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Resonant hyper-Raman scattering in spherical quantum dots
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A theoretical model of resonant hyper-Raman scattering by an ensemble of spherical semiconductor quan-
tum dots has been developed. The electronic intermediate states are described as Wannier-Mott excitons in the
framework of the envelope function approximation. The optical polar vibrational modes of the nanocrystallites
(vibrons and their interaction with the electronic system are analyzed with the help of a continuum model
satisfying both the mechanical and electrostatic matching conditions at the interface. An explicit expression for
the hyper-Raman scattering efficiency is derived, which is valid for incident two-photon energy close to the
exciton resonances. The dipole selection rules for optical transitions ahtichrtke exciton-lattice interac-
tion are derived: It is shown that only exciton states with total angular momehtsi®,1 and vibrational
modes with angular momentulp=1 contribute to the hyper-Raman scattering process. The scattering spec-
trum and resonance profile are calculated for spherical CdSe zinc-blende-type nanocrystals. Their dependence
on the dot radius and the influence of the size distribution on them are also discussed.
[S0163-182609)00628-1

[. INTRODUCTION (HR) spectroscopy appears to be a suitable candifdre-
cently, HR spectroscopy has been used to study the optical
The research on semiconductor quantum d@®’s) has  vibrational modes of CdS and CuBr QD'$:* In this paper
undergone a dramatic increase in recent years, stimulated tye present a theoretical model that allows us to study hyper-
their foreseen applications in optics and electronics technolRaman scatteringHRS) by optical vibrons under resonance
ogy and also due to their nonlinear optical properti€uan- ~ conditions, and illustrate it by performing numerical calcula-
tum dot systems based on Ill-V materials as well as nanotions of the sca}ttered iptensities in Cd.Se nanocrystallites. As
crystallites of 11-VI compounds embedded in glass have beef@ as the exciton-lattice interaction is concerned only the
thoroughly investigatedfor a review see Ref.)2Among the Frohlich Couplmg_ls c0n3|d_ere_d here,_ though it is ad_mltted
scattering mechanisms present in polar semiconductors, tigat the deformation potential interaction might be of impor-
optical phonon emission is known to play a dominant role inf@nce for p_hoton energies far from the excitonic resonances.
QD’s, which can be experimentally investigated by employ-The _sglectlon rules f_or the scattering process are Worked_ out
ing a number of methods, such as infrared absorption an@nd it is shown that in fact HRS can be used to probe optical
Raman scattering:’° The successful interpretation of light ViPrations with nonspherical symmetry. _
scattering by optical phonons relies upon a good knowledge The paper is organized as follows: The main concepts
of the normal vibrational modes. In recent years a phenomunderlying the hyper-Raman scattering and the description of
enological continuum theory of optical phonons in nano-f‘he nanocrystal V|brat|0nall modes and excitons are _outlmed
structures has been elaboratédt which is in good agree- N Sec. Il. Section Il contains the .th.eoretlcal expressions for
ment withab initio calculations and allows us to explain the the matrix elements and HRS efficiency, which are used to
resonant Raman-scattering intensities of phonon modes ifinalyze the selection rules of the scattering process. In Sec.
duced by interface roughness in quantum w¥iEhe theory IV the calculation pf the exciton and vibrational spect_ra of
has also been generalized to deal with quantum wires angdSe nanocrystallites are presented, and the numerical re-
quantum dots, and used to study resonant Raman scatteriﬁ@'ts optalned for the HRS efﬁuency are also discussed. Sec-
in these system$~" In particular, the formalism is appli- fion V is devoted to the main conclusions of the work and
cable to 1I-VI semiconductor nanocrystallites embedded irfinal comments.
glass since they can have dimensions as small as 13 A, in
which case the mechanical confinement of optical vibrational [l. THEORY
modes has strong effectm a QD the concept of phonon as o .
an excitation in agperiodic system labeled bs aw2ve vector is. Hyper-Raman s_cattermg is & nonlinear process that con-
lost, and, therefore, we will use the tefribron to denote the Sists of»the absorption of t\ivo photons of frequengy wave
QD vibrational modes Raman scattering provides a useful VeCtork;, and polarizatiorg; (i=1,2), and the emission of
tool to investigate experimentally these vibrons, but onlyone photon {,Ks,€es) with the simultaneous excitation of a
spherically symmetric modes are accessible to this techRumber of vibrational mode€.Due to its nonlinear nature, it
nigue. In the search of complementary experimental techis convenient to express the HR yield by the normalized
niques, which can overcome this limitation, hyper-Raman(intensity-independepscattering cross sectidn,

0163-1829/99/6(8)/551310)/$15.00 PRB 60 5513 ©1999 The American Physical Society



5514 E. MENENDEZ-PROUPINet al. PRB 60

1 d?o'i 1 d2Pij whereV is the normalization volumey; (i =1,2) andz, are
1. dogdQ, =1 dwdQ,’ (1) the nanocrystal refraction indicesat and s, respectively,
| |
) o : . o c is the velocity of light in vacuum, anil , is the scattering
li andl; being the excitation intensities andP;; /dwsdQs  5mpjitude. Each scattering event is accompanied by the
being the scattered power per unit of solid anglgand unit o .
mission of a vibron of frequenay,, and the total scatter-

frequency. The scattered power can be related to the prot_?— o i . ,
ability per unit time of a single scattering event in a QD of " probability is obtained after summing over all possible

radiusR, so that we can express the normalized differentialibron statesp. Only vibron emissior{Stokes processes will

cross section &3 be considered in this paper. The delta function in @ycan
- be eventually replaced by a Lorentziafws) with a vibron
1 d?o” _ V3 win 7j 75 lifetime 7,=%/T", on the line broadening of the HR spec-
li dodQs (24)2 ﬁswja)ics trum.

SO R)[2 The scattering amplitude in E¢2) can be calculated in
P | p( @i, 05 ) fourth-order perturbation theory. Under resonance conditions
X 6(wi+ wj—wy— ws), (2)  the important contributions til, are given by

<F|HES)—R|M3><M3||:|E—L|M2><M2| |:|g)—F<|M1><,U«1||:||(zi)—R||>
(hws— EM3+iFﬂ3)(ﬁwi+ﬁwJ - Eﬂ2+il“ﬂ2)(ﬁwi— Eﬂ1+il“

MP= >

M1 2,13

. (3
Ml)
The exciton created in the stafte,) after the absorption of a photorao(,lzi ,éi) is first scattered to the stat@,) by the
absorption of a second photon(, IZJ- ,éj). In the next step, the interaction with the lattice induces an excitonic transition from
| o) to |us), accompanied by the creation of a vibron of frequengy. The exciton finally recombines emitting a photon
(ws.Ks,€5). In Eq. (3), [I) (JF)) is the initial (final) state of the scattering process, aad andl', are the energies and
lifetime broadenings of the excited electronic stdes in the QD.Hg_, andHg_g are the Hamiltonian operators for the
interaction of the electronic system with the lattice and radiation field, respectively.

Since the interesting range fiv; +7% o; for resonant HR spectroscopy lies around the fundamental absorption edge of the
QD Eg4+ E,, the relevant resonances in the matrix elen@nwill occur at energied w;+#fw;= E., andf wg= Euy (outgoing

resonance
Another contribution to the scattering amplitude is

<F| |:|(ES)—R|M3><M3| |:||(zj)—R|M2><M2| |:|E—L|M1)<,U~1| |:||(zi)—R| |>
MO= 3 (4)

us i (hwg—E,, +1T ) (ho—hwy—E, +iT, ) (ho;—E, +il,)’

The examination of the energy denominators in E4).  of resonant Raman scattering in QD’s. We summarize here,

clearly indicates thaM (?|<|M | in the resonance region for notation purposes, the main expressions of the exciton

fiw; +iw;~Eq+ Eo. Therefore, the contribution fro(” ~ model. _ o _

has been dropped out from our theoretical model. The elgenfunctlons of the full Hamiltonian mcludmg the
Finally, it must be noted that in real samples the nanoce€lectron-hole Coulomb interacticiexciton wave functions

rystallites present a distribution over size and shape. We inare expanded in terms of the electron-hole [&iP) states

tend to study here HRS by an ensemble of spherical QD' | y(re,rp),"

characterized by a distribution over radi{R). The corre-

sponding averagéntensity-independenHRS efficiency is

given by V(e ) =Wy mp(fe.lh)

:Ea: CN,L,M,P(a)q)a,L,M(Feth)a (6)

d?Shs 1 (1 d?0 g
dwdQ _(VD>fﬂdedQSF(R) R ®
whereN,L,M, andP are the quantum numbers correspond-

where(Vp) is the average quantum dot volume. ing to the energy, the squaAred total angular momenitémn

The intermediate electronic virtual states appearing in théts projection along the axisL,, and the inversion operator,
HR process[see Eq.(3)] are taken to be size-confined respectively. « is an abbreviated notation fora
Wannier-Mott excitons, treated in the framework of the en-=(n.,n;,l¢,l). Note that the state defined by Ed4) has
velope function approximation. The details of this approactdefinite parity:P=1 (even parity if 1.+, is even andP
can be found in Ref. 17, where it is employed for the study=—1 (odd parity if 1,+1, is odd.
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In polar materials, the long-range electrostatic field assowith frequencyw; creates an exciton in the state with zero
ciated with the optical vibrations introduces the llich  angular momentum and even paripy;=(N;,L;=0M,
mechanism. It is now well established that despite its dipole=0,P,=1), and analogously, the scattered photon of fre-
forbidden charactetthe Frdnlich interaction plays an impor- quencyws is emitted upon the recombination of an exciton
tant role in one-phonon Raman scattering by bulk zincblendén the stateu;=(Nj3,L3;=0M3;=0,P;=1). Both exciton
semiconductor$? On the other hand, in systems whilsitk  states havé =0 andP=1 because the interband transitions
translational invariancelike QD’s, Frahlich-induced Raman  induced by the radiation field require the electron and hole to
scattering becomes allowed and, therefore, it plays a domihave equal orbital angular momentum quantum numhers
nant role. Accordingly, in our model for the HRS we con- =|,, .
sider only the Frblich-like interaction between excitons and A different situation is found when considering the scat-
vibrons. In order to describe the polar optical vibrationaltering between exciton states induced by the second incom-
modes(vibrons of spherical QD's we rely upon the results ing photon[matrix elementz,|A8) o/ u11) in Eq. (3)]. We
of Ref. 15, where a macroscopic continuum model coupling o, consider onljntraband excitonic transitionsvhose ma-

the mechanical displacement and the electrostatic potential {$i olement can be written. in the dipole approximattéias
developed. The normal modes are labeled by a set of integer '

numbersp=(n,,l,,mp), which are related to their symme-
try properties. More details on the calculation of the dis- *10) :f * o7 ) o

placement, electrostatic potential and frequemq:‘}“p asso- (ol HEL Rl ) Wﬂz(re’rh)(He—R HhZr)
ciated to these modes can be found in Refs. 15 and 16. The

2 s g ige
exciton-vibron interaction Hamiltonian operator can be writ- X\I’M(re’rh)d Fed“rn, (10
ten as
A L L where
He-L=epr(re) —ep(ry), (7)
where—e (e>0) is the electron charge and o e 1 2mh . .
HY g=——=~/—(¢-p,) (v=ge,h), (11
m, W V w9’
A - CF | Jy]J
e‘PF(r):\/_ﬁ |2 —Pn (D) i )
o lp M "plp p,=—i#V, is the linear momentum operator, amy (m;)
r is the electronhole) effective masgtaken to be positive
><[Y'pv”‘p(Q)b“p"pvmp+H'C']' ®) Using expansiori6) in Eq. (10) we get

Here,E)anp,mp is the vibron annihilation operatoG is the
Frohlich constant, and H.c. means Hermitian conjugate. Théu,|HY) 5| 1)
explicit form of the radial functiorﬁbanp(r) can be found in
Ref. 16, andY, . (Q) (1=0,1,..., andn=—1,... ) are N S cx ,

p''p =e—= — C (Gf )C (le)
the spherical harmoni€§.8incewnp,|p~ o (o, is the bulk W ; 7;J-2 aa' N2:b2M2.P2 NobaMaPy
LO phonon frequency at thieé point), we will omit hereafter

the factor‘/wL/manp in Eq. (8). X < a',Ly,M,

Il MATRIX ELEMENTS AND SELECTION RULES Let us now concentrate on the electron part of the matrix

In this section we analyze in detail the matrix elements€/€ément appearing in EGL2). By making use of the operator

appearing in Eq(3), and derive from them the selection identity F_)e:(_ime/_ﬁ)[ﬂe,FeJ, where H, is the single-
rules for the exciton and vibron states which participate inélectron Hamiltonian, we have found thiaee Appendix
the HR process. The matrix elementg|HY) /1) and

(F|HE) o us) for direct allowed optical transitions between

- i ng,Np,le,lh,Lo,M
valence {) and conduction€) bands are proportional to the e:NMhileslh,ba, M2
exciton overlap integral given b

€-Pe €-Pn
Mg My

a,Ll,M1>. (12

€ Pe
Me

ne,nh,le,le,0,0>

iR 1

= Sy 0,1} 1,0L,10p,,~18Mm, 7~ E(Ené 1" Enga)

fMEfN,L,M,P: f ‘I’N,L,M,p(F,F)d3F

[lo+1 [T,
:5L,05M,05P,1 nzn 2| (_1)|\2|+1 x{ 2|e+15|é,|e+1_ 2|e+15|é,|e—1
er'lh

© XGne,Ie—mé,Iév (13
XCN,0,0,1(ne,nh,|,|)f0 Rn,.1(DRy, i(r)r2dr, (9)
Wherfa Ry, (r) is the radlgl_pqrt of the s_lngl_e-part_lcle wave Gn,|—»n',|':§f Rnr,p(r)RnJ(r)rsdr. (14)
function. Hence, the annihilation of the first incoming photon 0
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The final expression for the matrix elemgd®) can be ar- spherical tensors. Therefore, the method used previously for
ranged in the form the intraband exciton-photon matrix elements applies also
here. By following that procedure, and considering that

i R2 =1 andL;=M3;=0, Eq.(17) is reduced to
(el gy = oo (2T e g g o= Me=0 Ea (D
AR v N g2 H17H2 17 M2
M Ce (@ )

(15) <u3IHEfLIMZ>=J—£[H§LW3 Y, (19

where we have introduced the ener§y=#%22moR? (R is
the average QD radiugo make F®" dimensionless. The

« . . e) .
explicit expression foﬁ(ﬂl_w2 is Hilez)ﬁ”“a: 5|p’15mp’M2

where

b= Oya%,. 18w, X X S rS Sy 1CE (a”)C,, (@)
non noarop oy’ o
4 a” Ie’lh nh,nh Ih’lh M3 Mo

a
le+1
—0| 1”41
Vo741

”
|e

1

X_
R 2(En‘;,lé_Ene,le) / le+1 Nam
X| = '
R J3E, 2|+ 15'49"e+1

X 2 811,81 1,0n n,Ch(@)Cp()

- Mp'p
[ ] 2|g+15|é,|'e’—1 q)né,lé—»ng,lg' (19
e
Vo 15'.;v'e1}GneJeﬁng,|,;- (16)
anIp :foc " Y 2
A similar expression holds fof—(ﬂhl)_,l,g2 after the exchange of LSRN Ruyr i (1) Rar i (1) @y (r)r=dr.
the subscripte andh. 20

An important consequence to be drawn from ELf) is ; (h)
that after the absorption of the second incoming photon, theAn expression analogous to E4.9) holds forHﬂz—’#s after

exciton must be in the state,=(N,,L,=1M,=0,+1pP, the exchange of the subscriggsand h. It follows from Eq.
=—1). Otherwise stated, two-photon absorption generategg) that the_quantum Eumbers of.the emitted vibron are
excitons inL=1 states, in contrast to one-photon transitionsf'xed_ to 'be'lp_l andm,= M. The different statesn, can

for which the final exciton state is necessailily-0. More- ~ be discriminated by selecting adequately the polarizagion
over, the factors;. ..; in Eq. (16) introduces the parity se- of the exciting light: M,=my=0 if ej||z and My=m,=
lection ruleP;=1—P,=—1, indicating that the intraband +1 jf éj||(§<ii§/)/\/§. Thus, the HR selection rules in a
transitions are accompanied by a change in the parity of thgpherical QD can be expressed schematically by the follow-
excitonic state. If the incident light is linearly polarized with jng sequence of states:

éj\li thenay,= du,.0 (see the Appendix whereas for circu-
> ~ ~ A A = = = = -+

lar polarizationej[|(x=iy)/y2, we haveay,= oy, =1 (X.Y, (L1=0M1=0)=(L,=1M>=0,x1)
andz represent some system of orthogonal axes attached to (Ip=1mp=My)
the laboratory frame Hence, theL,= 1 excitonic states par- —  (L3=0M3=0), (21)
ticipating in the HRS process had,=0 for linearly polar-
ized light andM,= *+1 for circularly polarized light.

Now we turn to the matrix element of the exciton-lattice

which contrasts with that corresponding to Raman
scattering®*’

interaction( u3|He_ | o). If we select the vibron creation (Ip=0mp=0)
terms in Eq.(8) and make use of Eq6), we get the expres- (L;=0M;=0) — (L;=0M,=0), (22
sion

where onlyl ;=0 vibrons can be excited. The comparison
- between Eqs(21) and(22) makes it clear the complementa-
(malHe|p2) riness of both light-scattering techniques to study the vibra-
C tional spectra of spherical QD’s. In particular, we have
it CE. Lo p(@Ch Low pa(a)) shown that hyper-Raman spectroscopy can be used to inves-
VR o7 g 28T arertenz tigate thel,=1 vibronic states, not observable in Raman
scattering. In addition, the analysis of the corresponding
X > (@ Lg,Mg|®, | (re) resonance profilegscattering efficiency vé w; +7%w;) can
NpTp My PP be useful to revedl =1 exciton states. Of course, the selec-
, tion rules discussed can be relaxed when going beyond our
Xer'mp(Qe)_Cbnp’lp(rh)Yl*p'mp(QhHa L2, M), simplified treatment of the HR process, e.g., ir?clud%ng va-
(17) lence band mixing. Nevertheless, feismaller than the bulk
exciton Bohr radius the separation in energy betweerhthe
which consists again of separated electron and hole contrand Ih levels induced by the confinement should lead to a
butions, each of them being a sum of matrix elements omall amount ohh-lh admixture.
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Finally, by inserting Eqs(9), (15), and(18) into Eq. (3),
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TABLE I. Values of the material parameters used for the nu-

we obtain the following compact expression for the normal-merical calculations. The same vallig (I', ) has been assigned to

ized scattering cross section:

3 2
— (g) S s 95
°\R np Mi7j @j0;

X|an(wi 1wj 1wS;R)|2A(wS)!

1 d%
I dodQq

(23

where/\/lnp is the dimensionless amplitude given by

;3[ 'H(e) _ H(h) ]

Ko K3 Ko K3
M, =E} .
M 0 #1:#22#3 (hws— E# +|F# )
e) h)
x f(ﬂl—’ﬂz f(ﬂl_’ﬂz M1
(ho+hoj—E, +iT, )(ho—E, +iT,)
(24
e6 §2 |éi'5cv|2|és'5cv|2 C|2:
=271 = 222 = (29
maC” % wjw; mMoEg EoR

m, is the free electron mass, apd, is the interband mo-

all exciton (vibron) states.

Parameter Value
me/mq 0.12
my, /mg 0.48
Eqy (eV) 1.86%
o, (cm™) 213.P
o7 (cm™1) 165.2
BL (16° ms ™Y 2.969
Br (16° ms ™) 0.002
€40 (CASE 9.53
€ (CdSE 572
€y (Glass 4.64
r, (mev) 5
Lo (cm™Y 2
P2 (eV) 20°

aReference 30.
bReference 10.
‘Reference 27.
dreference 31.

mentum matrix element between valence and conductiorcaicylated from the Lydanne-Sachs-Teller relation.

Bloch functions ak=0. Expression(23) is suitable for the

fReference 32.

calculation of the scattered spectrum as a function of the HRReference 33pP%=2|p,, |2/m,.

shift wg— w;—

w; . If we are interested in the resonance be-

havior of the scattered intensity we can obtain the averagmatrix by using an effective radilR,=3.367+0.907& (in

HRS efficiency by integrating Ed5) over wg,
dS—IR <0'0> 2 f
A0,/ (Vo) 4

2
X[wi+“)j_wnp(R)] Ns (g)a
Wjw;j 77 \R

X|an(wi @ ,wi+wj—wnp(R);R)|2dR,

(26)

where({oy) is the average of, over the QD orientations in
the ensemble with the angle arccesg,) fixed® For typical

values ofﬁ( 20 A) andE, (~10 meV) and the param-

eters of Tak | a value of 10% cm MW™?! s estimated

for (oo)/{Vp).

A), whereR is the nominal QD radius.

Let us now focus our attention on the vibrational modes.
Since the active TO phonon branch of hexagonal CdSe
seems to be fl& the parametep; appearing in the isotro-
pic model for the optical vibrations has been taken as the
limit B2—0", with a negative bulk dispersion relatian?
= w3— B2g?. Figure 1b) illustrates the allowed frequencies
for thel,=1 optical vibrons as a function of the QD radius.
Below w, =213 cm ! the confined LO modes can be seen
with both longitudinal and transverse components, including
a surface mode contributidi.We can observe some bend-
ing in the dispersion around 185 ¢rh which is identified as
the Franlich mode?® The Frdnlich frequencywe is related
only to the dielectric constants of the constituent media:

02=w3( €0+ 2€p.)/ (€t 2€p,). A strong electrostatic

The total HRS efficiency is obtained making up the sumcontribution is expected in the dispersion for vibron frequen-

over topologically nonequivalent diagrams«<(j). From
now on we focus on the degenerate caise,, 0; =

cies close tavg . In Fig. 2 we depict the electrostatic poten-
tial dbn 4(r) as a function ofr for QD radii R=11.5 A,

=w,, With 2w, in the region around the excitonic transi- 1g.2 A and 21 A. At these radlkpn 1 equalswg for n,,

tions, which is the usual situation for resonant HRS experi-_

ments.

IV. SCATTERING INTENSITIES

=2, 3, and 4. It can be seen that the electrostatic potential
@, 1 shows an enhancement close to the interface whenever

@n 1 coincides withwg .
Now, the results obtained with Eq$23)—(26) for the

In the following we consider the radial part of the single- HRS spectrum and resonance profile in CdSe QD’s are
particle wave functions as the solutions of the infinite barriershown. The incomingoutgoing resonances will be denoted

spherical well problem. First, we present in Figa)lthe

by the combination of the lette®) and the exciton quan-

exciton energies in a CdSe QD as a function of the radiusum numberN of the corresponding resonant levels. It is
The material parameters used as input are shown in Table important to remember the selection rules already discussed

Solid and dashed lines correspondLie0 andL=1 exci-

tons, respectively. According to Ref. 10 we have taken int®#% w,=

in Sec. Il: The relevant incoming resonances take place at
EnL-1m,—1 Whereas the outgoing ones appear at

account the penetration of the wave function in the glas$iw=Ey | 001
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FIG. 1. (a) Energy levels oN=1,..., 7 andL=0 (solid lineg FIG. 2. Plot of the electrostatic potentials associated to the first

andL=1 (dashed linesexcitons in a spherical CdSe nanocrystal- optical vibrons for different crystallite radii. Solid linen,=1;

lite as a function of its radius. Dashed line | indicates the two-dashed linep,=2; dotted linen,=3; dot-dashed linen,=4. The
photon energy 2w,;=2.771 eV and solid line Il corresponds to the equation wnp,l(R):wF with ny=2, 3, and 4 is fuffilled forR
scattered photon energyws=2fw —fiw;,=2.745 eV. The solid =115 A R=16.2 A, andR=21 A, respectively. We see that the
(dashed arrows indicate the radii of the corresponding outgoing electrostatic potentiatb, ; increases at the interface whenever
(incoming resonances. Line Il represents a Gaussian distribution,, | coincides with the Filalich frequencyws .

over QD radii centered &= 18 A and with FWHM equal to 40% ’

(see text (b) Frequency of thd,=1 optical vibrons of a CdSe

nanocrystallite as a function of its radius.

In the next discussion we first analyze the hyper-Raman 100l
process for the case in which all nanocrystallites in the 8ol
sample have the same radiis Typical HRS spectra are
shown in Fig. 3, for different QD radii. The incident photon
energy is such thdi ws=2% w—fwy 1 IS in resonance with
theN=1,L=0 excitonic level. We have included in the cal-
culation the lowest 11 QD excitonic levelsl&1 to 11, for
each valued. =0,1). A lifetime broadening’,=5 meV was
assumed for all excitonic transitions. The spectra are broad-
ened to have a full width at half maximutFWHM) 2an

=4 cm . It is systematically found that the main peak of
the spectrum corresponds to the creation oflfreln,=1
vibron, with a small contribution coming from thg,= 2, 3,
and 4 vibrons. This is related to the fact that the matrix
element{®")  drops off rapidly asi, increases. It must be

100}

100}

Hyper-Raman Spectrum (arb. unit)

M= 3 80
noted that in the spectra(@ and 3b) the n,=3 peak is 601
stronger than the,= 2,4 ones, while the largest contribution 401
in spectrum &) (aside from the main lineis due to then, 20l
=4 peak. This difference can be explained in terms of the 0 : . . .
electrostatic effects discussed above: If one looks back to the 170 180 190 200 210 220

vibron frequencies as a function of the QD radius in Fig.

. -1
1(b), it can be realized that f&R=16 A and 18 A the vibron Hyper-Raman Shift (cm ')

frequencyws, is around the Frilich frequencywe, and FIG. 3. Hyper-Raman spectra of CdSe nanocrystallites embed-
thus the exciton-vibron interaction is dominant for theseged in glass for different radii and two-photon energié: R
modes in the corresponding spectr@)3and 3b). For R =16 A and Ziw,=2.975 eV.(b) R=18 A and Ziw,=2.771 eV.

=21 A, on the other handyp, ; is approximately equal to (c) R=21 A and Zw,=2.555 eV.
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20 . : : . :
I=1,n=1
1000 3 CdSe 4 14

= F B 15F R=21A .
> I S 2ha=2.771 €V
-

o ~ 10+
) . =
: E
= 10 3
2| a Of
=
z [
e :
1] 3 0 T ; f N

160 170 180 190 200 210 220
01F = : X . Hyper-Raman Shift (em™)
3.0 35 4.0 4.5 5.0 55
Two photon energy (eV) FIG. 5. Hyper-Raman spectrum fori,=2.771 eV of an en-

semble of CdSe QD’s with mean radius 21 A and a 40% size
FIG. 4. Hyper-Raman intensity calculated for CdSe nanocrystaldispersion. The contributions of the QD’s with different resonance
lites with radiusR= 18 A. The resonances are denoted by the labelgadii are also shown.
IN or ON, where [O) means incomingoutgoing resonance with
;hﬁ excitondleveN. IThree app:ogches have bef;en used: Sczjli? linemarked by arrows in Fig. (&), at 2hw;=2.771 eV. AsR
ull matrix diagonalization including exciton effects. Dotted line: it _
first-order perturbation theory for the energy. Dashed line: fre(%?;) a?sgr;)ar:]zre,ﬁglrez;reosuonnda?ﬁs rceosr:)dr:gage(:?:jgzmwm?édh rap
electron-hole model. contributes to the integral in Eq26), is typically of the
order of some tens of angstroms. In such a small interval, the
wr and, therefore, its potential gives an enhanced contribumatrix elements and the vibron frequencies in Exf) can
tion to the exciton-vibron interactiofsee also Fig. 2 which  pe considered as constants. On these grounds we have em-

is reflected in the spectrum(@. ployed the following approximation:
The HR resonance profilscattering efficiency vs2w))
fqr theny,=1J| pzl' vibron peak is Qisplayed as a solid Iin_e in d?0(R) d?0(R,)
Fig. 4 for QD radiusR=18 A. An important feature of Fig. ———F(R)dR—>, F(R)OR,. (27)

> dQd dQ.d
4 is that the O1 I(=0) resonance takes place at lower en- 00s ' s
ergy than the 11 (=1) resonance, which is a natural con- o, estimation for SR, can be obtained fromsR,

sequence from the spacing between excitonic levels being 7T, I(dE, /dR|g ). Note that as the HR spectrum evalu-
much larger than the vibron frequencies. It is worth pointing "

out that the opposite situation is usually encountered in bull@‘teOI ‘?‘t the resonance radiRs is proportlolnalltol“r 2 and
semiconductoré® We have also calculated the HRS intensity 9% 1S _proportional to I';, the contribution of the
taking the Coulomb interaction equal to zero, recovering thélr-resonant QD's to the average HR spectrum is propor-
free electron-hole mod®l (dashed ling and treating the tional to 117
Coulomb interaction just in first-order perturbation theory " Fig. 5 we show the averaged HR spectrum of the en-
(dotted ling. It is apparent the exciton redshift when the semble of Cdse spherical nanocrystallites wlth a mean radius
electron-hole interaction is included. Also, when comparing®f 21 A, obtained when 2w =2.771 eV. This two-photon
the absolute values of the scattering intensities for the differ€N€rgy determines a set of incoming and outgoing reso-
ent approaches we see that the full calculation is extremelfpances with different exciton levels for QD’s with different
well approximated by the perturbative approach and giveéad” R, Wh|c_h are listed in Ta_lble_ I(for the emission of the
only slightly larger values than the free electron-hole modefp="1lp=1 vibron. The contributions of the variolg; are
(mainly due to the enhanced oscillator strengthsLef0 also shown in Fig. 5. The resonances due to other exciton
excitong. Pertaining to the HR cross section the freelgvelg either are too Wgak or are attenuated by the size dis-
electron-hole model presents identical line shape to thosgibution function. Two important features of the HR spec-
displayed in Fig. 3, wheneverfido, is rescaled to set the trum deserve spielmal a.\tter_mon.. The first one is the_ main peak
equivalent resonance conditions. Thus, we conclude that trfaf about 208 cm-, which is originated by the emission of
excitonic effects on the HR resonance profmd also on the Np=1l,=1 vibrons in QD’s with different resonance
the HR spectrumof quantum dots in the strong confinement radii. The most |mportant contribution is that of th(_e outgoing
regime stand mostly to renormalize the resonance energiede€sonance O3, which takes place fr28.0 A. This reso-

Let us finally discuss the effects of the size dispersion of
the crystallites on the HRS spectrum. We have considered an TABLE Il List of resonance radii and corresponding resonant
ensemble of QD’s described by a Gaussian distribution funcgciton levelsisee text and Fig.)5 The incoming(outgoing reso-

tion F(R) centered at the mean radi@sand with FWHM nances are labeled bI(ON).

equal to 40%. For a given incoming photon enefgy; , the g (A) 18.0 203 26.0 278 28.0 30.0
conditions Ziw,= E., and hwg= E., determine a set of (N,L) (1,0 1.1) 2.1 3.1) 3.0 @1

resonance radiR,} and their corresponding resonant exci- o1 11 12 13 03 14
ton levels{E,} with lifetime broadening{I',}. These are
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210 — R=18 A CdSe
2h0=2.771 eV

5

(,W9) WEMA

e R-15 &

Maximum Position (cm™}

25 26 27 28 29 30
2hw, (€V)

22971 eV

2h0 2871 eV

2ha 2771 eV

Hyper-Raman Spectrum (arb. unit)

2ho 2.671 eV

Hyper-Raman Spectrum (arb. unit)

2Me=2.571 eV

170 180 190 200 210 220

160 170 180 190 200 210 220 ) M
Hyper-Raman-Shift (cm )
. -1
Hyper-Raman-Shift (cm ') FIG. 7. Dependence of the HR line shape with the mean radius
FIG. 6. Hyper-Raman spectra for an ensemble of QD’s with aR &t 2tw =2.771 eV. The size dispersion is 40% of the mean
mean radius of 18 A and a 40% size dispersion for different valuegadius in all the spectra.
of the laser energy. The inset illustrates the dependence of the maxi- .
mum position and FWHM on the two-photon energf« . The radius R=18 A. For R=18 A the maximum is slightly
lines are a guide to the eyes. shifted to high frequencies reflecting the influence of other

resonances associated with larger radii. Rs#20 A the
nance appears so strongly because a double resonance c@fhin peak is not Lorentzian, showing the contribution of

dition connecting the levelsl=3,L=0, andN=3; L=1is o

) . e ’ several equally strong resonances. And Re21 A the
almos_t fulglled([jsee Fflg. g;)]. Inzsdsdgron, the reslonar)de, resonance O3 becomes dominant.
associated to dots of radiis -0 A, IS Very close In en- The above-presented model might also be applicable to

ergy to O3. The second important feature is the broad struGsyg op's. Nevertheless, the available data reported for this

ture between 180 and 190 crh This structure is caused bY type of QD'S® are not complete enough to stress the HRS
the emission of interfacelike vibrons from all resonant QD’s.

showing the vibron confinement effects. In particular, the

Its irregular shape is a direct consequence of the vibron freg, o iments of Ref. 19 were realized at room temperature
guency dispersion as a function of QD radius.

displaying the HR intensity in a wide spectral range with low
Figure 6 shows the variation of the HR line shape with Paying y P J

. ) ) spectral resolution 25 cm ). Under these conditions the
small variations of the incoming photon energy for an en-g, iton and vibron confinement effects are not so well ob-
semble of QD’s with a mean radius of 18 A. Whe# @,

served. We could have performed the calculation anywa
=2.771 meV increaseslecreaseshy 100 meV, the radii of P yway

6 by ab A : and discussed the same effects on fine structure. However,
resonance get small¢largen by about 1 Alsee Fig. 1. 6 gptained results for this case would not be so reliable due

Hence, the principal peak of the spectrum is shifted to low, | ncertainties in the CdS parameters, e.g., hole effective
(high) frequencies, as can be seen in the four lower curves gf,asses and phonon dispersion. Moreover, the interpretation

the figure. Nevertheless, an opposite effect appears in th&yen to the HRS data in Ref. 19 is sufficient and not too
upper spectrum(change from Zw;=2.771 eV to Z w, much can be argued.

=2.971 eV). In this special situation the higher-resonance

radii get closer to the mean radil®=18 A and become
dominant in the spectrum. This effect is equivalent to an

increase of the mean radius. It is important to note that the We have performed a theoretical Study of the normalized
FWHM of the spectrum gradually increases as a result of th@yper-Raman scattering efficiency in spherical semiconduc-
Compet|t|0n between the |arge contributions of the resonancﬁ)r quantum dOtS, Considering confined Wannier-Mott exci-
radii. . tons as the intermediate states. The exciton-lattice interaction
Finally, the dependence of the HR line shape on the meafy assumed to occur via Hitich-type coupling. It has been
radius for Zw=2.771 eV is shown in Fig. 7. The main shown that hyper-Raman spectroscopy can be used to probe
features can be explained with similar arguments as in théne | =1 vibrational modes. In addition, each particular
previous figures. FOR=15 and 16 A the line shapes are mode (mp=0,%=1) can be selected by properly choosing the
practically identical due to the resonance O1 in the dots opolarization of the incident light. With linearly polarized in-

V. CONCLUSIONS
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cident light, onlym,=0 vibrons contribute to the scattering fied by taking into account thal,, is a single-particle op-
whereas by employing circularly polarized light ting,= erator. Let us suppose, without loss of generality, that this
+1 modes are active. The details of the calculations of th@perator only acts on the electron coordinates. Then the fol-
polar optical vibrational modes in CdSe QD's have beerlowing reduction formula can be appliéd:

discussed and the eigenfrequencies and electrostatic poten-

tials of thel ;=1 modes have been presented as a function of (ny .l 0L T ng Nyl es L)
the nanocrystallite radius. It has been demonstrated that ,
when their frequencies are close to the I#fich frequency, S s (— 1)L L" L k
they undergo an increase in their electrostatic surface char- = Onfng O, le 1L 14
acter.

The calculations of the hyper-Raman spectra show that XA(2L+1)(215+2)(ns 1T ng o).

the most prominent peak is due to the emissiompf 1 , (A3)
=1 vibrons. The other contributions are due to the interface-
like I,=1 vibrons. The presence of surface electronic exciFinally, by inserting Eq(A3) into Eq. (A2) we achieve the
tations could increase their role in hyper-Raman scattering.complete simplification of the matrix elemef#1).

The effect of the electron-hole Coulomb interaction has |et us illustrate this procedure taking as example the ma-
been found to be of limited importance for the hyper-Raman;iy element of the operatoé-Fe. As a previous step we

scattering in the strong confinement limit relevant to the . > .
QD’s analyzed here. The absolute values of the HRS intenmust realize that the operaterr. can be expressed in terms

sity are slightly enhanced by the Coulomb interaction asof spherical irreducible tensors,

compared to the free electron-hole model values. The main 1 1

excitonic effect seems to be the renormalization of the reso- 27 (e) (@_ |2

nance energies. € Te qzl 3T Tig 3 TeVa(e), (A4)
The size dispersion of the nanocrystallites is shown to

give rise to a complex behavior of the main peak position inwith the definitions

the HR spectrum as a function of the laser energy and the

details of the distribution over radii. An additional effect is iey+ e,

the distribution of the signal due to interfacelike vibrons over a=€z, a1~ 2 (A5)

a broad band of frequencies from 180 to 190 ¢m

Now, by applying Egs(A2) and (A3) we obtain
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APPENDIX: REDUCTION OF THE MATRIX ELEMENTS (lé 1 |e)
In this appendix we show in detail how to calculate matrix 0 0 O

elements of the form

X2+ 1) (2L, + 1) (21 .+ 1) (20 + 1)
(ng.,np Ll 10 L M/ [ Tyglne,np e In, LMY, (A)

e x(f Rné,.é(r)Rne,le(r)ﬁdr). (A6)
where Ty, is the qth component of &th-order spherical
tensor(single-particle operatorTy, [ne.Np.le.ln.L,M) rep-  proceeding in a similar way it can be shown that an expres-
resent an electron-hole pair state, a“ld'\(l) are the corre- sion ana|ogous to ECKAG) (Wlth Subscriptse and h ex-

sponding total angular momentum quantum numbers. changed everywheyeholds for the matrix element of the

o Firstl of all,hweV{/gctorizEe t|i1e dipender?ce i, M, andq e operato- . To obtain the last expression we have
y applying the Wigner-Eckart theorem: used the following reduced matrix elements:

(ng.nhuledh L M/ Teglne,Np e lh, L M) A ,
P 0 1T =\ [ R OR (%]
el AR e
o Mt a M XY, (A7)

X(Ne i le T LYl Tne nnteoln L) (A2)

, Jer+FDk+1) (1T k|
' —_(_ 13l -
The factor(... ,L’|Ty...,L) does not depend opand is {"vd=(=1) 4ar 0 0 0

called thereduced matrix elementt can be further simpli- (A8)




5522 E. MENENDEZ-PROUPINet al. PRB 60

Moreover, if we particularize Eq(A6) to the casel X210+ 1)(212+1)(21,+ 1) 4z
=M;=0 (I.=1,) and evaluate thej3and § symbols we P
get the result shown in Eq13).

L, l, Ls le Iy le
Applying the same method the following expression is X M. m. M 0 0 0
. . . . 2 p 3
obtained for the matrix elements of the electron-lattice inter-
action: L, Ls |
x{ o Dt (A9)
|e Ie |h ngle—ngalg

(NN sM gl e@p (T o) NLnfl L LM )
c In this expression it is implicit that only the creation part of
. -

=5 o ,,(_1)L2+L3+IQ—M2 E (-1)'r—= ¢ Is acting on the ket. Replacing,=1,L;=M3;=0, the
RSO no im JR - Modp o defiod
prlpMp Eq. (A8) is reduced to Eq19) and® ', . , isdefinedin
e''e e'e
X (2L, +1)(2Lg+1) Eq. (20).
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