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Complementary detection of confined acoustic phonons in quantum dots by coherent phonon
measurement and Raman scattering
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Coherent acoustic phonon oscillation is observed in PbSe quantum dots embedded in phosphate glass by
femtosecond pump-and-probe. The size dependence of the oscillation is investigated. Distinct low-frequency
peaks are observed in Raman spectrum for the same samples. The size-dependence of the frequencies is well
explained by elastic sphere model, but the observed modes are different to each other for coherent phonon and
Raman scattering. Coherent phonon measurement and Raman scattering are found to give complementary
information on confined acoustic phonons in this system.
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Semiconductor quantum dotQDs) have attracted con- For coherent phonon measurements, we performed fem-
siderable attention in recent yedrsThree-dimensional con- tosecond pump-and-probe. A mode-locked Ti:sapphire oscil-
finement of electrons to a nanometer-size space changes th&tor was used to produce pump and probe pulses, whose
continuous energy spectrum to discrete one. It not onlyulse width was about 30 fs. Center wavelength of the near
modifies electronic state, but also modifies phonon spectrurfiansform-limited pulse was about 790 nm. A shaker was
to size-dependent discrete lines, and the electron-phonon iftroduced into the pump beam path to modulate pump delay
teraction among them is thought to be changed also. Thidme at 80 Hz. The pump and probe beams were focused on

size-dependence of the exciton—phonon interaction in quarf’® sample surface, and the transmitted probe beam were

tum dot has been the subject of extensive research. Expefietected together with a reference beam by a pair of Si pho-

mental studies on the opticaf,or acousti& phonon modes todiodes to cancel the instability of the laser. The subtracted
in QDs have been carried out mainly by Raman scatterin 2'g§§|rawzscle?#gaa Iﬁf:ri;"lr;saeTp“f'ﬁ]r'e-gobme;f%e. Ralman
Persistent spectral hole-burnin®SHB spectroscopy was P ' W-11:sapphi pump y r-ion faser

also successfully applied to QB%° During the last decade was used as an excitation source. A 1-m double monochro-
ully app - 9 ' mator with a photon counting system was used for detection.
coherent oscillation of the confined vibrational modes be

. S : ‘Samples used in this study were PbSe QDs grown in phos-
came to be observable directly in time domain. There ar hate glass matri$® The mean radius of all samples were
some reports on the observation of coherent optical phononssimated by Small-Angle X-ray Scatterin@AXS), and

in semiconductor QDs, CdSe QBsinP Q_D&12 etc. While  t5ynd to range between 1.4 nm and 3.5 nm. All experiments
the high energy optical phon_on forms sidebands in opticajy this study were performed at room temperature.
spectrum, low energy acoustic phonon rather contributes to an absorption spectrum of the sample with mean radius
excitonic dephasing and homogeneous broadeffinghich 2.9 nm is shown in Fig. ). The time trace of pump-and-
plays a crucial role in nonlinear device applications. Thereprobe measurement is shown in Figb)l This is an ex-
fore a detailed understanding of the mechanism of generatiopanded curve at the tail part of a large absorption change. A
and damping of confined acoustic phonon in QDs is impor-<lear oscillatory component can be recognized superimposed
tant. Coherent oscillation of confined acoustic phonon inon the absorption change of excitons. The oscillation period
QDs was first reported by Krauss and Wise in 189They  is about 2 ps, and the amplitude rapidly damps. We note that
observed temporal oscillation of the transmission in femtowe detected coherent phonon signal by using a small pump
second pump-and-probe measurement on 3 nm PbS QDs didelay modulation and lock-in technique, and that the data
persed in PVA(polyvinyl alcoho). They also measured Ra- obtained here corresponds to the time derivative of ordinary
man scattering of the same sample to compare with coheretransmission intensity. Therefore the signal in Figo)Ican
phonon. However, as they mentioned in the paper, they werkee fitted by a damped sine function, but it means that the
not able to systematically study the size-dependence, be&orresponding phonon oscillation is expressed by a damped
cause size control in the polymer matrix was difficult. There-cosine function. The amplitude of the oscillation is in an
fore, the size-dependence of the relation between coherentder of 10 ® times the total probe intensity. In contrast, in
acoustic phonon and Raman spectrum has not been not stu@Ds embedded in polymer matrix, PbS in P¥#the modu-

ied yet. In this Rapid Communication, we detect coherentation of probe intensity by the coherent confined acoustic
acoustic phonon signal in QDs embedded in glass matriphonon measured by time-resolved pump-and-probe was as
with high sensitivity. We measured size-dependence of colarge as 10° under almost equal excitation density to our
herent phonon and Raman scattering. The complementagxperiment. It should be added that they did not observe
relation of these measurements was clearly shown. coherent phonon signal in PbS in silicate glass matrix. It may

0163-1829/2001/620)/20131%4)/$20.00 64 201315-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

IKEZAWA, OKUNO, MASUMOTO, AND LIPOVSKII PHYSICAL REVIEW B 64 201315%R)
> 2 T T T
‘@ RT
[0
o 1 ]
3 @ :
g' 0 " — i 1.7nm ; £
0.5 1 15 g |" A .
Photon Energy (eV) 5 ;M M
: .8ni
—_— & : A
1 :g 2.0W_5
~ ] 2 | 26gm : “
_ a0 ] Z | a W
3
. 0 10 20 30
< Frequency (cm ') 3-5"TL/‘J \‘.\.‘,
B . .
L~ T, 0 20
Raman shift(cm_1)
0 FIG. 3. Raman spectra for various size PbSe QDs at RT. Exci-

tation laser was 750 nm. Size-dependent peaks were observed
around 10 cm?,

FIG. 1. (a) Absorption spectrum of PbSe QDs at RT. The mean
radius is 2.9 nm(b) Time-resolved transmission signal of the same tion frequency increases with decreasing dot radius. It sup-
sample at RT. An overdamped oscillation due to confined acoustiports the assignment of the oscillation to the confined acous-
phonon is clearly observed. A dashed line represents the fitting by ic phonon whose frequency is known to be inversely
damped sine function. In the inset, dots correspond to the Ramaproportional to the dot radius as seen later. Since the oscil-
spectrum of the same sample. A dashed line is the Fourier trangatory component is weaker than the background due to the
formed spectrum of the fitting curve for the coherent phonon signalfast recovery of absorption change, it is difficult to separate

phonon signal from the background. Therefore we obtained

be due to the weakness of the signal in glass matrix. Smallize-dependent frequency from the interval between the first
modulation signal due to coherent acoustic phonon in QDs imnd the second hump marked by a solid circle in the figure.
glass matrix was also observed on PbTe QDs in gfaShis To compare the coherent phonon with Raman scattering,
coherent phonon signal can be temporarily assigned to thRaman spectrum of 2.9 nm PbSe dots was measured by us-
confined acoustic phonon in the QDs because of its smalhg 750 nm excitation laser. The results are displayed in the
frequency. Since the photon energy of the pump pulse is welhset of Fig. 1b) by dots. Fourier transformed spectrum of
above the first excited state of the sample, the pump pulsage fitting curve of the coherent phonon signal is also drawn
coherently excite all of QDs with various sizes in the size-in the inset of Fig. b) by a dashed line. The peak position
distribution. Therefore a lot of QDs having different phononin the Raman spectrum is 11 cthand it does not coincide
frequencies contribute to the coherent phonon signal. Thgith the spectrum of the coherent phonon signal. There is no
damping does not mean the real damping of the cohererfructure at 18 cm® in the Raman spectrum. The size-
oscillation of the confined phonon in each quantum dot, butiependence of Raman spectrum is shown in Fig. 3. The ex-
dephasing due to thehomogeneoubroadening of the pho-  citation laser was 750 nm. The spectral resolution was
non frequency. As shown later, the damping constant is reat 4 cm . Size-dependent low frequency peaks are clearly
sonably explained by the size-distribution. Figure 2 showsghserved in the range from 8 crhto 16 cnit. With de-
the size-dependence of pump-and-probe signal. The oscillgreasing the dot size, the peak frequency increases and its
width also increases, reflecting that the smaller dots have
larger size-distribution. When we tried using an Ar-ion laser
(514.5 nm for excitation, the data was almost the same as
750 nm excitation. The peak frequencies in the Raman spec-
tra are plotted as a function of dot radius by open circles in
Fig. 4. For low frequency Raman spectrum, correction of the
occupation number by Bose factor is needed in order to
evaluate real phonon spectrum. The correction modifies the
spectrum particularly in the very low frequency region, but
does not strongly affect the peak position compared to the
error bar under our experimental condition even for the larg-
est dots. Solid circles in Fig. 4 represent the frequencies of
the oscillation observed in the coherent phonon measure-
ment. We can see the linear dependence of both frequencies

FIG. 2. Size-dependence of the coherent phonon signal. R is then the inverse radius of dots, but the coherent phonon signal
mean radius of the PbSe QDs. and the Raman signal seem to come from different confined
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R (nm) G mode oscillation starts. The oscillation modifies the optical
2 213 2 ,,.01 1 spectrum of QDs through deformation potential. It causes

Sos small energy shift of the absorption spectrum synchronized
with the oscillation, which led to the temporal change of the
probe transmission we detected. On the other hand, the Ra-
man peaks are assigned tg; node. It is the lowest=2
spheroidal mode. ;5= 0.66 is deduced by assuming stress-
free boundary condition. Small discrepancy may come from

S, the fact that real PbSe is not exactly isotropic. The Raman
active spheroidal modesl£0 and |=2) can be distin-
guished by their polarization dependerité=0 mode can
be observed only in the same polarization as the excitation
polarization, whilel =2 mode can be also observed in cross
polarization. We examined polarization dependence of the

FIG. 4. Frequency of the coherent phonon and the Raman ped@W-frequency peak in Raman spectrum. The peak was ob-
as a function of dot size. They are inversely proportional to the doferved under both parallel and cross-polarization detection.
radius. Solid lines represent the calculation on the assumption thatherefore it is acceptable to assign these peaks @ mode.

the stress at the dot boundary is zero, while a dashed line represents In this way, based on their size-dependence, the observed

the calculation with rigid boundary condition. The inset representdRaman peaks and the frequencies of coherent phonon are

the displacement inggand S, spheroidal mode. unambiguously assigned to the different phonon modes. In
other semiconductor quantum dots, for example, CdSe
fQDS20 and CdS QDS$, both1=0 andl=2 acoustic modes

were observed in Raman spectrum unlike our results. The
point is that in PbSe QDs the Raman scattering cannot detect
he breathing mode, on the contrary, coherent phonon mea-

tlondal moc(ijet|s _claslsmedd mtth\uiv?cha_tegdortﬁs, si)h?_rmda urement mainly detects the breathing mode and could be
modes and torsional modes. erive € seleclion ' sefyl as a complementary detection technique. We can find

rule from the group theory that the mode observed in the firs, herimental results similar to ours in the research field of

order Raman scattering was only spheroidal mode With eta) nanoparticles. The observed Raman peaks of acoustic
=0 or|=2. The lowest mode of=0 spheroidal mode is phonon of Ag nanoparticles is mainly the 2 mode?* while
known asbreathing modewhere expansion and shrinkage of the observed coherent phonon oscillation corresponds to the
whole sphere occur. This mode is purely longitudinal, but |=0 mode?* Montagna and Du$i deduced that thé=0
=2 is a mixed mode and have both longitudinal and transmode was not Raman active in nanoparticles with cubic Bra-
verse components. Displacements in these modes are illugais lattice and for thédipole-induced-dipole DIDscatter-
trated in the inset of Fig. 4. ing mechanism and explained why the2 mode dominated
The frequencies of the spheroidal modes are expressed life Raman spectra of Ag nanoparticles. Since PbSe has
vin=E&nVI/R, where §, is a coefficient depending on the NaCl-type crystal structure unlike CdS or CdSe where the
ratio of longitudinal ) and transverse\{;) sound veloci- crystal lattice is hexagonal, the same arguments as Ag nano-
ties, andR is the dot radiud® If we assume stress-free particles may be applicable to the Raman spectra of PbSe
boundary condition, the numerator of the expression can bgpDs.
calculated by using bulk PbSe parameters. Finally, for the |et us explain the width of the power spectrum of the
lowest spheroidal mode witi=0, the numerator,S,,  coherent phonon and Raman spectrum in the inset of Fig.
=&V, is §;=1.79, that isvp(THz)=1.79R (nm). We  1(b). The size-distribution of the sampl@.9 nm is esti-
can also try to assumegid boundary condition where the mated to be about 28% by the absorption spectrum in Fig.
lattice displacement at boundary is zero. This assumption(a) and the relation between size and the first excited state
was applied for the interpretation of the Raman spectrum oenergy which was previously reporté‘U. The size-
CdSe nanocrystals in glassésunder this assumption, the distribution also agrees to the estimation from SAXS data. It
frequency of the spheroidal mode is shifted to higher frecorresponds to a FWHM of 6 cit for Sy; mode and
quency, §,=2.76. They are represented in Fig. 4 labelgd S 2.9 cm ! for S,; mode, and they reasonably agree with the
and $,, respectively. The experimental data of the coherenbbserved width of 8 cm! and 5.5 cm?.
phonon is well fitted by calculation based on the stress-free The reason why the coherent phonon signal of QDs in
boundary condition. The assignment is supported by thglass is smaller than that of QD embedded in polymer matrix
phase of the observed coherent phonon signal. In coheremtas not clarified. We cannot simply state that, compared to
phonon measurement, the oscillation found to show cosingsolymers, the hardness of the glass matrix surrounding QDs
like temporal behavior. In other words, the phonon amplitudeprevents them from vibrating acoustically and led to the
is maximum att=0 indicating the origin of instantaneous small amplitude of the coherent phonon, because, as stated
expansion by pump pulses. An instantaneous isotropic exbefore, the stress-free coherent oscillation of QDs in glass
pansion occurs by the high density carriers impulsively exwas observed in our study. Therefore the combination of the
cited by the femtosecond pump pulses, and the breathin@Ds and glass should be relatively weak.

Frequency (THz)

e e
1/Radius (nm™)

phonon modes in QDs. As is well known, vibration modes o
a sphere with stress-free boundary condition were studie
theoretically by LamB’ According to their results, the vibra-
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In Ref. 25, the 68 cm! Raman peak on 2 nm PbS QDs scattering. The size-dependent frequency is well explained
in PVA was assigned to confined acoustic phonon mode witlipy stress-free elastic sphere model. It was found that coher-
|=0. PbS is not so different from PbSe in elastic propertiesent phonon experiment measures different confined acoustic
but the frequency of the confined acoustic phonon is muciinodes from that in Raman scattering and is a useful tool to
larger. Moreover the size-dependence of the mode seems $étdy confined phonon in QDs.
be quite small, compared to the Raman spectrum on 3 nm

PbS QDs'* and unlike our results, the coherent phonon sig-  This work was supported by the Ministry of Education,
nal reproduces the Raman spectrum in respect of the acoustzience, Sports and Culture, Grant-in-Aid for Encourage-
mode in this system. Thus we see that there are still morghent of Young Scientists, 12740170, 2000, “Research for
problems on the acoustic vibration of QDs in host matrix. the Future” Program JSPS-RFTF 97P00106 from the Promo-
In conclusion, size-dependence of the confined acoustition of Science, project research of University of Tsukuba,
phonon modes in PbSe QDs embedded in glass matrix waéurata FoundatioiJapan, and INTAS foundatiotEC). Au-
investigated by coherent phonon measurement and Ramaimors are thankful to Dr. T. Mishina for fruitful discussion.
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