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Taking advantage of the specific core-shell charge separation structure in the CdSe/CdTe core-
shell type-II nanocrystals, we experimentally observed and verified the existence of the
resonance-enhanced dipolar interaction between terahertz photons and their corresponding confined
acoustic phonons. From the measured terahertz transmission spectra, we found that the photon
frequency of the terahertz resonant absorption is inversely proportional to the diameter D of the
nanocrystals and agrees with that of dipolar active /=1, n=0 confined acoustic modes. The
corresponding absorption cross section shows a D* dependence, supporting a charged
simple-harmonic-oscillator model. These facts verify the occurrence of dipolar interaction between
terahertz photons and confined terahertz acoustic phonons. © 2008 American Institute of Physics.

[DOI: 10.1063/1.2891062]

With spatial confinement, low dimensional systems such
as quantum dots and nanowires exhibit not only electronic
but also acoustic energy quantization. In 1882, Lamb had
already studied the acoustic normal modes confined in a ho-
mogeneous free sphere.1 Two types of modes, torsional and
spheroidal (SPH), were derived from the stress-free bound-
ary condition on the spherical surface. According to the se-
lection rulf:,2 among these modes, only SPH modes with an-
gular momentum quantum number /=1 can induce terahertz
absorption, which was not experimentally observed until a
recent report on terahertz absorption in TiO, nanopowders.3
The authors proposed that it could result from dipolar inter-
action with the SPH:/=1 confined acoustic modes. As for
the required charge separation for activating terahertz ab-
sorption, they suspected that it could come from the uninten-
tionally adsorbed water molecules.” It is thus highly desir-
able to create specific spatial charge separation in
nanoparticles as a template to verify the existence of the
SPH:I=1 related terahertz absorption, which was theoreti-
cally predicted so long ago. This is not only important for the
studies of nanoacoustics but could also be critical for future
development of terahertz technologies.

In this letter, we exploited the well-known core-shell
charge separation in CdSe/CdTe core-shell type-1I
nanocrystals4 (NCs) to directly prove the existence of the
resonance-enhanced dipolar interaction between terahertz
photons and the fundamental /=1 confined acoustic phonons
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in NCs. Our study also reveals the fact that the cross section
of the dipolar terahertz absorption, o, varies with a fourth
power dependence on the particle size D, agreeing well with
a prediction based on an electromechanical model.?

The SPH vibrations in a free homogeneous isotropic
continuum sphere can modify its optical properties2 and
induce either inelastic light scatterings’6 or terahertz
absorption.3 The former processes are related to the SPH
modes with /=0 or 2, which have been widely investigated
through low-frequency Raman scattering,5 Brillouin
scattering,6 and pulsed laser pump-probe experiments.7 In
contrast, the latter process is related only to the scarcely
studied /=1 mode.” Distributions of the displacement vector
of the /=1 modes show relative displacement between the
center core and the outer shell regions.3 Therefore, a core-
shell charge separation is required to match this motional
pattern, to induce change of dipole moment, and to activate
the resonant absorption of the SPH:/=1 dipolar mode. How-
ever, it is hard for inorganic clusters to create specific and
long term charge separation. Besides, the amount of charge
should be large enough to induce detectable excess absorp-
tion over the background dielectric absorption.8 Following
these requirements, we prepared CdSe/CdTe core/shell
type-1I NCs by chemical synthesis.9 Due to a large surface to
volume ratio, the surface lone pairs on the tellurium dangling
bonds'® could be thermally or optically excited to the con-
duction band of CdTe and fall into the CdSe core with lower
electronic potential. This process can result in a negatively
charged core and a positively charged ion shell on the CdTe
surface. This specific core-shell charge separation should en-

© 2008 American Institute of Physics
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able the studies of the dipolar interaction between terahertz
photons and confined acoustic modes in NCs.

The synthesis of CdSe/CdTe NCs followed the steps
described previously.” We synthesized 3.6 X 10'5, 1.4 X 1016,
and 1.6 X 10'% particles in the powder form of 8 nm (4.3 nm
core), 10.4 nm (4.3 nm core), and 13 nm (5.3 nm core)
CdSe/CdTe type-II NCs. From transmission electron micro-
scope images, it was determined that the size standard devia-
tion was ~ *=20%. Their absorption spectra smoothly ex-
tended to red and near infrared without a steep absor[})tion
edge. Their emission spectrum peaks around 1100 nm.” The
infrared sample emission indicates recombination between
CdSe electrons and CdTe holes, which validates the presence
of type-II band alignment in our samples. These NC powders
were separately sealed between two 30-um-thick polyethyl-
ene films for the convenience of holding in the terahertz
measurements.

The experimental setup for the terahertz absorIIJtion spec-
troscopy was similar to that in a previous work. "'We em-
ployed a photonic transmitter to generate terahertz pulses
with a tunable central frequency. The spectral power of
coherence-controlled terahertz source reached a maximum at
100 GHz and extended to 400 GHz with a substantial signal
to noise ratio. The radiated terahertz wave was collected by
two parabolic reflectors and focused on a bolometer. The NC
sample was put in front of the bolometer for the measure-
ment. Dividing the transmission spectra with NCs by that
without NCs, the spectra of transmission 7 can be obtained.
To evaluate the absorption contributed from each NC, we
derived the extinction cross section o, for excess terahertz
absorption of each NC by o=In(T)A/N, where A is the
excitation area and N is the number of NCs in the excitation
area. For 13 nm NCs, the o, spectrum shows 165 *=40 and
370 =60 GHz peaks with a 250 GHz shoulder [Fig. 1(a)].
We then measured two o, peaks of 200*£40 and
360=70 GHz [Fig. 1(b)] for 10.4 nm NCs and two o
peaks of 210+ 31 and 380+ 50 GHz [Fig. 1(c)] for 8 nm
NCs. To study the second and the third spectral peaks with a
higher spectral resolution and better signal to noise ratio, we
double-checked the terahertz absorption with a time domain
spectroscopy (TDS) system.12 Its power spectrum ranged be-
tween 0.1 and 0.7 THz with a 10 GHz resolution. For the
terahertz TDS measurement, we prepared 8.4, 10.1, and
11.6 nm CdSe/CdTe NC samples. All samples show strong
dielectric absorption for frequencies higher than 400 GHz,
making the corresponding transmission signal well below the
noise level. Figure 1(d) shows the trace of the 11.6 nm
sample within 100—400 GHz spectral range. The o, spec-
trum shows clear first absorption peaks at 170 =17 GHz and
two satellite peaks at 271 =15 and 333+ 15 GHz. For the
10.1 nm sample, the o, spectrum shows a 175+ 34 GHz
peak and an oscillating second peak around 322 GHz [Fig.
1(e)]. For the 8.4 nm sample, there is only a 170+ 17 GHz
peak [Fig. 1(f)].

To check the measured resonant frequencies against
theory, we calculated the eigenfrequency v of the SPH:/=1
modes by the eigenvalue equation with /=1 (Ref. 6),

4.&5_7724_2]2(_7]) —()’ (1)

G ke

where é=mvD/V,, n=mvD/V;, and j,(7) is the spherical
Bessel function of the first kind; V; and V; are the sound
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FIG. 1. The spectra of the extinction cross section o, of (a) 13, (b) 10.4, (c)
8, (d) 11.6, (e) 10.1, and (f) 8.4 nm CdSe/CdTe NCs. The black arrows
indicate the position of extinction peaks.

velocities of longitudinal and transverse waves, respectively.
Because the acoustic properties of CdSe (V;=3570 m/s,
V;=1720 m/s) (Ref. 13) and CdTe (V;=3411 m/s,
V;=1756 m/s) (Ref. 14) are very similar, we treated the
NCs acoustically as CdSe spheres. Using the acoustic
parameters of CdSe, the calculated frequency of the
SPH:/=1:n=0 mode for 10.4 nm CdSe/CdTe NCs is
191 GHz, where n is the mode index. Considering the reso-
lution of our source and the uncertainties in the size distri-
bution, the frequency of our measured first extinction peak
in 10.4 nm case agrees with theoretical prediction. At the
frequency of peak absorption, the transmitted terahertz
power decayed to 0.65 of the original, corresponding to
~2%1072' m? of o,. Extrapolated from the Fourier trans-
form infrared spectroscopy measurement, the corresponding
dielectric absorption cross section of 10.4 nm NCs is in the
order of 2 X 10722 m? around the fundamental resonant fre-
quency of the SPH:/=1 modes. It is much less than the
measured value of the 10.4 nm NCs.

For other samples, considering size variation and absorp-
tion bandwidth, the measured frequencies of the first peaks
[Fig. 2(a), solid squares] also agree well with the calculated
resonant frequencies of the SPH:/=1:n=0 phonons [Fig.
2(a), solid line] with an inverse dependence on the particle
size D. For the measured frequencies of the second and third
absorption peaks [see Fig. 2(a), open circles], some of them
match SPH:/=1:n=1 phonons [Fig. 2(a), dotted line] and
some of them match the SPH:/=0:n=0 phonons [Fig. 2(a),
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FIG. 2. (a) Frequencies of SPH:/=1:n=0 phonons (solid line),
SPH:/=1:n=1 phonons (dotted line), SPH:/=0:n=0 phonons (dash-dotted
line), and the terahertz absorption peaks (solid squares for first absorption
peaks and open circles for other peaks) as a function of inverse NC size
1/D. The error bars express the size variation and the terahertz absorption
bandwidth. (b) Extinction cross section of excess terahertz absorption cor-
responding to the SPH:/=1:n=0 phonons as a function of particle diameter
D. The fitting line (solid curve) has a slope of 4.2.

dash-dotted line]. The appearance of SPH:/=0:n=0 modes
related absorption could be due to the shape-asymmetry in-
duced nonuniform charge distribution of the NCs. The dis-
appearance of SPH:/=1:n=1 modes could be due to the
reduced o, for small particle size, the rise of dielectric back-
ground absorption at higher frequency, or contributed from
the relatively lower signal level after 400 GHz. The source
of the deviation from theoretical prediction could probably
result from the aggregation induced interparticle interaction
or from the fact that the shape of the NCs is not an ideal
sphere. Removing the contribution from dielectric absorp-
tion, the peak o, for the SPH:/=1:n=0 modes of 13, 11.6,
10.1, 8.4, and 8 nm samples are 5.7X 1072, 4.1 X 1072,
1.6X 10721, 1.1x 10721, and 7 X 10722 m?, respectively. To-
gether with the o, of 10.4 nm NCs, it is worth noting that
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these data can be fitted by the equation o,,=aD" [Fig. 2(b),
solid curve]. According to the electromechanical model of
Murray et al., o, of the SPH:/=1 modes is proportional to
0% Combining it with our results gives Qo D2 indicating
that the amount of spatial separated charges is proportional
to the surface area of the NCs. This conclusion is consistent
with our proposal that separated charges come from the sur-
face defect (tellurium dangling bonds) related donors.

In conclusion, we synthesized CdSe/CdTe type-II NCs
for the investigation and verification of terahertz absorption
related to the SPH:/=1:n=0 mode. The specific core-shell
charge separation, which is the key to activate the terahertz
resonant absorption, was achieved by the surface defect re-
lated donors and the type-II alignment. From the terahertz
absorption spectra, the first resonant frequency shows a 1/D
dependence and agrees with that of SPH:/=1:n=0 mode
predicted by the elastic continuum theory. Our results di-
rectly prove the existence of resonance-enhanced dipolar in-
teraction between terahertz photons and SPH:/=1 confined
acoustic phonons in NCs.
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