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The phonon modes of a quantum dot quantum W@DQW) in the nonpolar dielectric surrounding medium
are deduced by using the dielectric continuum model. The confined longitudinal-gj@paphonon modes
both in the core materidLO1) and in the shell materidLO2), interface optical(lO) and surface opticdlSO)
phonon modes, as well as the correspondindkeh electron-phonon interaction Hamiltonians are derived. A
proper eigenfunction for LO1 modes is adopted and a legitimate eigenfunction for LO2 modes is constructed
to describe the vibrating of the LO phonons. Numerical calculations are performed on a HgS/CdS QDQW, and
the results reveal that there are three branches of 10 or SO phonon frequencies in the system. With increasing
guantum numbel, the frequencies of two branches approach those in the single HgS/CdS heterostructure and
the reason for this feature is explained. Biggand a thicker spherical shell make the potentials of 10 or SO
phonon modes more localized at a certain interface or surface. The study also reveals that the electron-SO
phonon coupling is more significant.
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[. INTRODUCTION and provided the optical-phonon modes and electron-phonon
interaction Hamiltonian. and Shao-hua Jurtfjiderived the
Due to the great progress in semiconductor nanotechnofree optical-phonon modes in the coupled QWs with five
ogy, various kinds of semiconductor heterostructures can blayers of heterostructures. Recently, Xé¢al. studied the
fabricated. Among these, a synthesized inhomogeneoyshonon modes in a cylindrical quantum well wi@WW) in
spherical quantum dot with a central core and many layers dd infinite potential boundary conditibhand a finite potential
shells called a quantum dot quantum Well (QDQW),  boundary conditiod! Klimin et al?® determined the vibra-
formed by by using the wet chemical synthesis method, is &onal modes of inertial polarization in the multilayer QWW
field of great interest to many authdts It is well known and QD. Li and Cheif obtained the longitudinal-optical
that the electron-phonon interaction is an important factofLO) phonon modes and two types of surface opti&0D)
influencing the physical properties of polar crystals such agphonon modes of a free-standing cylindrical QD. Klein
the binding energy of impurities, carrier transportation, andet al?’ and Rocaet al?® derived the polar optical-phonon
linear and nonlinear optical properties, especially in low-modes in a spherical QD. de la Crat al?® dervied the
dimensional quantum systertts*® Furthermore, the effect interface opticallO) phonon modes in a GaAs/&ba, _,As
of such an influence becomes stronger as the dimensionaligpherical QD, and the interface frequencies as a function of
of the system reducé$:® Hence, a proper description of the Al alloy concentration were discussed. Within the frame-
polar optical phonon modes and the electron-phonon interasvork of the DC model, Tkachet al®° studied exciton-
tion Hamiltonian is necessary. phonon interaction in a QDQW, and the phonon modes were
In much previous research on the electron-phonon interebtained, but detailed discussions about the characters of
action in a quantum daiQD), the bulk phonon modes were phonon modes in the system were missed. Even so, the DC
employed:>~7In fact, in the low-dimensional quantum sys- model had its limits in describing optical modes in QW
tems, phonons in the polar crystals are confined, whictstructures, and the region of validity of the approach is lim-
makes the phonon modes more complicated than those in thied to the situation in which the phonon wavelengths are
bulk materials® After the pioneering works of Fuchs and large enough as compared with the lattice constafit.>3It
Kliewer'® and Licari and Evard® Wendler and Haupt?>  has been proven that the LO and IO phonon modes obtained
presented a complete theory of long-wavelength opticaby the DC model are in good agreement with other calcula-
phonons and polar-type electron-phonon interaction for angion approache®~3° Because of the simplicity and effi-
confined systems within the framework of the standard diciency of DC models, especially for polaron effett$? in
electric continuum(DC). Thereafter, under DC approxima- the present paper, we will use them to study the phonon
tion, several authors made their contributions to the study ofmodes and the electron-phonon interaction in a QDQW.
the phonon modes in various quantum systems. Mori and The semiconductor materials usually used to synthesize
Ando® studied the phonon modes in a quantum wWeWw) QDQW's are CdS/HgS, ZnSe/CdSe, CdS/PbS,'€tcThe
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74 Nonpolar dielectric stand the polaronic effect, electron scattering, etc., in the
medium systems. The paper is organized as follows: in Sec. Il, two
confined LO phonon modes both in the central cr®1)

and in the shell regioLO2), the 10 and SO phonon modes,

as well as the corresponding Tiizh electron-phonon inter-
action Hamiltonians are deduced. In Sec. Ill, numerical cal-
culations on a HgS/CdS QDQW are performed, and the char-
acters of the 10 and SO phonon modes are discussed. In the
last section, a brief summary about characters of the phonon
modes and the applied range of this theory are discussed and

> specified.
0 Y P
/ Il. THEORY
Under the DC approximation, and starting from the clas-
e, sic electrostatics equations for free oscillatigm(r)=0],
we have
X
2 =
4 Conduction sVih(r=0 @
Band with
> Ve
] 0 I (@)=t — @
@ g(w)=e+ —————,
E, R 1- wZ/w-zro
0 Ll
$ | ! where g;, ¢, are the static and high-frequency dielectric
Vo constants, respectively, andro is the frequency of
Valence Band transverse-optical phonon.
FIG. 1. Schematic view of our model of the QDQW and corre- A. The confined LO phonon modes
sponding potential profiles;(w), £5(w) are the dielectric func- ) ) )
tions of the core material and shell material, respectivglyis the There are two p053|b|e solutions for E€L): one is

dielectric constant of the nonpolar dielectric surrounding mediume (@) =0, and the other %2 ¢(r)=0. To the first solution,
VE (VD) is the conduction¢valence} band offset between the core Via Eq.(2) and a Lyddane-Sachs-TellerST) relation, one
and shell region, whilé, refers to the shell region semiconductor can get

band gap.

[

material with the smaller bulk band gdpuch as HgBis
embedded between a core and an outer shell of the material
with a larger bulk band gagsuch as Cdf so the material which describes the confined bulk LO modes of frequency
with a smaller bulk band gap acts as a well material for thew= w o, Wherew, ¢ is the frequency of a LO phonon.
electron and hole as well as the phonon in the polar crystal.

In this paper, we will consider a QDQW with a central 1. Confined LO1 modes in the core
core f<r.) and a shell {.<r=<rg) in the nonpolar sur-
rounding medium I>>rg) with a dielectric constantéy. A
schematic view of our simplified model of the QDQW an
corresponding radial potential profile are given in Fig. 1. The

The eigenfunctions for the confined LO1 mode inside the
q core region (<r.) can be chosen as

advantages of this work are thafi) using the analogy Lol c,njl( )Ylm(a @) I=<rg,
method in Refs. 11 and 12, the works of phonon modes in a Bimn (1) (4
cylindrical QWW have been extended to QDQW systems; 0 r>re,

(i) the orthonormal relation for the polarization vectors have

been derived, and via the relation, the phonon field and therherej(x) is the spherical Bessel function of théa order,
electron-phonon interaction have been quantized, which may,,, is the spherical harmonics, angd,, is the nth zero of

be useful for further work, such with polaron effects, boundj,(x). It should be noted that, in the region outside the core
polaron effects and phonon scattering in the QDQW systemgyr <r_.), the eigenfunctions should be zero, which are the
and (iii ) from the discussions of the dispersion relations anddemands of the continuum of electric field and electric dis-
the potential distributions for the 10 or SO phonon modesplacement at the boundaf¥y*%2°

the characters of 10 or SO phonon modes have been deter- Using the same steps as in Ref. 11, we obtain the confined
mined, and the results may be helpful to study and undertO1 phonon Hamiltonian as
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8 2
+_ *
10, g o
Hioa=5] | N u e p*-P
8 2
1+§7Tn*a
+n*p,a)501 P*P d3r1 (5)
n*e

where u is the reduced mass of the ion paif, is the num-
ber of ion pairs per unit volumey is the electronic polariz-
ability per ion pair, andP is the polarization vector.

Via the Green'’s first identity, it is easy to get the ortho-

normal relation for the polarization vectoRsor

* 1

LO1 LOl LO1 LOl

f Pl’m’n’ Imndsr_ fv¢|rm e V¢|mn
1672

where

1
= _16772f ¢:_'Cr:11'n'V2¢| 01d3

47Te2h0)|_01 ( 1 1)

2 2
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n*e 2 16m%e?h

2. 2
nN* nw o1 1+§7Tn*a @inlcliv1(amn)

. (12
€1x €10

2. Confined LO2 modes in the shell region

The potential for the LO2 phonon modes in the shell re-
gion (r.<r=<r,) can be chosen as

BInTI( )Y|m(9<P) Fesr=rsg, 13

0 otherwise,

an
=] —r

i

T—r

=T
+b|nn|<_r) (14)

|Cinl?afirc and n,(x) is the spherical Neumann function of order
- 32572 Jiv1(@in) 8111 6 mbnn - T,(ar/r.) satisfies the boundary conditionsratr . andr
=rg. They are
(6)
a
If we chooseCy, to be T %r =]i(ap) +bini(a,) =0,
1 n*e 2 16m2 vz Co
C|n: - ’ (7)
8 2 2 a a
WUl 14 2 n*a @inlcli+1(ain) Sn +b|nnl(%rs>:01 (15)
Cc

then PO may form an orthonormal and complete set. We
introduce creation and annihilation operataf,$1n and a;m,,

to express the polarization vectBrand the standard Hamil-
tonianH o¢:

P=E ( [almn+almn]P|mn ) (8)
Imn \ W01

P=—i2 (oo Talnn=amilPimy (9

Hio1= 2 hoLoil imndima T 2] (10)

The operators for the LO1 phonon of then satisfy the
commutation relation for bosons. The eigenfunction of the
LO1 phonon mode(r) could be expanded in terms of the
normal modes, so the Hatich Hamiltonian between the
electron and LO1 phonon is obtained as

He Lo1=— e¢’L01(r)

-3

Imn

AR
l_‘I_Oljl(_r)Ylm(a (P)almn+ H.c.

(12)
where
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_j (alnr
—JI s
r=rg Fe

so q;, andb,, can be solved using E@15). n in the radial
function T|(a),r/r.) denotes the number of zeros within the
range ofr.<r=<rg. By using the spherical Bessel equation,
it can be proved thaf|(a,r/r.) and T,(a,,r/r;) are or-
12 thogonalized in the shell regiomefer to the append)x

Similar to the process for LO1, we obtained the following
orthogonal relation of polarization vect&f,0? :

LO2* L02 3
Pl’m’n’ |mr1d

LO2
l@ﬂgf ¢I’m "n’ Vd):_rr?nz

1
== _16772J ¢:_'212'nfvz¢| 02d3

2

aI2n|BIn|2 3 Ajn
=2z |V
327rg e
an a 's
_TI 1 TI+1 re —r 5I’I5m’m5n’n
rC
_aI2n|BIn|2rc

3072 [Ti—1(an) Ti+1(an)
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phonon modes, under the spherical coordinate, the solution
of Laplace equation is written as

(16)
where oS
y=rglre. (17)
(1 a1 |
We let Y T Y AT Yim(6,¢) r<re,
S C
167 * ? 1. -1y |l
Binl?=—— [Ti—1(an) T4 a(an) [(rs A—=pBDyr
n* pajyrc l+§7rn*a = L re<r<rsg,
+(r_7’ID|_,3|A|)rI1 Yim(6,¢)
=’ Ti-a(van) Tiea(van) 1™ (18) s
1 1
soP;9? forms an orthonormal and complete set, which could L (r_yl_ r_yl) Dyr ' 1Y,.(6,0) r>rg,
S C

be used to expreds, 5, andH¢ | o, as the following
HLOZZ% fi Lozl Blmabimn T 31,
HeLo2=—e¢"O%(r)

->

Imn

a
FLOZTl(%r ) Yim(6,¢)bln+H.C.
C

with

4’7Te ﬁwLoz
75022 =———[Ti—1(@n)Ti+1(an)

1 1 )
€200 €20

In'c

—Y*Tioa(yan) Tialyan ] 1(

whereb/ andb,,, are the Bose creation and ann
operations for the LO2 phonon of thenn mode.

B. The IO and SO phonon modes

The second possible solution of electrostatic EL. is
Laplace equation, and it will give the interface phonon and
surface phonon modes. Following E§), we get the Hamil-

2
}p*.p

tonian for the 10 phonon or the SO phoribi?

1 *
Hlo,sozif n"u

+n*,uw2[

1
n*e[1+(a,u/e2)(w§—w2)]

1 2
n* e[1+(a,u/ez)(w3_w2)]]

(23
where y is defined in Eq(17) and B=r.-rg, in which the
continuity of the eigenfunction at=r_, rg has been taken
into consideration.

Other than the LO phonon, the dielectric functiarn(s»)
of the 10 or SO phonons do not equal and zero, they are
given by Eq.(2) and the LST relations

(19

2 2
W —w o1 W —w o2
(20 ei(w)=e1————, &Aw)Te—;
W T w0101 W T W12
(24)
The boundary conditions at=r; andrg imply
¢1| 3¢2|
er(0)—— | =exw)—— (25)
r=rg
IPaim db3im
(21 gz(w) r=rg= €d7 5 (26)
ar a |_,

ihilation o _ °
Substituting Eq.(23) into Egs. (25) and (26), we get the
following linear homogeneous equations #yrandD; :

1 —1 1 | -1
YT Ire "Ajei(w)
S C

1
rS

1 -Ip
— r_sy

| 1 | —1-2
_r_’y (_l_l)rs D|8d
C

y'A-p7"" 1D)Ir tes(w)

—B'A|)<I+1>r;"282<w>,

(27)

1 _
re

X P* . P) dr. (22

It is understood that IO and SO phonon modes belong to the
whole systent>*Cespecially, in the QDQW system in which
the shell width is relatively thin, so the 10 and SO modes are
coupled on each interface or surface. For the 10 and SO
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To obtain the nonzero solutions fé; andD,, the following secular equation should be satisfied.

1 1
( ?’I_r_7|>|rlc_181
C

I's

1
{ﬁ_'_llr'c_1+ =y A+ Drg?
S
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€2
B 2 [P c T (R Tty P
| | =0. (29)
L (=B g T =yl 1+ Drg' e,
—y It g+ 2 e 1 1
[rsy s AU D e +(—'y|——'yl)(|+l)l’5|28d
rS rC
|
Equation(29) gives the dispersion relations for IO and SO expressed as
phonons. Substituting Eq24) into Eq. (29), above the fre-
guencies of the IO and SO phonons can be derived by solv- _f
ing the sixth-order equation fas. Whenw is worked out, it Di=fi(0)A, (30)
is easy to get the values @f(w) ande,(w) via Eq. (24).
Through Eq.(27) or (28), the relation ofA; andD, can be  where
|
( —1—-1_ |)|r|728 _ 7|71|r|728 _ |(|+1)r7|728
filw)=- . y—l—z |—11 . 4—2 : ’84—3 — (32)
B Ire “exty (I+D)r. e,
or
M 2,4+ 81+ 1)r ' 2%
fi(w)=- -1 L 2—|ﬁ—3 - ; “1-3_ - (32
=B g ey =y I+ Drg e (v = (I Drg ' ey
|
Using the formulg30), the potential function&23) of the 10 o
and SO phonons can be rewritten as J P - PloSOdr
10,50 (1-8y)? * 3
Im (I’) :WfVlV¢ll,m,'V¢l|md r
fA 1, 1, Y, (8 r<r (1-&,)? N 3
WY Y rYim(6,¢) =<rc, +WJV2V¢2|fmf'V¢2lmdr
i 1—¢g,)° d
A{ r_y I_B ! 1f|(w))rl :—( 82) J 1|rmr—?1lmda
= Sl re<r<rg 16 n
=y (@) =B 1Y (6, 0) (1—g;)° Ibaim
e TR botrm —2dla
1672 Jsi+s2 an
A i)’_l_i)’l)ﬁ(w)r_l_l\ﬁ (0,), 1=>Ts |A|?
m L] 3 * | i _
AL e = 16772[(1—81)2I<(7 mlogyh2rdet

(33

The polarization fields for the IO and SO phonon modes of
the QDQW are expressed as

1_
N T S Y
4
The orthogonal relation foP|>=C is derived by
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TABLE |. The material parameterRef. 30 (m, is the bare e2h
electron mass IN||2= |A||27
Material m*/mq fhiw o (MeV) €0 € 1 1 -1
= ZWezﬁw( ( - )
cds 0.2 57.2 9.1 55 £1— 810 £1— €1«
HgS 0.036 27.8 182  11.36 1 ha2-1
H,0 1 178 178 X1y Y)Te
! 2
+{1 __B_I_lfl(w) (72|+1_1)r§|+1
To chooseA, as s
1 2
, 1 (( 1 1 )1 - —(1+1) r—svlﬁ(w)—ﬂ'} (72'1—1)fc_2'_1]
Al = - [y~
A 2nw?\ | €17 €10 €17 €12 (Y 1 1 -1\ -1
7’7I 2 8 82_820_82_82 ) ) ' 40
_,y|)2r§|—l+ I r__IB—I—lfI(w) (,y2|+1
s So the total Hamiltonian of the free phonon field in a
_— 1 2 QDQW should include the two confined bulk LO modes, and
—Drg T =(1+1) r—f'ﬁ(w)—ﬁI (y 21 the 10 and SO mixing phonon modes, i.e.,
S
_— ( 1 1 )_1> Hiotph=HLo1t HLo2tHio,s0, (41)
—Dr <~ - 36 e . .
e €07 E€y0 €2 Ee (36 and the total Frblich electron-phonon interaction should

also include three terms
can makeP|0S° form an orthonormal and complete set.
Similarly we have the Hamiltonian operator for the 10 and Heph=HerLo1tHero2THel0,50: (42

SO phonons as in which Hi o1, Hio2, andHio so, andHe 01, Hero2,

andH¢ o soare given by EqS(10), (19), and(37), and(11),
Hio.s0= E hw[cfmc|m+ 1, (37) (20), and(38) respectively.
Im

t . . I1l. NUMERICAL RESULTS AND DISCUSSIONS
wherec,,,, andc,, are creation and annihilation operators for

IO and SO phonons of thd ,m)th modes. They satisfy the In order to see more clearly the characters of the phonon
commutative rules for bosons. The Rlich Hamiltonian de- modes, numerical calculations on a HgS/CdS QDQW are

scribing the interaction between the electron and the 10 an@erformed. Due to the simplicity of the electron-LO phonon
SO phonon is written as coupling functions, which are just the oscillating and attenu-

ating functions for spherical Bessel and Neumann functions,

in the discussions following, we will only focus on the dis-
Heio.50=— > T2 SN[ Yim(6,¢)cimtH.c], (39  persion relations and the electron-phonon interaction func-
m tionsI"|°'59(r) for 10 and SO phonon modes in the systems.

where the electron-IO or- SO phonon radial coupling func-The material parameters are listed in Table I.

tion is
49.2 - -A
———"'-‘-A--
FIO’SO(r) ] —‘3———"_,——‘
: 48.8 - ’,A’/
(1 1), o
2 X
=y g (o) | S wole .
rs | 4:27.0- - @ —— @ — = —— =@ —— O~ —— O~ —— - —— -0
:NIX< 1 26.4 -
+ r—sy—'fmw)—ﬁ')r—'—l} re<r=rs, 1
1 | 1 I -1 25.2_-./”’.--__.____-—“_."""""'---l———-----—-
=y ——7|fi(0)r " r=rs I
\ I's Ie |
(39
FIG. 2. Dispersion curves of the 10 and SO phonon modes for
with the QDQW with thicknesses 2.35 nm/4.35 mm/

205326-6



FROHLICH ELECTRON-PHONON INTERACTION . . . PHYSICAL REVIEW B56, 205326 (2002

4
4
3 2
¢ °T 23
mE OE 3
21 = 24
z >
3 2
E 14+ 2 ggE
2 =)
2 — 0 T T T T T
=0 : : : : z s 10
IO 2 4 6 8 o -1+
2 2
@, S
[<R e
r = 2 9
24 1 3 -
r(nm
B (nm)
r (nm)

FIG. 5. The coupling functiond"}°>S9(r) versusr for the
FIG. 3. The coupling functionE'°:59(r) as a function of for ~ QDQW with thicknesses 2.35 nm/9.4 nm/
the QDQW with the same size as that in Fig. 2.

with Fig. 4, so the dispersion frequencies approach the fre-

In Fig. 2, the dispersion relations of 10 and SO phononquency value of single CdS/HgS_ heterostructures. Hence,
modes are depicted. Contrary to the case of a QWW Opnoples 1 an_d 3 can be treated_ as_mterface m_odes. Mode 2 is
QW,232431-35in which the 10 and SO phonon frequencies malnly_locahzed at surface w_hlch is more opwous for larger
were the continuum functions of wave vector, the 10 and Sd' and It can be seen clearly in Fig. 4 and Fig. 6 below.
phonon frequencies in the QDQW systems are the discrete . In Fig. 3 Whe,gl 5:01, the eIectron_-IO or -SO phonon cou-
spectra for quantum numberFor a certain, there have only  Pling functionsl’;=*(r), as a function of, are plotted, and
three branches of 10 or SO phonon frequencies, whictil€ thicknesses of the CdS/HgS® system are 2.35 nm/
means that Eq(29) just has three solutions fas. It should ~ 4-35 Nmée. With the same structure as that in Fig. 3, for
be noted that the frequencies of two branches of modes 1 arid3, '~ (r), as a function ofr, is presented in Fig. 4.
2 are between the longitudinal-optical phonon frequency an&rom Fig. 3, it can be observed that, whenl, the distri-
the transverse-optical phonon frequency of HgS, and the frédutions of 10 or SO phonon potentials on each interface and
quency of the last branch of mode 3 is between those of CdSurface are comparatively average. Comparing Fig. 3 with
Detailed calculations reveal that, with the increasd,dhe  Fig. 4, we observe, whehincreases from 1 to 3, modes 1
frequencies of mode 1 and mode 3 approach 25.13 meV arnd 3 tend to be localized at the interface2.35 nm, while
49.46 meV, respectively. These two values are just the fremode 2 tends to be localized at the surface. In Fig. 5, when
quency values of 10 phonons in a single HgS/CdS sphericdhe thicknesses of the system are 2.35 nm/9.4:m/e have
heterostructure, and they can be computed by the equatigiiawn the curves oF |©-59(r) versusr for |=1. Comparing
e1(w)/eo(w)=—1—1/.%° The features of modes 1 and 3 the potentials in Fig. 3 with those in Fig. 5, it is found that
are explained as follows: with increasirig the potential the increasing of thickness of the spherical shell also makes
functions of 10 or SO phonon modes became sharper anthe distributions of phonon potentials tend to be localized at
sharper, and they tend to be localized at a certain interface @ certain interface or surface. The observation in Fig. 3—Fig.
surface, which can be seen obviously when comparing Fig. 8 is easy to be understood. The bigdeand larger shell

4.0

4
S 351a M---.e
53 A ~
s ~
£ 1 N, ~
= PAS o
>3o--o \\ \\\.
[} __I\ \ \\2\
mE N \A\ \'\\\
v 25— \ ~ oo
9 \ ~ T ea
= \ SA T~ ~ee
T204 LN ~AL 3 b
(e} ~ \\\A
@ ~ ~ -
S_ - T,
8 154 S 1 T A
~~m— ~4
ah
1.0 | } } " -T_
2 4 6 8 10
-2 |

r(nm)
FIG. 6. Absolute value$I'[°(r)| as functions of quantum
FIG. 4. The coupling functionsl“go'so(r) versusr for the numberl for the QDQW system with same structure as that in Fig.
QDQW with the same size as that in Fig. 2. 2.
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width rg make the potentials of IO or SO phonons more ACKNOWLEDGMENTS
decoupled on each interface or surface, and in the limiting
case ofl andr,—«, each 10 or SO phonon mode is com-
pletely decoupled. The results may be helpful to study an
comprehend the polaron effect, electron scattering, etc., in
the sygtems. APPENDIX

In Fig. 6, we show the absolute valug®=r)| as a
function of quantum number for the same structure as in ~ Now, we prove thafl(a,r/r) and Ti(ay,r/r) are or-
Fig. 3. Via the analysis in Fig. 3—Fig. 5, we have chosen thogonalized within the range of=<r=rs. Via the defini-
=2.35 nm for modes 1 and 3, ame=4.35 nm for mode 2. tion of Ty(ajxr/rc), Eq.(14), it can be seen thaf(ay,r/rc)
From the figure, it can be seen that the functitih,@'so(r)l andT,(ar/r;) satisfy the spherical Bessel equations
are monotonic attenuating functions when2, and the sur-
face mode 2 plays an important role in the electron-10 and
SO _interaction. -So, in th_e case of weak _coupli_ng, it is con- 2d2T|(a|nf/rc) dT,(ar/re)
venient to use perturbation method to investigate the po- r
laronic effect in the QDQW system, which is our sequential
research project.

This work is supported by Guangdong Provincial Natural
(?cience Foundation of China.

drz dr

2

aln 2
| = =1(1+1) | Ti(apr/ry)=0, (A1)
rC
IV. SUMMARY
In the present paper, we have investigated phonon modes
in a QDQW with a central core and a layer of shell material 2d2T|(a|mr/rc) dT(aymr/re)
in the nonpolar dielectric surrounding medium within the DC r dr2 r dr

approximation. A proper eigenfunction for LO1 modes is

adopted and a legitimate eigenfunction for LO2 modes is

constructed. The orthogonal relations of the polarization vec- +

tor for LO phonon modes and 10 or SO phonon modes are

obtained. The expressions of the confined LO and 10 or SO

phonon modes, the dispersion relations of the IO and

SO phonons, operators for the phonon fields, and corre-

sponding Fralich electron-phonon interaction Hamiltonians

are also derived. Numeral computations on a HgS/CdS

QDQW are performed for the dispersion relations and the

electron-phonon interaction functions for 10 and SO phonon 5 a2 af,

modes in the systems. The main results are the following: rel = —— | Ti@nr/ro) Ti(amr/re)
(i) In the system, there exists three branches of IO or SO ¢ ¢

phonon modes, and two frequencies of theirs are between

2
a,
M2 j(1+1)
r2

c

Ti(amr/re)=0. (A2)

Using Eq.(A1) XT,(amr/re) — EQ. (A2) XT(ar/re),
e get

d?T(aymr/re)

Lo Hgs aNd w1o Hgs, and one is betweem o cqs and =r? > Ti(aypr/re)
wTo cgs- With increasing quantum numbkrthe frequencies dr
of two modes approach that of the single HgS/CdS hetero- d2T
I(alnr/rc) ‘|

structure, for the features of the phonon modes, and a rea- — Ti(aynf/re)
sonable explanation has been given. dr?

(ii) For the small quantum numbkand the thin thickness AT (agr/r.)
of the spherical shells, the distributions of the 10 and SO +2r{$ﬂ(amr/rc)
phonon potential on each interface and surface are compara- dr
tively average. With increasinigandr, the distributions of dT,(a,r/r,)
the potential tend to be localized at a certain interface or _TTI(almr/rc)}
surface. Detailed study reveals that the electron-SO phonon
coupling is more significant. d| | dTi(amr/re)

It is obvious that the theoretical scheme described in this =17 N@nr/re)
paper applies to the QDQW systems with multiple shell
wells provided the conditions of long phonon wavelength are dTi(anr/re) “

A ) I . ————T(aur/re) | |- (A3)
satisfied®* We hope this paper will stimulate more theoreti- dr
cal and experimental work, which could be helpful for the
study of the influence of phonons on physical properties in
QDQW systems. Integrating both sides of E4A3) from r to rg yields
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a2 al e We have made use of the boundary conditionm at. and
- — f F2T (@, r/ro) Ti(aymr/ro)dr r=rs[Eq. (19)]. Via Eq. (A4), we get
re re ) Jre
) dTI(aImr/rc) s
e @ [Tt o @I a =N, (a9
dT(ar/re) s
——ar "@mriro | =0. (Ad)  where N is a certain constant. Sor(a,r/r.) and
e T,(anr/re) are orthogonalized within the range<r=<ry.
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