qubit with temperature, have been studied. Chen
et al. [12] used the variational method of Pekar type (VMPT)
to investigate the effect of temperature on the PQD qubit in
the electric field. Sun et al. [13] studied the effects of tem-
perature and magnetic field on a quantum rod qubit. Wang
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et al. [14] obtained the decoherence time of the PQD qubit
by using VMPT. Based on a VMPT, Sun et al. [15] calcu-
lated the effect of magnetic field on the coherence time of
a PQD qubit. To obtain more information about the effects
of temperature, the qubit and its coherence, the reader can
refer to [16-18]. Such solutions would be useful to study
the decoherence of the QD qubit. However, the tempera-
ture dependence of the coherence time of qubit in a PQD
hasn’t been reported. In the present paper, based on the
VMPT, we study the effects of the temperature, the effec-
tive confinement length and the polaron radius on the co-
herence time in the PQD qubit.

2. Theoretical model and calculations

We consider the system in which the electrons are
bounded by the parabolic potential. The electrons are con-
fined much stronger in one direction (taken as the z direc-
tion) than in the other two directions. Therefore, we will
focus on the condition of the electron and longitudinal op-
tical (LO) phonon moving only on the XY plane. We as-
sume that the confining potential in a single QD is parabolic:

V(p) =S modp?, W

where m is the band mass of electron, p =(x, y) is the co-
ordinate vector of a two-dimensional and wy is the con-
finement strength of QD. The Hamiltonian of an electron—
phonon interaction system can be written as
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where aa(aq) denotes the creation (annihilation) operator
of the bulk LO phonons with wave vector q; r = (p,z) is
the position vector of the electron; Vg and o are
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where v is the volume of the crystal, ey and ¢, are, respec-
tively, the static and high-frequency dielectric constant of
the crystal. Following the VMPT [19,20], the trial wave
function of the electron—phonon system can be separated
into two parts, which separately describes the electron and

phonon. Then the system’s trial the ground and the first ex-
cited states’ (GFES’) wave functions may be chosen [13,15]
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where 2 and 2, are the variational parameters, |Op,) is un-
perturbed zero phonon state, which satisfies ay |0p ) =0.
|€(2)) is the wave function of an electron in the z direction,
since the electrons are much more strongly confined in
z direction than in other two directions and considered to
be confined in an infinite simally narrow layer, so does
(E(2)|&(2)) = 8(2). |0) and |1) are trial GFES’ wave func-
tions of the electron in the p direction. The above equa-
tions satisfy the following normalized relations:

(00|90) =1, (90]®1) =0, (¢1]0p)=0, {¢1|g1)=1. (6)

By minimizing the expectation value of the Hamiltoni-
an, we then obtain the electron ground-state energy
Eo =(po|H|@pp) and the first excited state energy
E; ={(¢1|H |@). The GFES’ energies of electron in a
PQD can be written as
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where Iy = (h/mooo)l/2 is the effective confinement length
of the PQD, and ry = (h/2mco|_o)1/2is the polaron radius.
We can obtain Ay and 2, by using the variational method
and thus to get the eigen levels and eigen wave functions.
So, a TL system as a single qubit is built up. The superpo-
sition state of electron can be expressed as

[vor) =759} +I1) ®

Under the dipole approximation, based on the Fermi golden
rule [21], the spontaneous emission rate can be written in
the following form:
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where C is the speed of light in vacuum, &(gg) is the mate-
rial (vacuum) dielectric constant, AE = E; —E; is the en-
ergy separation between the GFES, t is the coherence
time.
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The optical phonons mean number in superposition state
around the electron is

N = %(ZR)HZ(MOXO +%(2n)ﬂ Zagh.  (11)

3. Temperature effect

At finite temperature, the electron—phonon system is no
longer entirely in the ground state. The lattice vibrations
excite not only real phonon but also the electron confined
in the parabolic potential. The properties of the polaron are
statistical averages of various states. According to the
quantum statistics theory, the statistical average number of
the bulk LO phonons is given by

1
N = {exp(hlj;ro J—l} : (12)

where kg is the Boltzmann constant and T denotes the
temperature of the system. With the consideration men-
tioned above, the values of Ay and A determined by
Eq. (11) relates not only to the value of N but also to the
value of N, which means that Egs. (11) and (12) should be
self-consistently calculated to obtain the relationship of A
and A, with the temperature T. From Egs. (7), (8), (10),
and (11) we can see that the eigen levels, the coherence
time and the optical phonons mean number of the electron
in a PQD are all dependent on the variational parameters
Lo and A4, so they are connected with the temperature.

4. Numerical results and discussion

Numerical calculations are carried out on a RbCl PQD.
The experiment parameters used in the calculation are
hop o =21.45 meV, m=0.432my, o =3.81 [22]. The ef-
fects of the temperature, the effective confinement length
and the polaron radius on the coherence time, which are
extracted from a numerical evaluation, are shown in Figs. 1
and 2.

Figure 1 describes the relationship between the coher-
ence time t of the TL quantum system versus the tempera-
ture T and the effective confinement length |y for RbCI
crystal with the polaron radius ry = 4.0 nm. The coherence
time t as a function of the temperature and the polaron
radius ry is depicted in Fig. 2 for RbCI crystal with the
effective confinement length 1y =2.0 nm. From the two
figures we can see that the coherence time decrease with
the increase of the temperature. This is because that the
influence of the temperature in the PQD is weaker in the
first excited state than that in the ground state and the in-
crease in the first excited state is smaller than that in the
ground state with increasing temperature. So the increasing
of the energy spacing between the first excited and the
ground states causes the reduction of the coherence time.
This result is in agreement with the results of Makhlin
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Fig. 1. The coherence time t as a function of the temperature T
and effective confinement length Iy for RbCl crystal.

et al. [23] and Wang et al. [24]. We also find that the co-
herence time is an increasing function of the effective con-
finement length, whereas it is a decreasing one of the pola-
ron radius. The reason is that the electron energy and the
interaction energy of the electron—phonon, which takes
phonon as a medium, are enhanced when the particles mo-
tion range becomes smaller with the decrease of the effec-
tive confinement length. The energy spacing between
the GFES increases with decreasing effective confinement
length and the coherence time decreases. These phenome-
na can be attributed to the interesting quantum size confin-
ing effect. The reason of the coherence time decrease with
increasing polaron radius is that the influence of the po-
laron radius in the PQD is weaker in the first excited state
than that in the ground state with increasing polaron radius.
For this reason, the energy space between the GFES in-
crease with increasing polaron radius and the coherence
time decreases. The magnitude of the qubit’s coherence time
obtained in our outcome is 0-100 ps, which is in agree-
ment with 0-100 us in Ref. 25 and the result of Li et al. [26],
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Fig. 2. The coherence time t as a function of the temperature T
and polaron radius ry for RbCI crystal.
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which were obtained, respectively, by experiments and
the effective mass envelope function theory.

Here we find that we can adjust the coherence time of
the TL quantum system by changing the temperature, the
effective confinement length and the polaron radius. Any
system will be objectively suffered by the influences of
temperature, etc., which is natural existence. Besides, the
properties of electron in the QD system will be regulated
through the way of external field. Therefore, the researches
of temperature effects on the system are necessary and
important to the theory and application of quantum infor-
mation, which is the motivation of the present paper.

5. Conclusions

In this study, based on the VMPT, we investigate the
effects of the temperature on the coherence time of a PQD
qubit. We then obtain the GFES’ eigenenergies and the cor-
responding eigenfunctions of an electron strongly coupled
to bulk LO phonons in a PQD. This PQD may be employ-
ed as a TL qubit. The phonon spontaneous emission causes
the decoherence of the qubit. It is found that the coherence
time will decrease with increasing temperature. The coher-
ence time is an increasing function of the effective con-
finement length, whereas it is decreasing one of the pola-
ron radius. We find that by changing the temperature,
the effective confinement length and the polaron radius
one can adjust the coherence time. Our calculated results
may be useful for designing the solid-state QC.
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