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Resonant hyper-Raman and second-harmonic scattering in a CdS quantum-dot system
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Excitation profiles of resonant second-harmonic and hyper-Raman scattering in a CdS quantum-dot system
are reported. Two maxima have been found in the related two-photon excitation spectra near the fundamental
absorption region. Relative to the one-photon absorption spectrum, the maxima are more pronounced and
shifted in energy. The result has revealed quantum-confined electron-hole pair states with a total angular
momentum of odd number. Effective masses in the quantum dots have been estimated.

Semiconductor nanocrystals, or the so-called quantumon and incident photon, respectively. However, no attention
dots, with the radiuk, comparable to or smaller than the has been given to RSHS and RHRS measurements in
exciton Bohr radius of the corresponding bulk crystal, are ofjuantum-dot systems, except for the first observation of the
great interest, because of unusual electronic structure argffects in Cd§Se;_, quantum dots by two of the authors
optical properties. In principle, due to the size-confinementho used incident light with one wavelength.
effect in quantum dots, the energy spectra of quasiparticles, In this paper, the results of the observation of the RSHS
such as electrons, holes, phonons, and excitons, are trard?d RHRS phenomena in a CdS quantum-dot system with
formed. Moreover, the confinement also modifies the interfhe use of a wavelength-tunable laser are reported. In the
actions between the quasiparticles and external field, and b&xperiment, the laser could be tuned so that the double fre-
tween the quasiparticles themselves. In this connectiorfluéncy of excitation light fell in the region of the lowest-
studies of such interactions, together with the inherent elecenergy transitions generating electron-hole pairs. The CdS
tronic structure, are of considerable importance. In additionf@nocrystals were grown in a multicomponent silicate glass
the systems containing quantum dots are expected to dl_ffusmn phase_ decom_posmon of a supersaturated solid
promising materials for some applications in optoelectronics$O|U“0” of the basic constituents under secondary heat treat-

Up to now, a variety of experimental methods has beerfn€nt. In this case, the size distribution of the crystallites can
used for studies of semiconductor quantum dotsP€ described in terms of the Lifshitz-Slesov moﬂ‘e]l.’hg
one-photof? and two-photoh absorption(OPA and TPA, average dot radiug, of 2.0 nm and the OPA peak positions
respectively, resonant Raman scatteriniRRS,*> low-  (Table ) were determined from the OPA spectrum, using a
frequency Raman scatterifig, photoluminescencg,four- f|_tt|ng _pro_ced_ure descnbeq_ln Ref. 2, with the Lifshitz-Slesov
wave m|X|ng? nonlinear b|eachina, and pump_and_probe Size d.IS.tI’Ibutlon, the tl’anSIthn linewidih=80 meV, and the
technique’® Nonetheless, the nature of quantum dots is ye€ole fitting parameteR,. This R, value was supported by
to be understood. This is partly due to the fact that the qualthe result of a small-angle x-ray-scattering measurement
ity of the available samples is not high enough; among thd1.8+0.1 nm. Consequently, the confinement effect should
related problems, for example, defects and surface interad®€ important in the system under consideration because the
tions, a dot-size and dot-shape distribution is most crucialexciton Bohr radius for CdS bulk crystal is 3.2 nm. A few
since it causes large inhomogeneous broadening, as typicalf§ctangular plates, from 0.2 to 3.0 mm in thickness, cut from
seen in the OPA spectra. That is why spectroscopic method large ingot were used as samples.
implying selection rules different from those of OPA are re- The RHRS and RSHS were excited by a pulsed Ti:sap-
quired. In particular, the methods of nonlinear optical specPhire laser. The incident photon energy was varied from 1.35
troscopy, e.g., resonant hyper-Rayleigh scattering, or seconé? 1.72 eV. The laser beam of 1 kW peak power, 30 ns pulse
harmonic scatteringRSHS (Ref. 11) and resonant hyper-

Raman scatteringRHRS by optic phonons? are expected TABLE |. The peak positions observed in the OPA, RSHS, and
to be advantageous for clarifying not only the electronicRHRS excitation spectra, and the relative shi&y).
structure, but the electron-phonon interaction as well. It

should be noted that the selection rules in the RSHS and OPA RSHS RHRS Shifts
RHRS processes are different from those in RRS. The frez 849 2.882 2.882 0.0330.005
guency wg of the RHRS signal is given by the relation 3.22 3.18 3.16 0.040.01 (0.06-0.02)

Ws= 2wy —W,, wherew, andw, are the frequencies of pho-

0163-1829/96/5@)/1721(4)/$06.00 53 R1721 © 1996 The American Physical Society



R1722 A. V. BARANOV et al. 53

) g
£ el Jﬁ_—//\\‘/‘/\mv g 120 0150
< L
5 0 138 _8 100 4 0125
E L K = RSHS
Z > « RHRS
80 L 0.100
-%‘ 1500 |- ] - e
144
T 60 - 0075
£ ool 151 E (é
8 A/\_//L_/\M‘/\, 159 Q 4l L 0050 =1
D swol 163 o é
§ E 20 4 te, .. -0.025%
ol 172 S o ! et
b ot L f
| \ . . L L ) | 04 - 0.000
600 400 200 0 200 400 600 800 = - - 7 " .
Raman shift A (cmi) ' : ' 2 ‘ ‘ ‘

TWO-PHOTON ENERGY (eV)

FIG. 1. Hyperscattering spectra in a CdS quantum-dot system

. . —1
for a number of incident photon energiéss denoted The fre- FIG. 2. Excitation spectra of the RHR& 305 cm™7) and the
quency origin corresponds th =2w,—w,. The band with the RSHS (A=0) for a CdS quantum-dot system in the range of low-

A=0 represents the RSHS and the band withAhe305 cm ! is energy electron-hole transitions. Each point is averaged over three
the Stokes RHRS involving one LO phonon. independent measurements. The OPA spectrum of the specimen 0.3

mm thick is also shown for comparison.

duration, and 3 kHz repetition rate was focused on a speciy . L
men 5<8x 3 mn? in size by using an achromatic lens with deviate significantly from those of the OPA. Namely, the

a focal length of 28 mm. The experiment was performed | lower-energy maxima are shifted to the blue side, whereas

L ; "the higher-energy maxima are shifted to the red side relative
thex(yy, unspecifiext incident-scattered light geomet(§or- to the corresponding OPA peaks. The magnitudes of these

to's notation). The 90° scattered radiation was collected by 8shifts and the resulting peak energies are listed in Table I.

quartz Ie_ns, then dispersed with a single-gr_ating monc_Jchro- Now consider the results in more detail. First we show
mﬁft(i)éé;tﬁ; Cdoé,teggr-(%rf;gcgrr]dNodrteri(r:;edc\cl)\”th Tal\r|1 %qté%al that_ each maximum is related to the twq-photon resonant
cooled to—30 °C. The spectral resolution of the measure-excn-altlon of elec_tron-hole pair states in the quantum-
ments was abo t.25 ot To avoid a possible contribution confined “conduc_tlon” and “valgnce" bands. Thesg states

was abou L Vol pOSS IDUtioN  are not revealed in the OPA. It is well known that size con-
to the intrinsic RSHS signal from the second-harmonic IIghtfinement induces splitting of each continuous conduction

generated from the sample surches, a special. mask W."(\?alence} band to discrete levelS. If a simple two-band
used. The (tzoli_rectl_or: for reabsi{omtlo(r)l Xvas madteh|r|1 thethord;r'nodel with spherical potential is adopted for simplicity, then
nary way, taxing into account the ..-mm patn 1engih Olg,.p giscrete level corresponds to definite numbers of angu-
scattered light inside the specimen. All of the measurementﬁir momentur and submagnetic moment. In the case of
were carried out at room temperature. infinite potential barriet® the wave function and energy of

Figure 1 shows the typical scattering spectra observed foélectronic state are expressed as

a number of incident photon energies. All of the spectra are

plotted relative to %,. In each spectrum, the RSHS signal 2 j1(bulIRo)
emerging from the CdS dots can be seen at the frequencyW&" = 72.(1)Y\m(¢,0), Fn(r)= \/:3—
2wy, or with the zero Raman shith=0 (A=2wy—wy). Ro Ji+1(¢n)
Another spectral line witlh=305 cm ! is also well pro- 2,2

nounced. This line can be assigned to the RHRS signal from gl — +(E+ R P ) e
one LO phonon, clearly indicating that the electron-phonon T2 ZRSme(h) '

coupling of the Fralich type is important in the process.
Figure 2 shows the RSHS and RHRS excitation spectr
i.e., the plots of the relative signal intensities as a function of

2w, with the correction for reabsorption of scattered IightJ . -
and spectral response of the instrument. The OPA spectru asses, antl, is the energy gap of the bulk cr_ystal. W|th|n.
the framework of the above model and the dipole approxi-

is also shown for comparison. It is evident from Fig. 2 that i h lecti I be derived f hot
both RSHS and RHRS signals show resonant enhanceme2Hon. the selection ruies can be derived for one-photon

near the fundamental absorpti@@PA) region. This confirms interband @ or f) and intrabandib) transitions.(The nota-
that the RSHS and RHRS signals originate from the Coléionsa andf are referred to allowed and weakly allowed, or
dots. Noticeably, each of the RSHS and RHRS excitation‘forbidden" interband transitions, respect_ive)yAccording
profiles exhibits two maxima, more pronounced than those if° the k-p p_erturbatlon theory, _the amp_htudes of one-
the OPA spectrum. Moreover, it is important to note that th hoton matrix elements for typical semiconductors satisfy

second resonant maximum manifests itself in contrast to thg1e conditions

whereY (¢, 0), j(X) are spherical harmonics and spherical
essel functions,¢, is the nth root of the equation,
(én) =0, m, and m,, are the electron and hole effective

RRS spectrunt® where only one resonance peak is observed _

: . V> Vip> Vs . 2
around the lowest OPA peak. A detailed comparison reveals
that the peak energies of the RSHS and RHRS excitatiohe selection rules are the following!=n, |'=l, m"'=m

spectra, almost coincident with each other for the lower onedpr a transitions;l’'—1=*=1, m'-=m=0,£1 for f and ib
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a . A . c ing peakA, while the middle energy of the higher-energy
Fu : Fun group (C andD) is shifted to the higher-energy side regard-
El : Ef ing C. As for these shifts, this is indeed the case observed
- ‘.’ 1 experimentally. However, on the quantitative level, the rela-
b o tive shifts between the RSHS and RHRS peaks are not nec-
A " " essarily distinguished. For the first peak, no appreciable dif-
|/ N\ | | | | || | | ference can be recognized, and for the second peak, the
AB cD AB ¢CD AEB ¢ DF maximum energy is lower in the RHRS than in the RSHS

and, besides, the observed shift is larger than that of the first
FIG. 3. Energy levels for a quantum dot and typical diagrams ofgroup, 33 meV. This may be due to a large uncertainty in

the electronic transitions in the related OPA and TRARSHS(b),  estimating the second OPA peak position. In this connection,
and RHRS(c) processes. Thick and thin solid lines correspond to it should be also pointed out that the situation with the sec-
and ib transitions, respectively; dashed lines relaté t@nsitions,  ond resonance position is more complicated if the other pair
and double lines to phonon-induced transitiofsge text The states, such as those witH=1, |’ =2, are taken into ac-
sketch of the energy positions of expected resonances in the specigunt. Below, attention will be focused on the first resonant
are  shown: A=Ej,— Elo. B=Ei—El, C=EL—El,  peak, particularly the RSHS peak, which is more reliable
D=Ef—Eqy, E=A+AW,, F=D+fiw,. from the experimental standpoint. This is partly because the

RSHS process is simpler than RHRS in nature and the exci-
transitions, whera’, 1’, m’ (n, |, m) are the quantum num- tation spectrum is more pronounced for RSHS than for
bers for the conductiorivalence band, or electron(hole) RHRS. From Eq(1) with R;=2.0 nm, the effective masses
states. Obviously transitions make the main contribution to of electron and holes can be evaluatedgsmy=1.4 and
the OPA, so that the lower- and higher-energy OPA peaksn,/my=0.3, respectively. No information on these quanti-
can be assigned to the transitions from the valence-band ties for CdS quantum dots is available; the bOhurtzite)
state withn=1, |=0 to the conduction-band state with values are reported asy/my=5, m, /my=0.7, and
n’=1,1'=0 (energy positionA) and fromn=1,1=1 to  m./my=0.2.
n'=1,1"=1 (energy positionD), respectively[Fig. 3a@)]. Now the results are discussed in comparison with data
The TPA process involves bothand ib transitions, respon- obtained previously. First, the present excitation spectra dif-
sible for the two TPA peakB andC, as shown in Fig. @. fer from the TPA spectrufhobserved at 10 K for a similar
At the same time, the RSHS is produced by three successiv@dS quantum-dot system. In that work, two TPA peaks were
transitions, a combination dd, f, and ib transitions. The detected as well, but their energies coincided with those of
related typical diagrams of the transitions resulting in fourthe OPA spectrum; this coincidence was interpreted as being
energy resonances are shown in Fig)3Similarly, the typi-  caused by valence-band mixing and thereby intrinsic. The
cal diagrams showing four resonances for the RHRS are preeason for the discrepancy between the TPA results and our
sented in Fig. &). It should be noted that two of the four data is not yet completely clear. It should be noted that the
RHRS resonances coincide with two of the RSHS or twoRSHS and RHRS excitation peaks, although observed at 300
TPA resonances, but the other two are different, because uik, are more pronounced than the TPA peaks. It is the fact
like the RSHS, the RHRS involves electron-phonon interacthat the resonant scattering phenomena under consideration
tion of Frahlich type. Note that the off-diagonal matrix ele- provide a kind of modulation spectroscopy that makes only
ments of the electron-phonon interaction make the majothe relevant electronic states prominent, as compared to the
contribution to the RHRS, since the diagonal matrix ele-TPA. This is usually the case for the RRS as compared to the
ments between the electron states and those between the h@®A. At low temperatures, the exciton effects become rela-
states cancel each other. Then, for the RHRS processa twotively more important, but this aspect is a less probable cause
transitions and one ib transition should be taken into considef the discrepancy in question. Next, the selection rules for
eration, resulting in a relative increase in the RHRS amplithe RRS and RHRS are quite different, thereby providing the
tude as compared to the RSHS amplitude. As can be seadmplementary spectroscopic methods. In the case of
from Fig. 1, the intensities of the RHRS and RSHS signalsjuantum-dot systems, the RHRS can give more information
are of the same order of magnitude, confirming the abovéhan the RRS, as already described for CdS #o#s.com-
statements. This situation is quite different from the well-parison of both results should allow one to gain an insight
known relationship between resonant Raman and Rayleigimto the mechanism of electron-phonon interaction in
scattering. guantum-dot systems. The related consideration, however,

The reason why only two resonant peaks have been olwill be presented in a separate paper.

served instead of the four peaks predicted theoretically may Finally, the estimations of effective masses may be very
be as follows: due to the above-mentioned large inhomogecrude, as obtained in the framework of the rather simplified
neous broadening, one wider peak, rather than two narrowwo-band model with an infinite spherical potential. To ana-
peaks, occurs at the midpoint between the corresponding twigze the RSHS and RHRS excitation spectra quantitatively, a
closely positioned resonant energies. Simgds much larger  theory of the hyperscattering phenomena in a quantum-dot
than m,, four resonant energies can be classified into twasystem is needed. The theory should be based on a sophisti-
groups separated from each other. The middle energy of theated model taking into account a more realistic valence-
lower-energy group, or of the pair states witk-1,1=0 and  band structuré® the confinement-induced valence-band mix-
n'=1, I'’=0 (the lowest peakA) and n=1, I=1 and ing effect!’ and a finite potential as well. Such a theoretical
n'=1,1"=0 (B), is shifted to the higher-energy side regard-work is now in progress. In conclusion, we have shown that
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both the RSHS and RHRS signals can be easily observed that the resonant hyperscattering phenomena provide a useful
the fundamental absorption range for a typical CdS quantunspectroscopic tool for studying quantum-dot systems. The

dot system, and that the off-diagonal "Rlich interaction techniques are complementary to the TPA spectroscopy, but
predominantly governs the RHRS process. From the RSH&1&Y be simpler and more direct than the emission-probed

and RHRS excitation spectra, we have clarified two electron! PA-

hole pair states with the total angular momentum, equal to This work was partly supported by the ISF through Grants
unity, unobservable in the OPA. Thus we have demonstrateNos. NGL0O00 and NGL300.
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