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Exciton-phonon coupling in semiconductor quantum dots: Resonant Raman scattering
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We study the exciton-phonon coupling in spherical quantum @Bs) of cubic semiconductors. Both the
Frohlich and deformation interactions are considered with allowance for all {§&sT,0, T,0, and SQ of
optical phonons. The matrix elements of one-phonon transitions between arbitrary exciton states, as well as the
selection rules, are determined. Features of different dynamic and optical effects in QD’s, e.g., the Jahn-Teller
effect, the vibrational resonances, the multiphonon absorption, and the resonant hyper-Raman scattering, are
discussed in brief, whereas the resonant Raman scatt@&R8 is studied in more detail. Analytical expres-
sions of the Raman cross section are obtained. Only the confined LO phonons with angular mohseditum
are found to be active in the RRS due to théetfiah interaction, while the deformation coupling gives rise to
the Raman bands of LO,,;D, and SO phonons df=1. These conclusions are partly confirmed by the
experimental RRS spectra of CuBr nanocrystals in glass, where both the TO and LO phonon bands with
comparable intensities are observE80163-182807)00136-1

I. INTRODUCTION LO, T,0, T,0, and SO modé§ is of great interest. We
present here a solution of this problem for the spherical QD
The nature of electron-phonon coupling and its role in thein a weak confinement reginfs!°1t is assumed that the QD
quasiparticle dynamics of semiconductor quantum ‘déts material is the direct-gap semiconductor withor O}, sym-
(QD's) are still of a great interest. The most extensively studmetry and the excitons are located in a potential well with
led effect of three-dimensional confinement is the size quanpfinitely high walls. The exciton subsystem is described in
tization of quasiparticle energy spectrd” Another impor-  ihe effective-mass approximation for the well-known four-
tant ma_nife_station Of the _confinement effect is th_eband model of the semiconductdri.e., 12 types of exciton
renormalization of interactions between all  quasi-g,;048 ore considered. For this case, the free exciton and

particles”*® and between quasiparticles and external P i i
fields!! Since all three effects are superimposed, their theophonon Hamiltonian, as well as the one-phonon and one

retical and experimental elucidation is very difficult. The keypho_ton mterqchon Ham|I_ton|an, are c_:onstrupted. Thgn we
problem is the great number of QD's with different sizes andderlve analytical expressions for the interaction matrix ele-

orientations of the crystallographic axes contained in the sysT'€nts and the selection rules for the one-quantum transitions
tems studied. The Uncertainty of the QD size distribution?nd discuss the size dependence of the exciton-phonon cou-
causes additional difficulties. That is why the methods ofP!ing. Our theoretical results are general and can be used for
size-selective or resonant spectroscopy are very important ifudying the wide range of optical and kinetic effects in QD
studying the QD systems. Therefore, it is of great interest t¢ystems, e.g., the Jahn-Teller effect and vibrational
the development of the methods of the resonance spectroggsonancé,the exciton-phonon scattering, the muiltiphonon
copy of a single QD. light absorption, the resonant Raman scattefiRRS), and
Currently, the resonant Raman spectroscopy is one dhe resonant hyper-Raman scatteriighn analysis of the
most powerful tools for studying the quantum confined sysimatrix elements of the exciton-phonon interaction from the
tems and, in particular, the semiconductor Q&*&;®where ~ RRS standpoint shows that only LO phonons with the angu-
straightforward information about phonon subsystem andar momentum =0 contribute to the Raman process via the
electron-phonon coupling in a QD is obtained. Such infor-Frohlich coupling, whereas LO, JO, and SO phonons with
mation is very important for understanding the physics of d =1 are involved in the RRS through the deformation cou-
confined system and the development of the improved Qmpling. It immediately follows that the TO and LO bands first
model. So far, longitudinal opticdLO) phonons and, to a observed in the CuBr QD resonant Raman spectra corre-
lesser extent, surface opticé8O phonons have attracted spond to, respectively, ;O phonons withl=1 and LO
attention in the studies of QD’s in I-IIV, lI-IV, and IlI-V  phonons with =0. Moreover, the shape of the RRS spectra
compounds. However, the RRS spectra of CuBr QD’s rebetween the JO and LO bands indicates the existence of
ported in this paper show the transverse optidd@)- and  other lines in this region, e.g., those related to the LO and SO
LO-phonon bands with comparable intensities. This clearlyphonons with = 1. Finally, we find expressions of the cross
indicates the important role of the deformation exciton-sections of the RRS from the QD system in the weak con-
phonon coupling in QD’s of cubic semiconductors. Thus afinement regime and on their basis we briefly discuss the
unified description of the Fhdich and deformation coupling RRS excitation profiles in the range of the lowest-energy
of excitons with all types of optical phonons in nanocrystalexciton state. The analysis of the excitation profiles shows

0163-1829/97/5@.2)/7491(12)/$10.00 56 7491 © 1997 The American Physical Society



7492 A. V. FEDOROV, A. V. BARANOV, AND K. INOUE 56

that, even in the case of the Tlch interaction, the RRS in Ylm( 0,@) is the Spherica| harmonic, anﬂTiS the reduced

QD's cannot be described in terms of the Huang-Rhys pajpnic mass of the unit cell. It should be noticed that for TO
rameters since there is not only the significant contribution Obhonons the minimum value of the angular momentuml
different scattering channels to the total amplitude, but alsgng for LO phonons it is 0. As for the eigenfrequencies of
the interference of these channels. Thus our analysis indi-0 and TO vibrations, in general, within the framework of
cates that the observed TO and LO bands correspond tghe above theoryf all the LO phonons have the same fre-
respectively, the JO phonons with the principal quantum quencyw' and all the TO phonons have'. To allow for a
numbern=1 and LO phonons witm=1 andn=2. possible frequency dispersion, we have introduced the phe-

nomenological frequencie@b, “’;l’ and wZz to Egs.(1)—

Il. THEORY (4). For the SO phonons the subscriptdenotes both the
A. Quantization of the optical vibrational eigenmodes angular momenturhand its projectiomn. In this case, simi-
in semiconductor quantum dots lar to the TO phonons, the minimum value lofs 1. The

According to the theory of pure phonon modes in finite normalized constariy and the vectoN,(r) are given by

ionic crystals'® there are four types of optical phonons: two A 12
types of pure transversal divergence-free modes of frequency BP= _ S) , (9
o', pure longitudinal curl-free modes of frequeney, and 2IRp w,

both curl- and divergence-free surface modes of frequency
w®. Using the direct expressions of optical lattice eigen-
modes in semiconductor sphéfewe can find the free-

phonon HamiltoniaH, and the relative displacement of ion

NS(r)=V (10

r |
(ﬁ) Ylm( 0!90)

and the frequencies of surface modes are presented by

pair u(r),
gol +ey(1+1)]Y2
1 S_ ol MV T )
Ho=2 fo}| ay'ay+ ), (1) OO e ten(1+1)] A
Ax
wheree, ande., are the static and the high-frequency dielec-
A Al A tric constant and ), is that of the surrounding medium.
u(r)=A BYINy(nay+H.c], 2
X

B. Energy spectra and wave functions of free excitons
h A At : thilati
wherea), and a,” are the corresponding annihilation and

c_reatlon operators and th& and y indices denote, respec- should consider the corresponding energy spectra and wave
tively, the type of mode Ty, T, L, or 5) and the set of functions of free excitons. For the four-band model of semi-
q“"?‘”‘“”_‘ numbers. Fo_r the LO and TO phonons, the Sch':onductors, including the doubly degenerate conduction
script includes the pnnmpgl qyantum numberthe angu-- pand €) and twofold degenerate bands of heawy)( light

Ia_r _mome”“!m“ and its prOJecnon“n_. F_or the sa!<e of sim- (h,), and spin-orbit-split ;) holes, we should introduce 12
plicity, we will also use the composite indgenl: thenthe g 6040n-nole pair staté&which, using the basis of coupled

To discuss the exciton-phonon interaction in QD’s, we

normalized constamB)L( and B)T(i fori=1 and 2 are moment< i.e..
1/2
1 [ n ~ 11\ 3 3
BL = A —_— y 3 |(PC >: Ca_vi_>1 |(P y > h 1_1i_ 1
B Egii1(69)| Rpa © i@)=|05:%3) 19 )= Mgt
112 ~h 3 1 ~h 1
BTi — 1 / ﬁ _ 4 |(P1(22)>: hz,E’iE ’ |(Pl(:;)>: h31§|i§ y (12)
pm T; 4)
J|+1(§ﬁ)\|(|+1)Rpwﬁ'

are determined by the expressions
and the vectord\y(r) and N;i(r) are

; [FD=le 3 [Bh=leim, Fh=le:P)
Nign(1) = VI (1)1, (5) IS
r b =le 50, 1¥5=le 9. [¥H=le
N (1) = cur] = (1) |, ©) (13
R [ H=1o51. [FH=le:1 [#dH=650)
N'2 (r)=—curl[N'% (r)], 7 ~ 1 = e ~¢ ~a ~c
1) = g CUMN (1)) D Gy=E, FY=3 17I=1750,

_ r where| o) =[e2)|e ?). In Egs.(12), the kets correspond to
¢ﬁm(f)=1|(§ﬁ§) Yim(0,¢). (8 the Bloch amplitudes and the first and second half-integer
indices in the kets are equal to the total momentum, the
In Egs.(3)—(8), Ris the QD radiuss= &, is thenth root of ~ sum of angular and spin momeptand its projection. As-
the spherical Bessel functions dth order, j;(£&,)=0, suming that for our basifEqgs. (12)] the electron and hole
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bands are parabolic with the effective massgs My, M,

_ i
and mp_ and taking into account the Coulomb interaction Hi”t_kg}\ (LisBi,CrFH.C), (20
between quasiparticles of the electron-hole pair, we obtain h is th inilati tor of phot d
12 types of exciton states, which can be naturally classified/"€"€Cx 1S the anninifation operator of photon an
into three groups. Every group involves four types of exciton eA (2d:)32PE
states related to one of the three hole bands, so that the L, =18 00m 00} 00, DS E (21)
. v ,0¢m’,0%1,0 m,Oh ;32!
energy spectra and the envelope wave functions for every ¢ J3wn’'n
foursome coincide. For the sake of convenience, we call the .
. . . . .. With
excitons of corresponding groups heavy, light, or spin-orbit-
split excitons. quthermore., we assume tha}t excitons are lo- \/§e+1 \/Eeo —e
cated in a spherical potential well with infinitely high walls,
so that in the weak confinement regime their energy spectrag _ 0 o = €1 e = - \/59—1
and wave functions are i 0 v e, |0 J2e,,
_ 1 [ ép)2 \/§e71 \/Eeo €o
EV=E+Ry| - S+ M—'( (”j‘ ) : (14) (22
: e In the above equationsaﬂ:i(exiiey)/\/i, e=¢e, are
B _ the cyclic covariant components of the polarization vector,
Ei2=Eq, Es=EgtAs, (15 P=#2%(S|dldz|Z)/my, and m, is the free-electron mass.
. _ o From Eq.(21) it follows that the selection rules for the one-
|W; ) =W,(r,R)[¢ ), (16)  photon generation and recombination of excitons are of the

) ) _ forml’=l=m’'=m=0.

where i=1,2,3, =1 ....4 the subscript

v={n’,I",m";n,I,m} denotes the set of the principal quan-
tum number, the angular momentum, and its projection for
the translationalrf’,I’,m’) and relative ,I,m) motion of 1. Frohlich coupling

the exciton, Mi=mc+mp, u;=memp /M;, di=R/R™, According to Sec. Il AlEgs. (5) and (10)], only LO and
R™=%2e,/(pnie?), Ry=pue*2e342 is the exciton Ryd- SO phonons induce the electric fields defined by the scalar
berg,E4 and A, are the energy gap and spin-orbit splitting potentials®'(r) and®S(r), respectively:

in the bulk material, and,,, have been defined in Sec. Il A.
Then, using the composite indicgg=n’'l" and 8=nl, the
envelope wave function in E416) can be expressed as

C. Exciton-phonon interaction in the quantum dot

<1>L(r)=[;n f5l b pm(r) @G+ H.C1, (23)

W(r,R) = @l W gy (R), (17) r!
) OS(1)=2 (ﬁ) Yin(0.@)aim+He), (24
where ¥/ (R) is the wave function of translational h,m
motiorf and cpzim(r) is the hydrogenlike wave functiéhof  where
relative motion for the negative energy spectrum L 1
i 1 [4wﬁw3/i_i> 25
i r A §BJI+1(§,3)[ R \SOC €p '
Pam(n)xexp| ~ — | (19
! s \/l_smwlio [277?1{ 1 1\]"
It should be noted that we do not allow for the confinement fi Tedtey(l +1){ wl‘SR\g_ eo) | (26)

effect on the exciton relative motion. Using the above defi-
nitions and introducing the annihilation and creation operaAs is well known???the potential energy of the exciton in

tors by, and bl,y with the composite indekx=ij, wherei the electric field induced by LO and SO phonons is
and | label the group of states and the state numbeirthn LS LS L(s)
group, the free-exciton Hamiltonian can be written as VR = —g[ @7 (re) — P (rp) ], (27)
1 wherer, andr,, are the electron and hole coordinates, and
i the operator of the Fidich coupling can be written as
He= 2 E)| biubit5 - (19 P Ping
Vo +
In order to calculate the matrix elements of optical transi- HF:;( > i ViA’X( Vl)aﬁbk,vzbk,yﬁ H.c.|. (28
’ V2.V,

tions, we should also consider the interaction Hamiltonian
H;,: describing the one-photon generation and recombinatiom Eq. (28), as is customary when the Fiaeh coupling is
of excitons in the dipole approximation. We will use thep ~ considered, we neglect the interband matrix elements of the
representation for the exciton-photon interaction, wherepotential energyEg. (27)]. Because of this, the operatdi-
A=Ae is the vector potential of the light wave with the gives rise to transitions between the exciton states belonging
amplitudeA and the polarization vecta andp=—iAV is  to the common type, i.e., it is diagonal for the indi¢esnd
the electron momentum operator. Thidp,; is given by j. Extending the results of our recent studies of polar
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exciton-LO-phonon couplingto the interaction of excitons are expressed in terms of the radial hydrogenlike wave func-
with SO phonons and taking into account 12 types of excitions Fﬁ(x) (Ref. 2]) describing the relative motion of the

tons, we obtain the matrix elements of the liich coupling
in the forms

L,x VZ) efl)_( Ié1|2
V- = — _ ’
i v, ,—77(2| Y l:,|_a|1 m,my—m, +m)—m;

o

ip+s—I Bip  qBisii
xp’SE:(). (2p+1)(23+1)lﬁ e

! !
I2.m; I,m

11.mpspmy—my~ Smy—

. ! !
4 my;p,m;—m

1

I2,m2
><Tll,ml;s,mzfml’

(29

efPJ(2l+1)! (13,0,
_—a _ r_ !
\/; Iiill m,m, ml-%—m2 my
I=p+s

X E [(2p)!(28)1]7 215, 5 I,

><C

pm m ;S,my—my

2 Io,my
T ,m];p,m,—m; I{,myg;s,my—m;’ (30)
where
15,05\ [(21;+1)(21;+1) 12
Al T ; (32)
13,01 [(2,+1)(215+1)

the Clebsch-Gordan coefﬂueﬁﬁ:, 'my:1,m, @nd their com-
binations

Tlm

2 Myl ,my C 2,0:1 OCI2 m2|1m1

(32

electron and holazpI mhI/M andpi=m./M;; and the up-

per integral limit% is a certain number from 1 to 2. The
uncertainty in Eqs(35) and (36) arises because the maxi-
mum distance between the electron and hole in the QD of
radiusR lies in the rangdR—2R. In the following estimates
we assume thay is equal to 1. From Eq€35) and(36) we
notice thath SB and \12;’51 do not vanish for the even

values ofs only due to the difference between, andmy, .

According to the properties of the Clebsch-Gordan coeffi-
cients, the evers corresponds to transitions between such
exciton states whose angular momenta connected with the
relative motion of the electron and hole have the same parity,
i.e., l1+1,=2t with the integert. From this it immediately
follows that the diagonal part of the Friich coupling does

not vanish providedn,# M- Due to the availability of the

diagonal matrix elements, the exciton-phonon interaction in
QD'’s, to some extent, looks like the electron-vibrational cou-
pling in a molecule or impurity center, so that the notions
inherent in these local systems can be used to describe the
QD's.

Let us consider in detail the Haich matrix elements
controlling some optical processes and the Jahn-Teller
effect'?® in QD’s allowing for the number of low-energy
exciton states. From the viewpoint of the RRS, the exciton
states witH/ =1;=0 allowed at the one-photon transitions in
the dipole approximatiohEg. (21)] are of great interest and
we denote them as,(n; ,n;)={n/,0,0,n;,0,0}. From Egs.
(29—(36), it is easily obtained that only matrix elements
involving LO phonons withl=0 do not vanish for such
states

_L,x( va(ny, nz)) Ef')‘(
I Va(nlrnl) \/—

n,0;0 n,0;0
5I 05m0ln’0n 0‘]n20n10

(37

which determine completely the selection rules for exciton

transitions due to the Fhtich interaction in QD; the con-
stants

Ip(Yép)iiy (Vg (Yp:)
Igpﬂ_fldy =
281 Jo Jiea(€piira(épr)
yég )i (ygﬁl)
iy f vy 2 >

Jl +1(§B2)J|’+1(§51)

are connected with the radial parts of the wave functions
¥ m (R) [Sec. Il B, EQ.(17)] describing the translational

motion of an exciton; the quantities
. U ) ) .
s, =R fo X (XR)Fjg, (XR)[is(pf €pX)
—(—=D)%js(piépx)], (35

n . .
—p9)%] fo dx xS*ZF'ﬁZ(xR)F'Bl(xR)
(36)

3
ﬁz ﬁl_R [ )S_

In the case of phonon-assisted absorption and lumines-
cence, as well as the resonant hyper-Raman scatt€rffig,
the matrix elements between(n/ ,n;) states and those for-
bidden at the one-photon transitior®.g., vy(B{,m/)
={B{ .m/;1,0,0¢ and v¢(B;,m;)={1,0,0,6;,m}] play an
important role. The characteristic matrix elements of these
types are given by

Vb(ﬁ,,m’) efL n

ef®
2V

Notice that the Fiblich coupling between the, and v,
states does not vanish for the transitions involving only LO
phonons, whereas, for the, and v, states, transitions in-
volving both LO and SO phonons are possible. These matrix
elements also describe two important effects resulting from
the vibrational resonance between the initial and final exci-
ton states. Indeed, if the energy dafy — E{) or E{)— EY

J|I

mmz Byl

S,x< ve(B2 vmz)) _ (39)

i v(1,1) i1,



56 EXCITON-PHONON COUPLING IN SEMICONDUCTOR ... 7495

equals the phonon enerdyw" or ﬁwf, the exciton-phonon |p§—p§|§ﬁ<1 is satisfied, the operator of the exciton-

interaction is resonant, which will induce renormalization of phonon deformation coupling can be represented as

vibrational frequencies and formation of exciton-vibrational

complexes as in the bulk materidfsMoreover, a double

optical-vibrational resonance at the optical generation of ex- N Ay | V2

citons is possible due to the same vibrational resonance. HD:AKEK , Ey Se ke Ui, v
Finally, let us consider the Fhdiich coupling from the T2 X '

viewpoint of the Jahn-Teller effect, which can be realized in At

the degenerate exciton states. For simplicity, we restrict our- Xakaz,Vzbkl,ler H.c.

selves to the threefold states,(1,1m/) and v¢(2,1m,).

From Egs.(29) and (30) it follows that the exciton in both

states can interact with the nondegenerateQ) and five-  whereS is the vector &8 matrix with the cyclic covariant

fold degeneratel &2) LO phonons. In addition, the exciton components

in the v,(2,1m;) state interacts with the fivefold degenerate

(I=2) SO phonons. However, it is evident that only the

: (42

fivefold degenerate phonons are active in the Jahn-Teller ef- 0 0 o, O
fect and corresponding matrix elements are given by 0 0 0 o
[S]s1=—[81%,=~ N
rp(1,1my)\ eft o o, 0 0 O
L.x — ”2|n,2_;2I]n,2_;0;| (39) 0 0 o0
i Vb(lylmi) \/; 1,1;1,21,0;1,0""m> (o]
ve(21my)\  efy . .
iS’X( c 2 ):—ngy'll;zyl\/Vm, (40) 0 0 o3 O
ve(21my)) 2@ & 0 0 0 o3 ”
Slp= 44
where ®los 0 0 0
0 o3 0 O
5 0 0 1
o
Wo=W_2,= \[g 0 0 0J, in terms of the quasiblocks
0 0O
0 -1 0 00 V2 0
~ - 3 0= y 01~ , (45)
Wy=-W=y/g| 0 0 1F, (41) 0 0 0 0

1 0 0 (O 0 ) ( 0 i) 4
gp= y O3= s
. \/% o -2 ol 0 —\2 i 0

and the row and column numbering in Eq43) and (44)
In Egs.(41) the subscripts are the projections of the phononcorresponds to the statég 1), ... |4 D¢ 2), ... [ 2)
angular momentum and the colunfrow) numbering from  defined in Sec. Il HEq. (13)]. In Eq. (42) the cyclic cova-

top to bottom(from left to righy corresponds to the projec- riant components o) vectors are given by
tions of the exciton angular momentum related to the trans-

lational [Eq. (39)] or relative[Eqg. (40)] motion. It can be

shown that Eqs(39) and(40) are reduced to th€®d prob- v, ip”D, 15,0,
lem well known in the vibronic interaction theory of the { Ax ( ) e )
molecular and impurity systeni8.We emphasize that this 2], yw2l+1) \lh
dynamic Jahn-Teller effect gives rise to the exciton-phonon %S .
complex with the multisheet adiabatic potential. m, My =My +my=m; —A
2. Deformation coupling % 2 ip+s—|(2p+ 1)(2s+1)
As is well known?’ the deformation potential induced by p.s=0
the optical phonons near the center of the Brillouin zone in Bip S Bisinipa s M)
cubic semiconductors has only off-diagonal matrix elements X Iﬁé;ﬁizﬁz;ﬁl 17,m!;p,m}—m]
involving the heavy li;) and light (,) hole states. Thus
only transitions between the heavy exciton and light exciton XT:Z'EZ,Sm . [P'S’rr:ﬁm SR N
1>My:8My=My =" §,my—my ;p,m,—my

states are possible in this case. Taking into account our ex-
citon basis[Eq. (13)] and assuming that the condition (47)
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L
US’X V2 pnl
12201 3y N U —&X 2pT2 (54)
A(S) ™ \/— nl
3

_ p|SD0 12,12 s
= ’—77(2I+1)a |ia|1 m,my—my+m,—m;—\
-1
21+ 1)1
X > ( ) (2p+1)(2s+1)

pis=o (2s+ 1)1 (2p+1)!!

’ r

Siio i1 l2:M)
XIZ"B'Zﬂ 2?l3lTI’ m!;p,m,—m]
21P1 P2:P1 1My:p.m, i1

I2,m2
X Tll,ml;s,mzfml[P

(48)

I,m;L ]
. ’ ’
s,my—my ;p,m;—m;-A

whereA=L,T,, andT,; A=+1,—1, and 0;D is the con-

stant of the deformation potential for bulk semiconductor;
the combinations of the Clebsch-Gordan -coefficients

[Pl’m;L;ll,ml]x are given in Appendix; thezg;;['i"l and

l2.my

ZZ;?gll values are determined by the expressions

i U )
Zpo 2 =R fo (= 1)% (Vp§p5Es%)

xFéumFgum, (49)

G n . .
Siio,l1_ p3/_ e _e\s +2l2 1
Zﬁz:ﬁl_R( VPip3) fo dx x° Fﬁz(xR)Fﬁl(xR),

(50)
and the constanﬂsﬁ are given by
A
f BL 1
P =" pp= 2 (A=TLT,S). (5D

Similarly to the case of the Fhdich coupling, the selection

3p3/2.

The peculiarity of coupling with SO phonons is that the prin-
cipal guantum number of translational motion is conserved at
the exciton-phonon transitions1{=n;) [Eq. (53)]. In prin-

ciple, the integraliﬂ;%é?;iigl and Zg;zl,é:'rlﬁ,o dependent on the

QD radius can be exactly calculated for any particular set of
indices. To illustrate this dependence, let us consider the
simplest case forn,=n;=1. Using the notations
dyp=d; +d, and @, = &,1\/pSpS, We can represer) 2L

1,0;1,0
andz™t%21 5q
1,0;1,0

8(d,d,)*"
(d1p)®

0iip,iq_

1,010 {1-e %91+ (1+d;p)?]},

4(dyd,)%"? J 2w,dyp
oA+ (w0)?]| (d1)2+ ()2
<d12>2—<mn)2)sm
(d1) %+ (w,)? "

n,1;05i5,iq_
1,0;1,0

—e U2

( dio+

2wndy,

+(“’”+ (d1)2+ (wrn)?

] . (59

) Cosw,,

From Eg. (55) it is obvious that the size dependence of
exciton-phonon coupling is a complicated function of the
QD radiusR even in this simplest case. However, the situa-
tion is slightly simplified if we can disregard the exponential

- 505ip,01 n,1;05i,,i1
parts inZ,' ) gandZ, o' 7",

rules of exciton-phonon transitions via the deformation cou-

pling are completely determined by combinations of the Oiin.ig 8(uiup)®?
Clebsch-Gordan coefficientggs. 47 and(48)]; however, in T const(R), (56)
contrast to the former case, transitions induced by deforma- (1 pe2)
tion coupling give rise to the conversion of heavy excitons to
the light ones and vice versa. N0 | 8d;,(d,d,)%?
Let us consider in detail the matrix elements of deforma- Zioid = > 77" (57
o [(d12)"+ (wn)]

tion coupling from the viewpoint of the RRS. As noted in
Sec. Il C 1, thevy(n{ ,n;) states are of interest for the RRS.

These states have the zero angular momentum connect
with both the translational and relative motion of excitons.

From Egs.(47) and (48) it follows that only the matrix ele-
ments involving threefold-degenerate LO, SO, andOT
phonons withl =1 do not vanish in this case:

( Va(né’nz))

Va(nivnl)

A X

n,1;0 n,1,05i,,iq
in,lq VA

n,.0:n1,07Nn,,0,,0

(52

:UAém,—}\él.lI
\

USX ( Va(némz))

21| wy(ng,ny)

=Usdm, 181,100 Zp 41

17 Ny,0n,,0°
A
(53

whereA=L or T, and

@dpossibility to neglect the exponential parts is directly con-
nécted with the criterion of a weak confinement regime. In-
deed, within the framework of the weak confinement
approximatior? the exponential corrections for the exciton
energy spectrum and wave functions are neglected and there-
fore their account in the matrix elements of exciton-phonon
coupling is beyond the scope of this approximation. It should
be noted that caution is required in using expressions similar
to Egs.(56) and (57) in the quantitative analysis of experi-
mental data since the criterion of the weak confinement ap-
proximation should be verified in each particular case. As
follows from Egs.(56) and(51), the matrix elements of the
deformation coupling with SO phonons involved in the RRS
are proportional t&R ">2. As seen, the matrix elements of the
deformation coupling with LO and 4O phonons reveal a
similar dependence &— .
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3. Size dependence of exciton-phonon coupling

Equations(35), (36), (49), and (50) show that the size
dependence of exciton-phonon coupling is determined by th
complicated functions of the QD radils Explicit forms of
these functions depend on the exciton states involved in th
matrix elements of corresponding transitions. The forms ar
particularly controlled by the parametgrwhich should sat-
isfy the conditiongl,—I,|<s<I,+1,, wherel; is the angu-
lar momentum of exciton relative motion. In principle, tRe
dependence of matrix elements for each couple of exciton
states should be considered in its own right, but within the
framework of the exponential approximatiofsee Sec. Where forA=L andT,

Il C 2) we can obtain the following general results in the case

R>R™: Matrix elements of the Fidich interaction are pro-

portional toR™%? for LO phonons as=0 andR~ "2 for = 5

LO and SO phonons at* 0, whereas matrix elements of the Ep= 2 o( Qo= 0y~ ﬁl)(Nwﬁﬁ DUZ{[(erxeoy
deformation interaction are proportional B 3~ 32 for LO,

and y is the inverse lifetime of the corresponding

a(nl )
intermediate state. In the case of the deformation coupling
?Sec. Il C 3, the threefold degenerate LO,,D, and SO
honons withl =1 are involved to the RRS and hence the
actor 2, for Stokes scattering is given by

Il

(62)

+
Il
owmn

w)
Il
i
or
+
I

S0, T,0, and T,O phonons. It immediately follows that the +epyeyy)’—4 1290z]|M 1oy M Ql|2

size dependences of exciton-phonon matrix elements in-

volved in the different optical processes differ. This fact +4elZ|MQl Qo|2+4eOZ|MQO 12

should be taken into account in the qualitative interpretation o 0 q

of experimental data. +8e1,60,(€1- &) Re(MAyln‘ IMLSHT)) (62

D. Cross section of resonant Raman scattering s ) o ] ]
the E3 is determined by a similar expression, but without
The differential cross section of the resonant Raman pro;,

cess for incident light with the frequendy, and scattered the summation oven, and
light with the frequency,is given by

n 1 0 1;0;2,1
dZO'F(D) ZGP 4 SQJ_ 12 291 2 On OZRZOnl
040"\ =7cl |5=] |307] Bror: (59 Mat®o=(dyd,) ¥ 3 —3,2

135 AT o, 0 ’ ny,...ny N1N(NiNy)
where the subscripts andD denote, respectively, the Hro ><(E(2) ROk )1
lich and deformation exciton-phonon coupling3; is the vy(nh,ny) 1 7V (n2 ny)

solid angle, and, andeq_are the dielectric constants at
- p 2 - : X(EY —hiQo—ik )L, (63
the light frequency. From Sec. Il C 1 it follows that, in the vy(ny.ng) 0 7V (n ny’
dipole approximation, only the LO phonons with the angular
momentun =0 are involved in the RRS due to the Rtich
coupling. Consequently, we can write the factar for 20:2,1
. n,,0;n,,0
Stokes scattering as M“l Qg_ —(dydy)?2 S , 22 1 _
2 ny,ny.ng (np)=(ngny)
— _© L L \2
Er=—2 800~ Q1 wpo) (Nt +1)(fro)
T n n0

2 L, @ 1
X(E v (L ) —hQ, |hyya(n£’n2))
X 13(e;-ey—€e1,60,) Mt (€. e+ 3e1,64,) M
|3(e;-ep—€1,80,)M 1t (€1 € 12802 M2 (E(l)(n o ﬁQo_iﬁY(l)(n' ) )L (64)
Vallg, va(ng,ng)

?, (59

+2(el' eO)M3,n

\;V:defczo,[é?g de}i ar:te\' tr:e_FE(:f”éatlLo%\ff]tﬂ_s_I? ];Sﬂt]ﬁelrt'gg?m The total spectrum of the RRS is the sum of contributions of
ght,L = [expon/ the Frdnlich and deformation coupling, i.e., it is described by

perature in energy un|ts the contributions from the heavythe quantity= ==+ = . The reason is that the RRS via

light, and spin-orbit-split excitons are determined as the Frdhlich and deformation couplings involves the differ-
n00 o ent phonons and these channels do not interfere. Obviously,
Lot o o‘anoilo Egs.(59) and(62) correspond to the RRS from a single QD
MI1 n—di3 2 —3/2 or system of QD’s with the same orientations of the crystal-
Yyl n, niny(ngny) lographic axes. In the case of randomly oriented systems, of
(ip iy . interest is the RRS cross section averaged over.the_ QD ori-
><(EV (0 )—ml—myv () n )) entations, provided the angle between the polarization vec-
arenz anenz tors ey and g, is fixed. The averaged cross section is ex-
x(E(il), — Qi <i1>, )~ (60) pressed by Eq(58), where the factors€; and Ep are
va(ny.ny) va(ny Ny replaced with
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e
F=—2 (00— Q= o) (N + 1)(fro)? :

n

§1+7 €)% ]IM 1+ My ,l2+4(e - )2
X 5[ (€1-€)°N[M 1+ Moy (e1-€y)

L

3.0 3.2
ENERGY (eV)

s3]
1
=3

X{| M3,n|2+ 2 RQM 1,n[M 3,n]* +M 2,n[M3,n]* 3.008 eV

_2M1,n[M2,n]*)})v (65)

2 3.075eV

intensity (arb. units)
@
1

= Do
ES=§; 5(90_Ql_wﬁ1)(Nwﬁl+1)Ui p
i 3.056 eV
X1 8[(er- )2~ 1JREM L P M0 1% 2
3.037 eV

19-7(e;- &)
+—(5l %) Mo Mo ti2 o (66) 1

) . 3.022 eV
Equations(65) and (66) show that, in the general case, the

RRS signal depends in a complicated manner on both th — ; T T
incident light parameters and the inherent QD ones. Never 0 200 400 600
theless, relatively simple expressions can be written for the Raman shift A (cm™)
RRS involving the lower-energy exciton states. Let us con-
sider particular RRS cross sections. First of all, we shall . L
suggest that the generation energy of the spin-orbit-split exéraFIeG}a%j'qu;F;str?renthg: '2 ;Tﬁnzﬁt??ir?;idceun?r (rglc?tc?nmgtnhe:@;isv-
citons is lower than those of the heavy and light excitons. An g : - p_ -

. L - denoted. The frequency origin corresponds tb=Q,—Q,=0.
example of such a situation is tifg-exciton band of CuCl

, . ) . - The bands denoted as TO, L®, and HL are assigned to TO
QD's. In addition, we assume that the spin-orbit splitting, phonons, LO phonons, band-edge luminescence, and hot lumines-

is sufficiently large to neglect interference of the spin-orbit-cence  respectively. The experimental spectral resolution is 10
S_,pllt excitons and the heaight) ones. Then, if the mmdent cm L. The inset shows the optical density of the sample; the verti-
light falls into theZ; band, the RRS cross section is deter-ca| lines correspond to the incident photon energies. Measurements
mined only by the Frblich coupling and the factoEf can  Were made at 2 K.

be estimated as

~, 4 D3
_ & Ep=gl3+ (e @)’ 800~ Q- wpy)
Er=4(er80)*—2 8(Qo— 1~ wpo)(NyL +1)
i X (N + 1 URIML P2, (69)
X(fro) Ml (67) . | . . .
which we use in the analysis of experimental data in the next
In the opposite case, when the generation energies of thHgection.
heavy and light excitons are lower than those of the spin-
orbit-split excitons, the situation is more complicated. The Ill. EXPERIMENTS AND RESULTS
Z, rexciton band of CuBr QD’s is a typical example of this , . .
situation. If Ay, is sufficiently large to neglect the interfer- 'I_'he T?hs Zspectra_tof CbUB(; QD'st ézbtK. ex(;l_tedlmvt/he
ence with the spin-orbit-split excitons, the RRS cross sectioﬁeg'gntho €21 7EXCI ?)n %r.] hwere 0 ame( c;g. 't)h. the i
in the case of the resonance with g, band is determined uiet € sz%[mtg sa_mpRe,f Wléc ) wasceéamme Wlt | € tﬁvo—
by both the Fitlich and deformation couplings. To simplify P/10ton exciation In ket 19, 1.€., Lubr nanocrystal in the

the problem we suppose that the effective massgsand S|I_|cate glass matrix with the average radRig 3'2 nm. In .
) 1 this case, one can assume that the weak confinement regime
my, are approximately equal. Probably,

: th_is approximation i realized for the lower-energy states of the heavy and light
not bad to In.terpret the RRS.SpeCtra obtained by us for CUBéxcitonS since the Bohr radius of the hea\/y exciRiﬁ in
QD's. Substitutingm, =my, in Egs.(65) and(66), we ob-  the bulk CuBr is 1.25 nm and the effective masegs and

tain m;, have close values. The RRS was excited by the pulsed
4 ) second-harmonic radiation of a tunable Ti-sapphire laser
= _ PRV 0. _ L pumped by aQ-switch YAG laser(where YAG denotes
Er=gl3t(ere) ]wg Qo= = wno)(Nuf +1) yttrium aluminum garnet The average power lower than 3

Lo 5 mW was used with the peak power of 30 W, the pulse width
X(fro)*[Mynl?, (68) 30 ns, and the repetition rate 3 kHz. Secondary emission was
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FIG. 2. RRS spectrum for the spectral resolution 5 ¢mAll £ 60 . -
other parameters are the same as in Fig. 2. Foeeeeeeene n=1 fiy=0.5 {
40 - ' E .
. . . n=
collected in backscattering geometry, dispersed by a U100(
Jobin Ivon double monochromator, and detected by a gatec 20 -
photomultiplier. Absorption of the incident and scattered L
light was not taken into account. The secondary emission 0 ]
spectra excited by different wavelength are shown in Fig. 1 0 1 5 3

as a function of the Raman shift as well as the correspondinc
one-photon absorption spectrum. Several bands are observe
in the spectra. Although the spectral resolution of these mea-
surementg10 cm™ ') is not sufficient for exact determina- FIG. 3. Exciton profiles of the RRS due to the deformation
tion of the band positions, it is clearly seen that along Withc_oupling With_TZO phono_ns calculated With_different ir_lverse life-
the broad band-edge luminescence and periodic structufn€ ¥ of exciton states in the CuBr QD with the radius 3.2 nm.
with distance between peaks of 165 éllm which was as- Dotted and solid lines corresponq to the ca§es when— 70,
signed in Ref. 19 to the hot luminescence of the coupledudls the energy of phonons with, respectivélyl, n=1 and
exciton-LO-phonon states, two overlapping bands with th =1,n=2. All energy parameters were n_c_)rmallzed with respect to
Stokes shift of 130—180 cm' are observed in all spectra. .the Lo.'phonon energy. Arrows mark positions of the lowest-energy
As seen from the RRS spectrum with spectral resolution 5 coming (IR) and outgoingOR) resonances.

_1 .
cm * (Fig. 2) these bapijs are narrower than others and havgs 4ssume that the effective masses of the heavy and light
Stokes shift of 140 cm ~ and 170 cm . Itis reasonable 0 nje5 are equal and, consequently, the corresponding exciton
suppose that these bands correspond to the Raman scatterifigyes are degenerated in energy. Then the RRS cross section

bﬁ/ TO arlld LOhr;thonons.l This asr?ignmefnt is e\;]ident becaqu given by Eqs.(68) and (69). The composite matrix ele-
their Stokes shifts are close to those of one-phonon TO an Q4,0 .
"0 [Egs. (60) and (63)] consist of the

LO bands in the preresonant Raman spectrum of the buI[pentSMlvn andMTZ’
CuBr at 77 K?>3°A detailed analysis of the RRS spectra of sum of terms having physical meaning of the scattering
CuBr dots with sufficient spectral resolution will be done channels. Every channel has two resonant denominators,
elsewhere; here it is important to note that the TO and LOVhich cause the incoming resonari{tiR®) and outgoing reso-
phonon bands have comparable intensities in the RRS spe@ance(OR) in the RRS excitation profile with the relative
tra of CuBr QD'’s in the weak confinement regime. energy shifted byAg,= W +hw2— =

According to the theory of the exciton-phonon interaction The spectral separati:)arinéfni)he IR and ggigé)p.ends on the
(Secs. I C 1 and Il CR only LO phonons with angular mo-

_ lationshi he i lifeti f th
mentuml =0 and LO, T,0, and SO phonons with~1 con- relationship betwee,, /% and the inverse lifetimes of the

. 1 1

tribute to the RRS via, respectively, the Blish and defor- ~ '€Sonant exciton stat Va)(n;,nz) and V(Va)(n;,nl)' The values
mation couplings. Thus we can assign the experimentallyy are, as a rule, unknown and, furthermore, the main mecha-
observed LO and TO bands to the LO phonons Wit and  nisms of the broadening for exciton states are subject to dis-
T,0 phonons with =1. The shape of the LO bar(&ig. 2 cussion. In our opinion, for QD systems embedded an a di-
allows assumption that there are some additional bands belectric medium, the interaction of QD’s with acoustical
tween LO and O ones. So we predict that such bandsphonons of the surrounding material is very important for
related to LO and SO phonons witk1 can be observed in both the broadening of exciton states and the lifetime of
the RRS spectra measured with sufficient spectral resolutioroptical phonons in QD’s. This is caused by the fact that

Theoretical analysis of the RRS excitation profiles allowsacoustical phonons of dielectric medium, unlike the inner
us to identify the exciton states involved in the RRS procesphonons of QD’s, have a continuous energy spectrum. How-
in QD’s and to find the mode composition of LO angQ  ever, a detailed discussion of this problem is beyond the
bands, i.e., the principal guantum numbersf phonons. Let scope of our paper and will be done elsewhere. Here we

hQy-Eg+Ry,
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FIG. 4. Diagrams of the RRS channels that significantly contrib-
ute to the process amplitudes in the range of the lowest-energy IF
and OR. Solid and dotted arrows correspond to, respectively, one - . .
photon and one-phonon transitiortsy is the energy of the QD 1+ T TS
ground state. T
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assume that the/’s are the phenomenological parameters 0 1 2 3

having the same values for all exciton states. It should be hQO-Eg+Ry1

emphasized that the same resonant denominator appears ...

the expression for a great number of channels; however, not

all of them contribute significantly to the magnitudes of theIiC

IR or OR. The re]gtwe contnbgﬂon of one channel or aN-15 the case wheriQ,— 7€, equals the energy of phonons with

other to the specific IR or OR is determined by the matrix|_g n—1 andi=0, n=2, respectively. All other parameters are

elements of exciton-phonon and exciton-photon couplingpe same as in Fig. 3.

and the second energy denominator. According to E&f.

and(69), the different RRS channels can interfere construc-

tively or destructively and hence their phase relationships art= 0, N=2. In the former case, the channelsh, c, d, ande

important for the magnitudes of the IR and OR. (Flg. {1) significantly co_ntrlbute to the excitation profile,

excitation profiles in the region of the lowest-energy IR andf andg channels should be taken into account. Since the

OR related to the exciton Stama(l’l)_ Spectral positions of channels involving the off7d|agonal Hﬁtngh matrix elements

the IR and OR are determined by the energy denominators’’ C, .d’ e f, andg) _notlceably contribute to the Raman

E —5Q0-—ihv and E “hO-+hoP—iky re. Intensity and strong interference between them exists, the
va(L1) oy 4@ (L) P50 BIYs _ RRS cannot be described in terms of the Huang-Rhys param-

spectively. For numerical calculations we used the QD radiugers. The excitation profiles corresponding to these cases are

of 3.2 nm [d,=2.56) and the following parameters of bulk ghown in Fig. 5, from which we see that the magnitude of the

CuBr: R{*=1.25 nm, Ry=105 meV, me=0.28my, and |R for phonons withn=1 is much higher that witm=2,

mp, = 1.4m. whereas both magnitudes of the OR are of the same order.

It was found that the excitation profile of the RRS involv- This indicates that the excitation profile for phonons with

ing T,O phonons with=1,n=1 (Fig. 3) is formed by three n=2 is much more asymmetric than that with=1 and

channels whose diagranas b, andc are shown in Fig. 4. hence, in the case of a higj a peak position of the first

The magnitudes of the IR and OR are different because gprofile is shifted to the higher-energy side from that of the

the interference of the channels. The interference is destrusecond profile. As for LO phonons with=0, n>2, our

tive for the IR and constructive for the OR. In the case of acalculations show that the excitation profiles of the RRS in-

high-y value, the IR and OR cannot be resolved and as aolving these phonons have very small magnitudes com-

result we have only one spectral peak. The spectral positiopared to those mentioned above.

of this peak is shifted to the higher-energy side from its As follows from the above discussion, the LO band in the

position in the absence of interference. At the same time, thexperimental RRS spectra of CuBr dots is likely to be a

magnitudes of excitation profiles for ,O phonons with superposition of the contributions from the LO phonons with

FIG. 5. Calculated exciton profiles of the RRS due to thenFro
h coupling with LO phonons. Dotted and solid lines correspond

n>1 are very small compared to that with=1, as seen 1=0,n=1 andl=0, n=2, whereas the JO band can be
from Fig. 3, where the excitation profile of the RRS involv- assigned to the JO phonons withi=1, n=1.
ing T,O phonons with=1, n=2 is also plotted. The size distribution of QD’s causes two modifications of

The situation is more complicated for the excitation pro-the above results. First, the excitation profiles of the RRS are
files of the RRS involving LO phonons with=0,n=1 and  broadened in the ordinary way since the resonant conditions



56 EXCITON-PHONON COUPLING IN SEMICONDUCTOR ... 7501

are realized for any incident photon energy falling into theHuang-Rhys parameter increases with the increase of QD
one-photon absorption band. Therefore, the excitation proradius and tends to some nonzero constantResc. To
files should look, in a certain sense, like a size-distributiorprove such a size dependence, the Huang-Rhys parameter for
function of QD’s. Second, several resonances related tbulk semiconductors was estimated in Ref. 4. However, the
QD’s with different radii can be simultaneously realized for wave-vector conservation law fulfilled in bulk crystal was
fixed incident photon energy. Indeed, if the lowest-energy IRnot taken into account. Allowance for this law should lead to
for a QD with the radiusR|gz exists at the photon energy the zero value of the above constant.
7Qq, then the lowest-energy OR occurs at the sé&fg for As for the deformation coupling of excitons with optical
a QD with the radiuRpr>Rr, i.€., phonons, we developed the theory of this interaction in the
weak confinement regime. Analyzing the deformation cou-
RS> 2 1 M, ﬁwg pling, we have assumed that in the cubic semiconductor the
(R_) T 2T RV (70)  exciton-phonon interaction via the deformation potential
IR 7 H RV does not vanish only because of the degeneracy of the va-
Similarly, the radii of QD’s can be found, for which the IR lence bands _Of hef?“’y a_nd light holes. I_n this case, the _elec-
tq(q)ns and spin-orbit-split holes do not interact with optical

—112
— DP€&X
Ror=R1

and OR correspond to other exciton states. The calculate 7
value ofRog is 22 nm for LO phonons and 7.3 nm fop® phonons and therefore TO and SO phonons are not active in
phonons, respectively, Rir=Ro=3.2 nm and therefore the both the RRS and luminescence at excitation of CuCl dots in

second size effect is negligible in our case for any reasonabl@eZ3'exc'torl band. In contrast, the deformation coupling of

size-distribution function of QD’s. The discussion of size- opticql phonons with heavy and light holes Igads to the mani-

distribution effects in more detail will be reasonable only if fest_atllon ?]f the Raman bgnd; corrfesgondlng to, al! typﬁ of

additional experimental data are obtained, which we will doPptical phonons at  excitation o uBr QD’s in the
Z, rexciton band.

later.
A comparison of the experimental RRS spectra of CuBr
dots with the predictions of the developed theory allows us
IV. DISCUSSION to assign the observed Raman bands to the LO phonons with
In this paper we developed the theory of thélfiich and | =0,n=1 andl=0, n=2 and the O phonons witi =1,

deformation exciton-phonon couplings involving all the N=1, respectively. A theoretical analysis of the RRS excita-
types of optical phonond O, T 0, T,0, and SO phonons tion p_roflle_s showed that the RRS by a QD system cannot be
for spherical QD’s of a cubic semiconductor in the weakdescribed in terms of the Huang-Rhys parameters due to the
confinement regime. Analytical expressions of the couplings'g'f"f_'cam contribution of different scattering channels and
matrix elements and the selection rules for the one-phonoH{€ir interference. , ,

transitions between arbitrary exciton states were obtained. In Finally, from our theoretical and experimental results we

addition, the size dependence of the exciton-phonon intera@rédicted the possibility of the observation of some addi-
tion in the asymptotic limit was discussed. tional bands that should be located between LO an® T

Let us compare briefly our results and the existing theobands. Noteworthy is that such bands correspond to LO and

ries. Previously, the Fidich interaction between excitons SO phonons with=1

and LO phonons in the weak confinement regime was con-

sidered in Refs. 4, 7, and 31. Analytical expressions of the ACKNOWLEDGMENTS

matrix elements of the Fhdich coupling, calculated in Refs. . .

7 and 31, are a particular case of the more general equation A.V.F. and A_'V'B' are gra_teful to the Rus_s|an Basic Re-
(29). Since only numerical calculations of the Huang-RhyssearCh Foundation for financial support of this work through
parameter were carried out in Ref. 4, a direct comparison oprants Nos. 96-02-16235a and No. 96-02-16242a.

our results with those in Ref. 4 is difficult. However, two

points should be emphasized. First, the statefnémat the APPENDIX

gigg\éar\]/bihé?g tﬁguﬁtr;gn gcig;s;/tsanpt alrr;rrggttaerreiglzorg acs)fe sthviitr? 3 _ The combinations of the Clebsch-Gordan coefficients de-
creas,ing QD radius, can be obtained only with allowance fofermining selection rules for exci.ton—phonon transitions in
the valence-band mixing is not valid. Indeed, we have show he case of the deformation coupling are

that the matrix elements of the Fiach interaction for tran- I miL I—1m+1

sitions between exciton states with the same parity concern- [Ps,ms;p,m‘;]+1:(l+ Smolal ’_m)Ts,mS;p,mé

ing a relative motion and the diagonal matrix elements s Lmel

among them are nonzero due to the Coulomb interaction —a(l+2m)7T o s (A1)
between the electron and hole and the lack of the wave vec- e

tor conservation law. In this sense, the QD systems look like [,m:L I-1m—1

the molecular or impurity ones. Furthermore, the diagonal [Ps,ms;p,m;)]—lz(l_5m'0)[a(|’m)Ts,ms;p,m,;

matrix elements of the Fhdich interaction are nonzero even i ime1

in the strong confinement regime so long as a spherical po- —a(l+2-m7, owl (A2
tential well with finitely high walls is consideredl.Second, P
the numerical calculations of the Huang-Rhys parameter in
the range of large QD sizésast serious doubt on the valid-
ity of their results because those calculations show that the (A3)

[PLME Jo=b(l,m7. " +c(l,mT "
p

s,Mg;p,m s,mg ;p,my, s,Mg;p,m
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|,m;T _ I,m;T | —1m—
[ps,";s;;m‘,j]ﬂz—z Y21+ 80) [Psv”nls;;mé]_f(l—5m,o>[(l+1>a<|,m>73,,:jp,ni,;
I, m+1 I+1m—-1
X (I=m)(1+m+ 1)Ts,ms;p,m’;’ +la(l+2,— m)TSVmS;p’m’,)], (A8)
(A4) [,m;T, 1—1m
: [P, . Jo=(U+Db(l,mT "
[PISVEVT:;) ml]flzzillz(l—(sm,o) Mg P My, SiMs:P.M,
RULS " —le(l,mT " (A9)
XNI+mI=m+ 1700 TP
mgp,m!
(A5) where
[,m;T _ I,m J+m)(I—1+m) V(I+m)(I—m)
[P Jo=—mT /" (A6) _ _yrmeTm,
s.mg;p.my s,mg:p.my a(l,m) \/§(2|_1) y b(',m) 21—1 ,
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