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Polaron states in cylindrical and spherical quantum dots with parabolic con-
finement potentials are investigated applying the Feynman variational prin-
ciple. It is observed that for both kinds of quantum dots the polaron energy
and mass increase with the increase of Frohlich electron-phonon coupling
constant and confinement frequency. In the case of a spherical quantum
dot, the polaron energy for the strong coupling is found to be greater than
that of a cylindrical quantum dot. The energy and mass are found to be
monotonically increasing functions of the coupling constant and the con-
finement frequency.
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1. Introduction

Recent advances in the technology of fabrication of quasi-2D, -1D, -0D nanocrys-
tals have stimulated the theoreticians’ interest in formulating models describing
physical phenomena associated with nanocrystals [1-12]. These structures are at-
tractive both for scientific investigation and for the development of a new generation
of electronic devices.

Nowadays not only perfect planar multilayer structures but also cylindrical and
spherical structures are being intensively investigated [7-13]. Polaron energy is eval-
uated in [13-15] using perturbation theory, in [16] using the weak coupling approxi-
mation, in [17] using the dielectric continuum model and in [18] using the Feynman
variational principle.

The polaron concept was introduced by Landau [19] as the autolocalised state
of a charge carrier in a homogeneous polar medium. The quantum dot is one of the
simplest quantum confined systems. For the strong electron-phonon interaction an
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electron localises at a small region. A polaron is a quasi particle that arises due to the
conduction electron (or hole) together with its self-induced polarization in an ionic
crystal or in a polar semiconductor [20]. To classify polarons, the Frohlich electron-
phonon coupling constant value, « is weak-coupling if o < 1, strong-coupling if « > 7
and intermediate-coupling between these ranges. The majority of crystals are weak
or intermediate-coupling polarons. Strong coupling is not attained even in strong
ionic crystals such as alkaline halides. The polaron character is well pronounced
only for strong coupling [21].

It is possible to reduce the lower bound of the electron-phonon coupling con-
stant’s threshold value in nanocrystals to within weak or intermediate-coupling
range. When investigating the polaron in nanocrystals, we should consider both
the electron and the phonon confinements. The electron confinement is described in
[1,22-27].

The present investigation also arises from the recent advances in fabrication of
nanocrystal with strong ionic coupling [28]. The spectra of polar optical vibrations
in 0D and 1D structures are investigated in [29]. [30] investigated the bulk and
interface polarons in quantum wires and dots. Polaron in a spherical quantum dot is
studied in [7,31-33] and in a cylindrical quantum dot in [34,35]. It is known that for
decreasing dimensionality of a structure (3D — 2D — 1D — 0D) polaron effects are
enhanced, but the number of independent directions of charge transport decreases
[36]. Thus, quasi 1D present certain interest as structures with maximal polaron
effect under the condition of the existence of at least one charge transport direction.
Quantum dot systems attract much attention in electronics and optics [8,37].

In this paper the polaron states in spherical and cylindrical quantum dots are
investigated applying the Feynman variational principle. This results in the up-
per bound polaron ground state energy for an arbitrary Frohlich electron-phonon-
coupling constant. The electronic confinement is selected for the spherical and cylin-
drical quantum dots in the form of a parabolic confinement potential. For the
parabolic confinement, rigid interface boundaries are absent and interface-like pho-
non modes are smoothly distributed in space rather than localized near a sharp
boundary. Then we examine the electron interaction only with 3D longitudinal po-
lar optical phonons (3D-phonon approximation). Interaction between electrons is
described by 3D coulomb potentials of corresponding symmetries and the Frohlich
3D Hamiltonian is chosen to describe electron-phonon interaction. Consequently,
interface phonons may not be considered. This approach seems to be adequate since
the integral polaron effects resulting from the summation over all phonon modes ap-
pear to be weakly dependent on the details of the phonon spectra. In the phenomena
with integral phonon effects we resort to numerical results.

In [33,38] interface-type longitudinal polar optical phonons have no contribution
to polaron effects. In [7,30] bulk-type phonons play the dominant role in the polaron
energy shift.
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2. Feynman variational principle

The Feynman variational principle is one of the most effective methods when in-
vestigating the polaron problem for arbitrary values of the electron-phonon-coupling
constant a. To evaluate the polaron energy and the effective mass, the Feynman
variational principle [27] is used:

where the angle brackets in 2.1 denote averaging over electron paths and are defined

as follows: o .
_ Sp[DrF[F]exp{S[F]}

Fr]) = — —

(FD Sp [ DFf exp {So [F]}
where D7” denotes path integration, Sp is the spur, Sy["] is the model action func-
tional with:

then S [r] is the exact action functional of the exact system:

S[F]= /Ldt,

where 77 is the radius vector, L and Lq are the Lagrangians of the exact and model
systems respectively. In 2.1, the quantity Z;, is the statistical sum of the model
system andZp is the Feynman statistical sum defined respectively as follows:

Zy = Sp/DF exp {So []},
Z = Sp/DF exp {S[r]}. (2.2)
The functions S and Sy in 2.1 are obtained after the path integration over phonon

variables and coordinates of the “fictitious” particles, respectively.
The thermodynamic energy F of a system is expressed through Z by the formula:

d 1
from where
E < By, (2.3")
where
FEr = —i InZ
Ty

Here T' is the absolute temperature (in units of the Bolztman’s constant) and
E¥ is the Feynman energy. The lowest energy level of the system is obtained as a
limiting case of 2.3 as T" — 0, i.e. A — oo. Thus, the upper bound ground state
energy may be obtained without solving any wave equation.
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3. Feynman polaron in a cylindrical quantum dot

Consider the motion of an electron in a cylindrical quantum dot with a symmetric
parabolic confinement potential. The Hamiltonian that describes the electron and
phonon subsystem including their interaction with lattice vibrations is:

H=H,+ Hy, + He i, (3.1)
where H, is the electron Hamiltonian in cylindrical coordinates:

~ H2 2
i — P? PII m Q7 , mHQ|| 2

¢ QmL QmH 2 2

Here p? = 22 4 y?; P, , m, and 15” , my are components of the operator of the
momentum and electron band mass in the transversal and longitudinal directions
respectively; €2 is the frequency characterizing the parabolic confinement potential;
and

(3.2)

are respectively the phonon contribution and electron-phonon interaction Hamilto-
nians. Here ~; is the amplitude of the electron-phonon interaction numbered by the

wave vector ¢ :
2 3 1
ar ((hw, h 2 9 o 9
7<Q>Rp , Rp:< > ) ¢ =q1 +q]

2mew,
and wy is the non-dispersional phonon frequency.
Considering the Hamiltonian 3.1, the model lagrangian L, for the system (con-
sidering the ground state) is selected in the one-oscillatory approximation:

Cmap P m, @, S, MR M2

22  2h° 2 T 2h2  2h2

K1 2 K 2 4
—7(R—p) —%(Z—Z) ; ki = Mjwjr, j=1, (3.3)
where Rand Z are the coordinates of the model particle and p with z are the co-
ordinates of the electron, respectively. The quantities M, M), k1, and k| serve as
variational parameters. wy is the elastic coupling frequency.

From the Lagrangian in 3.3, the transverse and longitudinal equations of motion
for the model system are independent. In 3.3 the time ¢ = —ih 7 and ¢ = d¢o/dr.
The model Lagrangian in 3.3 simulates the interacting electron-phonon system.

From the equation of motion the eigen frequencies are obtained:

1 [ K, 1 K 2 4k, 02
wfj:§<_ﬂ+§2§)—(—1)§[<_ﬂ+9§) -

m; m; m;

Yg =

Ly =

1
2

i=1,2  j=1] (3.4)
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Considering 2.1 and 2.3, the polaron dimensionless energy FE is evaluated:

) s e

0

E =

2

J
j=1—1, j=2—]. (3.5)

The dimensionless effective mass M is conveniently obtained:

02 — w2 (W2 — 02
M — Z ( J 2]2) (21.7 ])’ (36)
where
1/2
92 1 Arsinh (4L — 1 , Ap> AL,
F(A, A = =
(AL 4)) = p A — A 1/2 . A\ /2
(| | — i|) arcsin (1 — E) . Ap> AL,
2 2 2 2
al.. T i wl _CL)f Wf_WQ
A = (1 — Wi =1 = — = . 3.7
J sz’j( ¢ ). A wi — w3’ 2 wi — wj (3.7

4. Feynman polaron in a spherical quantum dot

Consider the motion of an electron in a spherical quantum dot with a spherical
symmetric parabolic confinement potential. The model Lagrangian L of the system
is selected:

. R 2
m 72 - Mfﬁz - mO2 2 - Mwa% <R—r> | (1)

Lo = —
0 oh? 2K 2 9 9

where B is the coordinate of the fictitious particle. The quantities My and wy are
the mass and the elastic coupling frequencies of the fictitious particle, respectively.
Both of them serve as variational parameters. From the equation of motion of the
model system there follow the eigen frequencies:

1|k : K 2402k
wz.:— ——|—Qz— —1 Z\/(_‘i‘Qz) - )
T2 - It I

mM
m+ M’

j=1,2, pu= k= Mws. (4.2)

From 2.1 and 2.3, the Feynman polaron variational energy E is given by:

2 2 s
E:§Q+§(w1—§2) (Q—wy)” a fe dT)
2 4 02 (Cdl + (,UQ) ﬁ A1/2

(4.3)
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where

The polaron effective mass M may be conveniently evaluated from the equation
of the eigen frequencies 4.2:

(= 92) (2 = wd)

M = s
)

5. Conclusions

Figures 1 and 2 show the plot of the polaron energy (absolute value) versus
Frohlich electron-phonon-coupling constant for the cylindrical and spherical quan-
tum dots, respectively. The plots slightly deviate from a linear relation. Here, the
polaron energy increases with the increase of the electron-phonon-coupling constant.
From the plots, the confinement strengthening enhances the electron-phonon inter-
action. The Polaron energy for the case of the spherical quantum dot is greater
than that of the cylindrical quantum dot. For example, if we consider a = 8.25
then for the cylindrical quantum dot we have the following values for the energy
E. = 25.1072;20.50333; 15.711. These values of the energy correspond, respective-
ly, to the confinement frequencies €2 = 7;5;3. For the case of the spherical quan-
tum dot for a = 8.25 we haveF, = 25.29462;20.66347; 15.84761 that correspond,
respectively, to the following confinement frequencies 2 = 7;5;3. We have also ex-
amined the polaron energies at the confinement frequency €2 = 10.3. For the case
of the cylindrical quantum dot we have E. = 29.75767; 25.58428; 21.48544 that cor-
respond, respectively, to a = 7;5; 3. For the case of the spherical quantum dot we
have E; = 29.90701; 25.64913; 21.50619 that correspond, respectively, to a = 7; 5; 3.
This also shows that the polaron energy for the case of the spherical quantum dot is
greater than that of the cylindrical quantum dot. This confirms the results in [36].

In figures 3 and 4 the mass increases with the increase of the electron phonon
coupling constant. This coincides with the results obtained in [30]. Figures 3 and
4 also show that though the graphs of the mass are lifted in the same fashion, the
one for the cylindrical dot is greater in numerical value than that of the spherical
quantum dot. From figures 1 to 4 it is observed that the polaron energy and mass
are monotonically increasing functions of the coupling constant. It is observed that
regions of weak and intermediate polarons overlap with those of strong coupling
polarons (i.e., the regions of strong coupling polarons are shifted to those of weak
and intermediate polarons).
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Figure 1. Plot of the polaron energy versus Frohlich electron-phonon constant
(cylindrical dot)
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Figure 2. Plot of the polaron energy versus Frohlich electron-phonon constant
(spherical dot)
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Figure 3. Plot of the polaron mass versus Frohlich electron-phonon constant
(cylindrical dot)
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Figure 4. Plot of the polaron mass versus Frohlich electron-phonon constant
(spherical dot)
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MongapoH B uUAIHAPUYHUX | CHPepUYHNX KBAHTOBUX
Kpankax

JI.C.®ai', B.Tebyn?, A MonTtelnin?, l.Hcanry ', C.Maaby?

Kadenpa ¢di3viku, pakynsteT NpUpOaHNYNX HaYK, YHIBEpCcUTeT
M. IxaHr, KamepyH

YHiBepcuteT M. AHxe, Byn.JlaByas’e, 2, 4945 Arxe, DpaHLujs

OtpumarHo 30 nuctonana 2003 p., B OCTAaTO4YHOMY BUIMSOj —
21 ciyHa 2004 p.

JocniokyloTbCsa CTaHM NONSPOHa B UMAIHOPUYHNX | KBAHTOBUX Kpankax 3
napaboniyHMMn 0OMeXyHMMIM NOoTEHLanamMm, BUKOPUCTOBYIOYM Bapia-
UiiH1iA npuHumn denHmana. 3HageHo, Wo ansg 060X TUMiB KBAHTOBUX
Kparnok eHepris i maca nonsipoHa 3poCTae 3 POCTOM MOCTiNHOI Ppboni-
Xa enekTpoH-GOHOHHOrO 3B'A3KY i 0OMeXyI040i YacToTu. MNMokasaHo, Wwo
y BUNaaky cepuryHOoi KBaHTOBOI Kpanku eHepria NosasgapoHa Ass CUNbHO-
ro 3B’A3Ky € OiNbLIOID, HiX Y BUNAOKY LMNIHAPUYHOI KBAHTOBOI Kpanku.
3HaligeHo, Wo eHepris i Maca € MOHOTOHHO 3pOoCTaluYMMMN OYHKLIMMN
MOCTIHOT 3B’A3KY i 0OMEXY40i YacToTMW.

KniouoBi cnoBa: rosisipoH, eHeprisi nosisipoHa, napaboJiiyHe
0bMeXxeHHSs1, nocTiviHa dpbosixa enekTPoH-OHOHHOI B3aemoaii

PACS: 78.67.-n, 78.67.Hc, 71.38.-k
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