Condensed Matter Physics, 2005, Vol. 8, No. 3(43), pp. 639-650 CoNLENSED
WMATTER
PRVYSKES

Polaron in a quasi 1D cylindrical
guantum wire

L.C.Fai', V.Teboul?, A.Monteil ?, S.Maabou ?, I.Nsangou *

Department of Physics, Faculty of Science,
University of Dschang, Cameroon

2 Laboratoire POMA, UMR CNRS 6136,
Université d’Angers,
2 Bd Lavoisier, 49045 Angers, France

Received March 30, 2004

Polaron states in a quasi 1D cylindrical quantum wire with a parabolic con-
finement potential are investigated applying the Feynman variational prin-
ciple. The effect of the wire radius on the polaron ground state energy level,
the mass and the Frohlich electron-phonon-coupling constant are obtained
for the case of a quasi 1D cylindrical quantum wire. The effect of anisotropy
of the structure on the polaron ground state energy level and the mass are
also investigated.

It is observed that as the wire radius tends to zero, the polaron mass and
energy diverge logarithmically. The polaron mass and energy differ from the
canonical strong-coupling behavior by the Frohlich electron-phonon cou-
pling constant and the radius of the quasi 1D cylindrical quantum wire that
are expressed through a logarithmic function. Moreover, it is observed that
the polaron energy and mass for strong coupling for the case of the quasi
1D cylindrical quantum wire are greater than those for bulk crystals. It is
also observed that the anisotropy of the structure considerably affects both
the polaron ground state energy level and the mass. It is found that as the
radius of the cylindrical wire reduces, the regimes of the weak and inter-
mediate coupling polaron shorten while the region of the strong coupling
polaron broadens and extends into those of the weak and intermediate
ones.

Analytic expressions for the polaron ground state energy level and mass
are derived for the case of strong coupling polarons.
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1. Introduction

Recent developments in quasi 2D, 1D and 0D cylindrical quantum wire fabrica-
tion and in the fabrication of new electronic devices have stimulated the theoreti-
cians’ interest in formulating the models describing physical phenomena associated
with cylindrical quantum wires [1-14]. Since the majority of nano-structures are
ionic crystals and polar materials, polaronic effects may strongly effect their phys-
ical properties. The present paper investigates the effect of the wire radius on the
polaron ground state energy level, the effective mass and the Frohlich electron-
phonon-coupling constant for the case of a quasi 1D cylindrical quantum wire. In
the cylindrical quantum wire configuration, the ultimate confinement effects quan-
tize the carrier motion in the directions transverse to its length. Polaron energy
is evaluated in [15-17] using perturbation theory, in [18] using the weak coupling
approximation, in [19] using the dielectric continuum model and in [20] using the
Feynman variational principle.

Landau was the first to predict the polaron concept [21]. It is studied in detail
in [21-27].

A polaron is a quasi particle that arises as a result of a conduction electron
(or hole) together with its self-induced polarization in an ionic crystal or in a po-
lar semiconductor [28]. To classify polarons, the Frohlich electron-phonon coupling
constant value « is a weak-coupling if @ < 1, a strong-coupling if « > 7 and an
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 [29]. In nano-structures made of ionic crystals and polar materi-
als the strong coupling can be realized at smaller & when the parabolic electronic
confinement is introduced [30-34].

For cylindrical quantum wires it is possible to reduce the lower bound of the
electron-phonon coupling constant’s threshold value to within weak- or intermediate-
coupling range. Quasi 1D cylindrical quantum wires are of interest as structures
with maximal polaron effect. Here there exists at least one transport direction. It is
obvious that these structures are quit promising in observing the strong coupling.
When investigating the polaron problem in cylindrical quantum wires, it is necessary
to consider both the electron and the phonon confinement. The electron confinement
is described in [1,30-34] by means of a parabolic potential.

The investigation of the polaron states in a quasi-1D cylindrical quantum wire
using Feynman variational principle results in the upper bound polaron ground state
energy for arbitrary values of the Frohlich electron-phonon coupling constant. Elec-
tron confinement is selected in the form of transverse parabolic potential since there
are no rigid interface boundaries. Then we examine electron interaction only with
3D longitudinal polar optical phonons (3D-phonon approximation). For rigid inter-
face boundaries, interface-like phonon modes are localized at the neighbourhood of a
sharp boundary. There is also quantisation of bulk phonons. For the parabolic poten-
tial, interface-like phonon modes are rather smoothly distributed in space. For this
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we do the 3D-phonon approximation. Consequently, interface phonons may not be
considered. This approach seems to be adequate since integral polaron effects result
from the summation over all phonon spectra. In [34-37] interface-type longitudinal
polar optical phonons have no contribution to polaron effects. The contribution of
the interface-type phonons to the polaron energy is very much smaller than the con-
tribution of the bulk-type phonon [19]. Bulk-type phonons play the dominant role
in the polaron energy shift [38-47].

This work paves the way for investigating strong-coupling polarons in strong
polar crystals. Thus we examine the polaron problem in the quasi 1D cylindrical
quantum wire within the framework of the strong coupling theory. The model with
parabolic confinement is preferable as it examines polaron states covering all values
of Frohlich electron-phonon coupling constant. The parabolic confinement potential
is also introduced for technological reasons. At small values of the radius of the
quantum wire the parabolic confinement potential can be regarded as a model for
the real potential [48].

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, « , and considers the exact and the model system. The action functional
of the exact system is defined as:

S[F]:/Ldt

and that of the model system is defined as:

Sl = [ Lact,
where 7 is the radius vector, t is the time, L and Ly are the Langrangians of the
exact and model systems respectively.
The exact and the model action functionals are obtained as a result of the eli-

mination of the phonon coordinates and the coordinates of the “fictitious” particles
respectively. The statistical sum of the exact system is defined by

7= Sp/DFeXp (S} (2.1)

and that of the model system is defined by

Zo = Sp / Diexp {5 [} (2.2)

Here D7’ denotes path integration and Sp the spur.
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In our evaluations, the statistical sum for the exact system is defined as Z :
Z = Zy (exp{S [ = So [} (2.3)
The angle brackets in (2.3) denote the averaging over electron paths and are defined

as follows:
iy S0 DFF [exp (S0}

Sp [ Drexp {So}
The basis of Feynman variational method is the Jensen-Feynman inequality [28]:
(exp (S[r] =5, [])) = exp (S [r] = S, []) - (2:4)

The Feynman’s statistical sum Zr is evaluated using (2.3) and (2.4):
InZ>InZp=InZ,— (S[] - S,[]). (2.5)

We consider the total momentum p’ of the polaron to be the only continuous
quantum number. The dependence of the energy on the momentum (for the case of
an isotropic crystal) has the form:

E = Ey(v) +pEy (v) + p'Ey (v) + -+ . (2.6)

Here the quantities Ey, Eo, Ey, - - - , are coefficients of expansion of (2.6) and v is
the totality of discrete quantum numbers of the system.

We evaluate the statistical sum for the system using (2.1) and limit ourselves only
to the first two terms of the expansion as higher order terms for low temperatures
are exponentially small (in the statistical sum expression) compared to the first two
terms. If the polaron effective mass is defined by M = 1/2F5 then it follows that

%
InZ=In V3 21N ) gt om (M),
(27’(’71) )\ 2 me

Here T is the absolute temperature. Comparing (2.5) and (2.7) we can obtain the
expressions for the Feynman variational polaron energy E and effective mass M .
The polaron ground state energy is obtained as the coefficient of A in (2.7) and the
polaron effective mass from the term independent of A . We consider the case of low
temperatures 7' — 0 (A — 0) .

N =

(2.7)

3. Feynman polaron in a quasi 1D cylindrical quantum wire

Consider the motion of an electron in a quasi 1D cylindrical quantum wire that
has a transverse parabolic confinement potential. The electron motion in the direc-
tion of the axis of the cylindrical quantum wire (OZ-axis) is free. The Hamiltonian
of the polaron problem has the form:

A

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

e —

N ]52 PQ mJ_QZ
i - 11 I 2
27711_ + 2m|| + 2 P

Here p? = 2% +y? ; ]ADL, m_ and }SH, m| components of the operator of the momentum
and electron band mass in the transversal and longitudinal directions respectively;
Q) is the frequency characterizing the parabolic confinement potential; and

Hyn = 3 hwgh by,

] i b _aidr * D+ o —igF (3.2)

He—ph = Z ’thbqe + ’y(j’bq‘e

q

are respectively the phonon contribution and electron-phonon interaction Hamilto-
nians. Here ~; is the amplitude of the electron-phonon interaction and wg is the
phonon frequency numbered by the wave vector ¢ :

1
ar [ hw, 2 ? h 2
7(q>R" | R"‘( > ¢ =t

2mew,
wp is the dispersionless phonon frequency and R, is the polaron radius. ZA); and l;(;
are the creation and annihilation operators respectively.
Considering the Hamiltonian (3.1), the model Lagrangian L, for the system
(considering the ground state) is selected in the one — oscillatory approximation:

Vg =

Ly = _mLp2 B mHj? B mJ_QQpQ_ M, R? B M, Z? kL (ﬁ_ ﬁ>2_ﬂ (Z’ B Z>2,
2h? 2h? 2 2h? 2h? 2
(3.3)
where R and Z are coordinates of the model particle; p and z are coordinates of
the electron, and m, and m are the components of the electron masses in the oxy-
plane and in the oz-direction respectively. The quantities M, M), k1 and k| serve
as variational parameters, while 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. The model Lagrangian in (3.3) simulates the
interacting electron-phonon system. Considering the form of the model Lagrangian,
the equations of motion along the transversal and longitudinal directions are mutu-
ally independent. From the equation of motion considering the transversal direction,
the following eigen frequencies are obtained:

1
1 /K 1| /k 2 4k, 027 1 1 1
2 L 2 s 2 1
==+ )+ | =+ — —— —=—+-—. (34
WLl’z 2(/,LJ_+ ) 2 (/,LJ_—i_ ) MJ_] ’ jYas mJ_+MJ_ (3)

In order to diagonalize the Lagrangian (3.3) we do the linear transformation of
the variables R and p using the modes in (3.4):

{ 7= b (wi1) + c2F5 (wi2) & (wi2),
R= o Fy(wiq) 51 (wi1) + 0252 (wi2).
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Here
Rl M,
F F —_=F
(UJJJ) _MLwil‘F/‘fJ_ z(wu) my I(WJ_l)
2= 1 2= mi 9
! mJ_‘f'MJ_FQ ’ 2 MJ_ !
Also
myz+M, Z
=2z =" M=yt My, 2=y (3.5)
w = Z_l‘\la My = mHMHa a;+az =1, ap = 1/u”. .

It may be seen from this transformation that on the axis of the wire there is one

free and one oscillatory polaron motion. Considering the transformation of variables
and (2.1), (2.2), (2.4) and (3.3) to (3.5) we obtain the expression:

1) +21n (2 sinh )\h;uﬂ)

h'ﬂ/ (p*)dr + “/ <Z2>d7_<q)wlf>_<<Dw|\f>+<q)>'

(S—Si—Sp) = 2 (2 sinh ML

Here
hk?
<(I)Wlf> = 4MLWL]‘// IoTpcr Wj_f) drdo,
) Py drd
) = [ [ i aaras,
(@) — oz/\/F(AL,AH)e‘ dr
0
and

1 1 Arsinh A—11/2, A>1,
F(AL,AH) :ﬁ\/j 1/2 . <_ 1)/2
T(le Ay — AL arcsin (1 — A) A<,

)

A € m
1
A—g—”, B = -t
A l+e¢ mj|
2 2 2 2 2
a wi —w wf — w
J w 1 f f 2
ALZE (1 € L])7 ay = 2 PR Ay = 2 P
=1 YL Wi —wp Wi —w;
a _
A||:—(1—e”)+a17'

644



Polaron in a quasi 1D cylindrical quantum wire

cosh (hw [|T — 0| = 3])
sinh (Ahw/2)
We evaluate (p2), (p,po) and (22), (z,2,) respectively using the productive func-
tions

w) =

U, (¢,n) =exp{-X —Z},

where
hc? MNw
Y - Cqu (§2—|—772) coth 11 —2mF (wi1) ],
4wy 2
—  hSFEG [, 5 Ahw |
== oL (¢* +n?) coth 5 —2¢nF (wio)
and
U (s,n) = exp{-A - T},
where

o2 M
A = Cqu [(gQ +17°) coth( U) — 2¢nF (wu)] )
dwyy 2
A 2F2 2 Nw
v — Maladl [(g2 +17°) coth( 2”) — 2GnF (Wu)} :

4(,UL2

From considering (2.5) and (2.7), for low temperatures 7" — 0 (A — oo0) and
from the fact that ¢ = n = +1 we obtain the polaron energy and mass. In further
evaluations of the polaron energy and mass, the Feynman’s units [25] are used: fuvy
for energy and R, for length. The Feynman polaron dimensionless variational energy
is found to be:

p=Y(1-1 2+Q+(Q_”M)2< —wiy)” a/FA AeTdr  (3.6)
_4 u QQ<WJ_1+U)J_2 L H T .

0

and the dimensionless variational polaron mass may be conveniently evaluated through
the expression
(Wi =) (2° —wly)

2 2
WiWig

M =u* + -~ 1. (3.7)
In (3.6), € is the parameter characterizing the anisotropy of the structure bulk.
The polaron energy is found by minimizing the polaron variational energy in (3.6)

and the mass by substituting in the expression of the mass in (3.7) the threshold

values of v , u ,w,1 and w, o for which the energy is minimum. The numerical results
are shown in the figures 1-4 below. In the figures 1 and 3 the absolute value of the
polaron energy is considered for convenience to aid easy analysis.

From expressions (3.6) and (3.7) the analytic dimensionless expressions for the
polaron energy and effective mass for the strong-coupling polarons are obtained

respectively as:
2 22
B _4a”p In2 ey 2
em 2efaRf (Q) R?
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Figure 1. Polaron energy versus Figure 2. Polaron mass versus Frohlich
Frohlich constant for different radii. constant for different radii.

and — vF
~ 256a 9 e\
W= S (i)
Here SelR
FQ = ~Wl-Ql[-Qln..mQ]. Q=2
e = 2.718281828
and

R: (%)1/2
Q

is the radius of the quasi 1D cylindrical quantum wire.
Rigorous weak-coupling expansion for the polaron ground state energy and ef-
fective mass yield [25]:

E=—a—001592a2 — -, M:1+%+0.02363a2+-~-.

The expansion for the strong-coupling polaron yields [26]:
E=-0.109% ~ M =0.02a"
Polaron excitation in [49,50] for the strong-coupling polaron in a 3D structure

yields the energy:

EF=——.
97

Since

5 e\/T
8 (2ea/3Rf (Q)) > b
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Figure 3. Polaron energy versus Figure 4. Polaron mass versus Frohlich
Frohlich constant for different param- constant for different parameters of the
eters of the anisotropy. anisotropy.

then from the above results, the polaron ground state energy and mass in a quasi 1D
cylindrical quantum wire are greater than those in 3D structures. It is also seen that
the decrease in the radius of the structure leads to the increase in polaron ground
state energy and in the effective mass. It follows that the confinement leads to an
enhancement of the electron-phonon interaction.

4. Conclusions

Figures 1 and 2 are respectively the plots of the polaron energy and mass versus
Frohlich electron-phonon coupling constant for different structure radii. It is ob-
served that as the wire radius tends to zero, the polaron mass and energy diverge
logarithmically and the region of strong-coupling polaron is shifted to those of weak-
and intermediate-coupling in which the energy, £/ = const X a. This shows that as
R — 0 the weak and intermediate regions vanish. The behaviors in figures 1 and 2
differ from those in [51-54] only in their logarithmic dependence. Our results confi-
rm those in [33,48,54] in that the polaron energy and mass increase with a decrease
of a radius of the cylindrical quantum wire. It follows that the confinement leads
to the enhancement of the electron-phonon interaction. This is also confirmed by
[23,25,27,41]. The difference in these results and those in [53] is that the polaron
energy and mass pass through a maximum (in their plot against the coupling con-
stant) and then decreases to bulk polaron values. For our case due to the strong
confinement, the regions of weak and intermediate polarons disappear. The results
in [17] show that the polaron energy and mass decrease through a minimum in
their plot against the radius and then increase to a constant value. In our opinion
this minimum should not be expected. This may imply that the bulk optical po-
laron is bound to a Coulomb center. Therefore the pertubative method may not be
appropriate for the treatment of strong coupling polarons.
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Our results show that the polaron mass and energy differ from the canonical
strong-coupling behavior by the Frohlich electron-phonon coupling constant and
the radius of the quasi 1D cylindrical quantum wire that are expressed through a
logarithmic function. It is observed that the polaron energy and mass for strong cou-
pling for the case of the quasi 1D cylindrical quantum wire are greater than those
for bulk structures. This is in agreement with [34]. From the analytic expressions of

the energy and mass, since
In? (L) > 1
2eaBRf (Q)

it follows that the polaron ground state energy and mass in a quasi 1D cylindrical
quantum wire are greater than those in 3D structures. If we compare our results with
those derived from the strong coupling theory we see that ours yield significantly
improved energy upper bounds.

It is also observed that the decrease of the radius of the structure favors strong-
coupling polaron for smaller Frohlich electron-phonon coupling constant. Thus to
enhance a strong-coupling polaron it is sufficient to reduce the radius of the struc-
ture. From our results it is seen that the parameters o and R control the polaron
state in an interrelated manner. They vary in an interrelated manner in favor of a
strong coupling polaron. It is observed that the Frohlich electron-phonon-coupling
constant for strong-coupling in the case of the quantum wire is found in the weak
and intermediate-coupling range.

Figures 3 and 4, show the effect of the anisotropy on the polaron energy and mass
respectively. It is also observed that the anisotropy of the structure considerably
affects the polaron ground state energy level and the mass.
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NMonsapoH y KBa3iogHOBUMIPHOMY LUIIHAPUYHOMY
KBAaHTOBOMY APOTi

Jl.dail, B.Tebyn?, A.MoHTtenn?, C.Maaby?, |.HcaHry?

dakynbTeT NPUPOAHNYNX HAYK,
YHiBepcuteT M. Ixanr, KamepyH

2 UMR CNRS 6136,
YHiBepcuteT M. AHXe,
By”N. JlaByas'e, AHxe 49045, PpaHuis

OtpumaHo 30 6epesHa 2004 p.

3a gonomoroto BapiauiHoro npuHuuny MenHmaHa BUBHaOTLCS CTaHU
nonsipoHa B KBa3iOAHOBUMIPHOMY LMNIHOPNUYHOMY KBAHTOBOMY APOTi 3
napaboniyHMM obMeXeHUM noTeHuianom. JocnigxXyeTbcs BNANB pagiy-
ca OpoTy Ha eHepPreTUYHUn piBeHb OCHOBHOIO CTaHy MNoJiipoHa, Macy i
eneKTPOH-OOHOH NOCTIliHY 3B’'A3Ky P pborixa. Takox BUBHAETLCHA edekT
aHi3oTponii CTPYKTYpPW HA EHEPreTUYHNI PIBEHb OCHOBHOMO CTaHy Nons-
poOHa i noro macy. BusiBneHo, Lo SKWo pagiyc ApoTy NPSMye A0 Hyns,
Maca i eHepria nonsgpoHa posbiraioTbes norapmdmiyHo. Maca i eHepris
nonsipoHa BIiAPI3HAIOTBHCS Bif, KAHOHIYHOT MOBELIHKWM CUJTIbHOIO 3B’'S3KY
Ha enekTPOoH-GOHOH NOCTIliHY 3B’A3ky Ppbonixa i Ha paaiyc KBasioaHo-
BMMIPHOIO UMNIHAPUYHOIO KBAHTOBOIrO APOTY, SKi BUPpaXalTbCHa Yyepes3
norapudmivyHy ¢yHkuUito. binblue Toro, CNOCTEPEXEHO, L0 EeHepria Ta
Maca noagpoHa 419 Bunaaky KkBasiogHOBUMIPHOIO LMAIHAPUYHOIO KBaH-
TO-BOr0 APOTY € BiNbLLUMMU, HiXX AN BUNaaKy 06’eMHUX KpUcTanis. Takox
BUSIBJIEHO, LLLO @aHI30TPONIA CTPYKTYPU CUJIbHO BMJIMBAE HA EHEPreTUYHNIN
piBEHb OCHOBHOIO CTaHy NOMSPOHa Ta MOro macy. 3HanaeHo, Lo 9KLOo
pagiyc uMNiHAPUYHOrO OPOTY 3MEHLUYETBLCS, peXxummn cnabkoro Ta ce-
penHbLOoro 3B'A3Ky MONSPOHA CKOPOYYIOTLCS, TOAj K 00/1aCTb CUNBLHOIO
3B’A3KY MoNdApoHa po3wunpoeTbca. OTpMMaHo aHaniTU4Hi BUpasu ong
E€HEepreTM4YHOro pPiBHS OCHOBHOIO CTaHy MOAsSIpoOHa i ANng nMoro macu ong
BUMAOKy CUNLHOIO 3B’A3KY MOJIAPOHIB.

Kno4oBi cnoBa: rios155p0oH, eHeprisi roJisipoHa, maca rnoJsisipoHa,
€J1eKTPOH-GOHOH MOCTiViHa 3B'13Ky Ppbosiixa, KBaHTOBWUIA APIT

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