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Introdution

With recent advances in nanofabrication technology it has become possible to confine
electrons in all three spatial dimensions in semiconductors called quantum dots I1"3'.
These quantum dots are often referred to as artificial atoms in which the atomic potential is replaced by the artificially constructed dot potential. The novel effects of such
systems have generated a great deal of interest. The interaction of the electrons with LOphonons in such quantum dots has been investigated by several authors I4"12!. Recently,
Roussignol et al.'4' have shown experimentally and explained theoretically that phonon
broadening is quite important in very small semiconductor quantum dots. M.H.Degani
and G.A.Farias '10' found that effects of the interface phonons are important and cannot be
neglected in quantum dots. In a recent paper'11', we have investigated the polaron effects
in a parabolic quantum dot by using the second order Rayleigh-Schrodinger perturbation
theory. However, all of these studies are treated in the weak coupling regime. More recently, within the framework of the strong-coupling polaron theory ,T.Yildirim and A.
Ercelebi'13' obtained the ground-state binding energy and the effective mass as a function
of the effective dimensionality in a quantum well confinement. A.Chatterjee'141 utlized
the Landau-Pekar variational theory to study the multidimensional free-optical-polaron
problem in the strong-coupling regime. The general result is that the polaronic effects are
more prounounced in lower dimensions. In the present paper, we use the same treatments
used by Chatterjee to investigate zero-dimensional polarons in the strong-coupling limit.
For the sake of simplity, the phonons are described by the corresponding bulk modes and
the electron wave function is used by the Gaussian function approximation.

ABSTRACT
Strong-coupling potaron in a parabolic quantum dot is investigated by the LandauPekar variational treatment. The polaron binding energy and the average number of
virtual phonons around the electron as a function of the effective confinement length of
the quantum dot are obtained in Gaussian function approximation. It is shown that
both the polaron binding energy and the average number of virtual phonons around the
electron decrease by increasing the effective confinement length. The results indicate that
the polaronic effects are more pronounced in quantum dots than those in two-dimensional
and three-dimensional cases.
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Theory

The electrons are much more strongly confined in one direction (taken as the z direction)
than in other two directions. Therefore, we shall confine ourselves to consider only the
motion of the electrons in the x-y plane. As an interesting theoretical model we assume
that the confining potential in a single quantum dot is parabolic:'"'1'12'

V{p) = ^m'w

(1)

where m" is the bare band mass and p is the coordinate vector of a two-dimensional
quantity. The Hamiltonian of electron-phonon system is given by
(2)

H = -(
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where 6+ creates a bulk LO-phonon of wave vector q, q = (q||,<k) and r = (/>, z) is the
coordinate of the electron, and
V, = «(

(3)
(4)
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where £„ is the optical dielectric constant and e0 is the static dielectric constant.
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The trial wave function for Hamiltonian (2) is chosen
\i> > =

(5)

where / q will be treated us a variational function, |0 q > is the unperturbed zero phonon
state which satisfies 6q|0q >= 0, and <p(p) is the electron wave function,

where A is a variational parameter, and | < £(z)\£{z) > | 2 = 6{z) since the electrons are
considered to be confined in an infinitesimally narrow layer. This is an idealization and,
in reality, electron wave function will have some natural width'15'. We shall treat this
effect in a forthcoming paper.
The energy of system is given by
il> >=

=<

h1X2/2m'

(7)

where Io = (ft/m*wo)I/2 is the effective confinement length, r0 = (fi^m'wto) 1 ' 3 is the polaron radius. The energy levels are minimized numerically with respect to the variationa!
parameter \.
If the units have been chosen in usual polaron units (ft = 2m" = UJLO = 1), then the
ground state energy in a parabolic quantum dot is given by
(8)
where Eg3 {= O 2 /3T) is the polaron binding energy in the three-dimensional easel'4'. Ao
can be obtained by minimizing Eq.(7).
The polaron binding energy, relative to the subband energy level, is given by
"•

0)

We can also evaluate the average number of virtual phonons around the electron in
the ground state which is given by,
=<

>=

^

(10)

That is,

Numerical Results and Discussions

The numerical results of the polaron binding energy and the average number of virtual
phonons around electron in a parabolic quantum dot as a function of the effective confinement length of the quantum dot are presented in Fig. 1 and Fig.2. Fig.l displays the
polaron binding energy with a = 5 as a function of the effective confinement length of the
quantum dots. From the figure we can see that the polaron binding energy decreases with
the enhancement of the effective confinement length and slowly approach that in the twodimensional case as the effective confinement length trends to infinity.This result indicates
that the binding becomes much deeper than in the two-dimensional case since now the
polaron squeezed in all three directions, which agree with the results of T.Yildirim [13].
Fig.2 presents the average number of virtual phonons around the electron with a = 5 as
a function of the effective confinement length of the quantum dots. It is shown that the
average number of virtual phonons around the electron decreases rapidly with increasing
the effective confinement length and approach those in two-dimensional case as the effective confinement length trends to infinity, which again show that the polaronic effects
become stronger in quantum dots in the strong-coupling regime. Fig.3 and Fig.4 illustrate
the polaron binding energy and the average number of virtual phonons around the electron as a function of electron-LO-phonon coupling constant(o) for l0 = 0.5, respectively.
With increasing the coupling constant, both the polaron binding energy and the average
number of virtual phonons around the electron increase rapidly. This implies that the
larger the coupling constant, the stronger the binding of polaron, which is similar with
the result in three-dimensional case'14!.
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Conclusions

In conclusion, we have investigated the strong coupling polaron in a parabolic quantum
dot. We find that both the polaron binding energy and the average number of virtual
phonons around the electron decrease with increasing the effective confinement length.
These results indicate that the polaronic effects are more pronounced in quantum dots
than those in two-dimensional and three-dimensional cases. It should be emphasized
that the treatment used here fails to reflect the characterizations of the problem since
the electron-phonon coupling is rather weak in actual materials of interest. We hope
that this pa,>er will stimulate more experimental work which will be helpful in a better
understanding of the role of electron-LO-phonon interaction in quantum dots.

Acknowledgments
(11)
J

where Np (= 2O /3JT) is the average number of virtual phonons around the electron in
the three-dimensiona! case.

One of the authors (K.-D.Z.) would like to thank Professor Abdus Salam, the International Atomic Energy Agency and UNESCO for hospitality at the International Centre
for Theoretical Physics, Trieste.

References

FIGURE CAPTIONS

[1] Ch. Sikorski and V.Merkt, Phys. Rev. Let.. 62, 2164 (1989).
[2] T. Demel, D. Heitmann, P. Grmbow, and K. Ploog, Phys. Rev. Lett. 64, 788(1990).
[3] A. Lorke, J.P.Kotthaus and K.Ptoog, Phys. Rev. Lett. 64, 2559(1990).

Fig.l The polaron binding energy Ef
of parabolic quantum dots(o = 5) in units
£J 3 '{=Q2/3?r) as a function of the effective confinement length of the quantum dot(/0),

[4] P.Roussignol, D.Ricard and C.Flytzanis, Phys. Rev. Lett. 62, 312(1989).
[5] M.G.Bawendi, W.L.Wilson, L.Rothberg, P.J.Carrol, T.M.Jedju, M.L.Steigerwald,
and L.E.Brus, Phys. Rev. Lett. 65, 1623(1990).
[6] M.C.Klein, F.Hache, D.Ricard, and C.Flytzanis, Phys. Rev. B42, 11123(1990).
[7] S.SchmittRink, D.A.B.Miller and D.S.Chemla, Phys. Rev. FJ35, 8113(1987).
[8] K.D.Zbu and S.W.Gu, j,Phys.:Concifns. Matter 4, 1291 (1992).
[9] U.Bockelmann nd G.Bastard, Phys. Rev. B42, 8947(1990).
[10] M.H.Degatii and G.A.Farias, Phys. Rev. B42,l 1950(1990).
[11] K.D.Zhu and S.W.Gu, Phys. Letts. A 163, 435(1992).
[12] K.D.Zhu and S.W.Gu, Phys. Rev. B47, 12941(1993).
[13] T.Yilciirim and A.Ercelebi, J.Phys.:Condens. Matter 3, 1271(1991).
[14] A.Chatterjee, Phys. Rev. B41, 1668(1990).
[15] S.Das Sarma, Phys. Rev. B27, 2590(1983).

Fig.2 The average number Np of virtual phonons around the electron in the groundstate of parabolic quantum dots(o = 5} in units N^ (=2a 2 /3ir) as a function of the
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Fig.3 The polaron binding energy as a function of electron- LO-phonori coupling constanl(a)
for /„ = 0.5.
Fig.4 The average number of virtual phonons around the electron as a function of
electroH-LO-phonon coupling constant(a) for IQ = 0.5.
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