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LETTER TO THE EDITOR

The polaron self-energy and renormalized effective mass due
to surface optical phonons in cylindrical quantum wires
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{ Department of Applied Physics, Shanghai Jiao Tong University, Shanghai 260030,
People’s Republic of Chinag ‘

1 CCAST (World Laboratory), PO Box 8730, Beijing 100080, People’s Republic of China

Received 14 December 1992

Abstract. We study clectron-s0-phonon coupling in the case of Frohlich interaction
in cylindrical quantum wires. The polaron seclf-energy and renormalized effective mass
due to surface optical phonons in cylindrical quantum wires have been calculated as
functions of the radius of the wire by the standard LLP intermediate-coupling method. It
is found that the strength of electron-So-phonon coupling is strongly dependent on not
only the size of the wires but also the dielectric constant of the surrounding medium.
Our numerical results show that the effects of surface optical phonons are very significant
and cannot be neglected in thin wires.

With the developments in microfabrication techniques, uitrasmall semiconductor
quantum wires in which carriers are confined in two spatial directions have been
successfully fabricated [1-3]. A great deal of interest has been shown in the study
of these structures because of their potential device applications and their success in
uncovering new phenomena.

The polaronic states are important in deteimining the physical properties of
quantum wires, for example, in transport process or in inelastic electron scattering.
The polaron effects of a QID electron gas interacting with confined bulk Lo phonons
‘in quantum wires have been studied. Ka-Di Zhu and Shi-Wei Gu {4] investigated
the electron-LO-phonon interaction in quantum wires with rectangular cross section.
Constantinou and Ridley [5] obtained the formula for the electron-10-phonon
interaction with circular cross section. They did not include the effects of the surface
optical phonons, either. Hai et al [6] showed that the effects of the surface and
interface phonons are significant and cannot be neglected in narrow quantum welis.
So it may be predicted that the interaction of surface optical phonons and an electron
cannot be neglected even in small quantum wires.

In th present paper, we investigate the polaronic states that incorporate the effects
of surface optical phonons in GaAs quantum wires with citcular cross section. Two
different cases are investigated: (1) the wire is free-standing; (2) the wire is embedded
in the surrounding medium.

First we give the Frohlich interaction Hamiltonian for an electron interacting with
surface optical phonons in a cylindrical quantum wire with radius p, and length L
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embedded in the surrounding medium of dielectric constant ¢, which is derived by
Zhou and Gu [7]

Hy o= 3 [Visolps m, k,) exp(ime) exp(ik, )b (k,) + 1] M

L

where b, (k,) is the annihilation operator for the m, k&, mode of surface optical
phonons,

Ve—SO(P: m, kz) = [(1 - ﬂe)/wl’] (ezﬁ./sto) liz(wéo - ‘-‘-’%o)

* Im(pkz)l Pﬁkz‘[m(POk::)I:n(pUkz) (Z)

and 3, = $27na,, wi = 4ne’n/p, o, is the polarizability and wp is the jon plasma
frequency.
The dispersion relation for the surface phonons is given by

E(wSO)I:n (pukz)/‘[m (pﬂkz) =€y K-:r-:. (Pukz)/Km (pﬂkz) (3)

where I, (z) and K (z) are respectively the first-class and second-class Bessel
functions with imaginary variables.

In many cases, the QiD electron wave function is independent of ¢, for example,
within the spirit of the effective mass and parabolic-band approximation, the wave
function is

V(02 2) = [V210, 1 (=) (=8P 0/ p0) explik, 2) V2 @

where k, is the wave number along the axis of the cylinder and .rf,l) is the first root
of Jy(z).

So, if we write H__ g5 = Y, H gn, (Y JHMgolt0.) Will be zero except for m
= 0. We only nced to take account of HY o

Hg—SO = Z [Ve—-SO(-o" kz) exp(ikzz)b(kz) + HC] (S)
ks

where we let V,_gn(p, k,) = V._golpe, k,, m=10).
The total Hamiltonian reads

HP= HG+HSO+H—SQ' (6)

The first term is the Hamiltonian of the electron which is in the infinite well in
the p direction and free in the z direction. It is given by

H, = P}[2m, 4 V(p) + P}/2m, Q)
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where

P> Py

_ 00
V(p)_{o p<py’

The second term is standard

Hgo = Zﬁwso(kz)b+(kz)b(kz)- Y]

Now, we introduce the following two unitary transformations:

U, =e% Sy = —(i/h)z Y _ bk b* (k,)b(k,) 9
ks
Upy=e®  5,=3[g(k,)b* (k,) - o* (k.}b(k,)]- (10)
ky

Then the H} can be transformed into

R M p ]

F
Zmb my,

Hy = U7 WU HUU, = H, + z lg(k, ) [ﬁwso(kz) +
k:
1 .\?
+ o (Db lo(k) ) + 3 an

where the part Hp of the Hamiltonian Hp contains terms of no importance for the
further calculations, and F, is the projection of the total momentum of the polaron
onto the z direction. It is easy to prove that P, is a constant of the motion.

Defining the ground state of the electron-SO-phonon system in the Ilow
temperature limit

[¥g) = [¥e) [0} (12)

where [14,} is given in equation (4) and |0} is the vacuum state of SO phonons, we
can get the ground energy of the polaron

E, = (1h,| Hp| ). (13)
Minimizing E, by setting

8E,[8g(k,) = 8E,/3g*(k,) =0 (14)



L132 Letter to the Editor

we get

a(k.) = ~(6.V.o oo, B)1e) [ [fwso (k) + W42 f2my, — ik, fmy) P,(1 - €)]

{15)
'f 1(1|bclvé-50(ps kz)|¢e>|2 252!9%
—_ . 16
Z€ = L Thuoln) + PR Zm,F g (%)
Here, we introduce the coefficient v which satisfies £/(1 — ¢) = fa.
Finally
Ey = (#/2my) (={"/p,)’ + Ey + P2/2m} 7)
where E is the polaron binding energy
—- E ](¢e]vb—80(p7 kz)lwe)lz (18)
~ hwgo(k,) + h2Kk2 [2my,

and m; is the polaron renormalized effective mass, m}, = my(1 + Joy). Here we
must point out that for bulk materials, m}, is equal to m,(1+ }«) within the scope
of intermediate coupling.

We now discuss the numerical results. We choose GaAs as an example to present
the numerical results. In the calculations we have used the followmg parameters: a
= 5.65 A, hwy o = 3625 meV, fuorg = 3329 meV, ¢, = 13.18, ¢, = 18.89, m,/m,
= 0.067, o = (.067 and the dielectric constant ¢4 of the surroundmg medjum is 2.25.

Figure 1 shows the polaron self-energy as a function of the radius of the cylindrical
quantum wire for two values of the dielectric constant ¢4 of the surrounding medium.
Two effects are pointed out here. Firstly, we can see from the figure that the absolute
value of the polaron sclf-energy increases rapidly as the wire gets smaller. The reason
for this is that the reduction of size leads to an increasing coupling to short-wavelength
phonons. Comparing our results with those in {4), we find that for slim free-standing
wires (py < 10a), the absolute value of the polaron self-energy due to electron-Lo-
phonon interaction is less than that due to electron-so-phonon interaction. Secondly,
we find that the smaller the value of ¢,, the larger is the absolute value of the self-
energy. This is because the dispersion relation wgo(k, ) for the SO phonon is strongly
dependent on the value of ¢,

Figure 2 shows the polaron renormalized effective mass as a function of the radius
of the wire for two values of the dielectric constant ¢;. We find that.it is similar to
figure 1, but the polaron renormalized effective mass is more strongly dependent
on the size of the wire than the self-energy is. As the wire becomes thicker, the
coefficient « decreases more rapidly. We also find that the value of the renormalized
mass in thin wires is larger than that in a 3D system. So, we can see that for the
same kind of material, the electron~phonon coupling in a QID system may be much
stronger than that in a 3D system. As a result, for small wires, we must take into
account the electron-sO-phonon interaction.
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Figure 1. The polaron self-enerpy of GaAs quantum well wires with circular cross section
in units of —ahwsg as a function of the radius of the wires: —, EL, ¢g = L.0; ---~
El, 5 = 225

30

po/a

Figure 2. The polaron renormalized effective mass of GaAs quantum well wires with
circular cross section as a function of the radius of the wiress —, g, ¢g = 1.0 ===~
T €d = 2.25.

The polaron self-energy and its renormalized effective mass due to the interaction
of an electron with the so phonons in a cylindrical quantum-well wire have
been calculated as functions of the radius of the wires by the LLP method. In
the calculations, we have used the continuum approximation and effective mass
approximation.

The results show that the effects of surface optical phonons are dominant in thin
wires, and must be taken into account. We also find that the strenpth of electron-so-
phonon coupling is strongly dependent on the dielectric constant €, of the surrounding
mediom,
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