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ABSTRACT

By using a frequency-controlled narrow band THz source, a Fourier Transform Infrared (FTIR) spectroscopy system,
and a frequency-controlled terahertz (THz) emitter, for the first time, we studied the THz photon absorption related to
the THz confined acoustic vibrations in semiconductor nanocrystals. Through a specific charge separation in the
CdSe/CdTe type-II nanocrystals and a piezoelectric coupling in the wurtzite CdSe nanocrystals, the THz photons can be
resonantly coupled with (/=1) dipolar modes and the (/=0) breathing modes, respectively. Our results provide new
mechanisms for low dimensional systems to convert a THz photon into a phonon of the same frequency.
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1. INTRODUCTION

With spatial confinement, low dimensional systems such as quantum dots and nano-wires exhibit not only electronic but
also acoustic energy quantization. In 1882, H. Lamb had already studied the acoustic modes confined in a homogeneous
free sphere.’ Two types of modes, torsional (TOR) and spheroidal (SPH), are derived from the stress-free boundary
condition on the spherical surface. According to the selection rules,” THz absorption spectroscopy can reveal SPH
modes with odd quantum number of angular momentum /, which is not experimentally examined until a recent report by
Murray et al..’ They measured an excess THz absorption of TiO, nanopowders and proposed it results from dipolar
interaction with (SPH, /=1) confined acoustic modes. Using a simple electro-mechanical model, they suspected the
permanent charges required for activating THz absorption came from the adsorbed water molecules.” For further
investigation and verification, here we synthesized CdSe/CdTe (core-shell) type-II nanocrystals (NCs) as a template with
specific core-shell charge separation.* After measuring the THz absorption spectrum, we found the frequency of resonant
absorption agrees with that of (SPH, /=1) modes predicted by elastic continuum theory. Besides, the cross section of
excess THz absorption 6., shows D* dependence on the particle diameter D, indicating the charges was contributed from
the surface-defect related donors. Our results not only support Murray’s electro-mechanical model® but also directly
prove the existence of resonant-enhanced dipolar interaction between THz-photons and (SPH, /=1) confined acoustic
phonons in NCs.

Furthermore, if the nanocrystals have intrinsic piezoelectricity, without the help of foreign charges,’ the confined
acoustic vibrations should fluctuate the dipole-moment of nanocrystals and also couple with the incident THz photons.
Therefore, in this work, we also report the first observation of piezoelectricity induced THz photon absorption related to
the confined acoustic phonons in nanoparticles. By using a Fourier Transform Infrared (FTIR) spectroscopy system we
measured the THz absorption spectra of wurtzite (piezoelectric) CdSe nanocrystals. The THz photon inactive (/=0)
breathing modes were found to become THz photon active in wurtzite CdSe nanocrystals due to the piezoelectric
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coupling. The frequency of the measured resonant absorption was inversely proportional to the size of the CdSe
nanocrystals. This piezoelectric coupled electric vibration provides a new mechanism for low dimensional systems to
convert a THz photon into a phonon of the same frequency.

2. THZ PHOTON ABSORPTION BY TYPE-II NANOCRYSTALS

The distribution of the displacement vector of the [SPH, /=1,,=0] and [SPH, /=1,n=1] dipolar modes in a
nanosphere have been simulated in Ref. 3, where n is the mode index. They both have relative displacement between the
center (core) and the outer (shell) regions. Therefore, a core-shell charge separation is required to match the motional
pattern, to induce the change of dipole moment, and to activate the resonant absorption of [SPH, /=1] dipolar modes.
However, 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 absorption over the background dielectric absorption.” That
could be the main reason why the report is rare for THz absorption related to [SPH, /=1] modes. Following these
properties and requirements, we prepared CdSe/CdTe (core/shell) type-II nanocrystals by chemical synthesis.” 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 conduction band of CdTe and then fall into the CdSe core with lower electric potential. This process can
result in negatively charged core and a positively charged ion shell on the CdTe surface. This specific core-shell charge
separation should enable the studies of the dipolar interaction between THz photons and confined acoustic modes in NCs.

The synthesis of CdSe/CdTe NCs follows the step in a previous work.® The NCs were precipitated by the addition
of methanol to the cooled, room temperature reaction mixture. After centrifugation and drying under nitrogen flow, the
powders were obtained. With this procedure, we synthesized 3.6x10", 1.4x10'®, and 1.6x10'° particles of 8nm (4.3nm
core) (Fig. 1(a)), 10.4nm (4.3nm core) (Fig. 1(b)), and 13nm (5.3nm core) (Fig. 1(c)) CdSe/CdTe type-II NCs. From
transmission electron microscope (TEM) images (Fig. 1(a)-(c)), it was determined that the standard deviation of their

sizes was ~+20%. Figure 1(d) shows the absorption (gray curve) and emission (black curve) spectra of the 8nm samples.

The absorption spectra didn’t show steep absorption edges while smoothly extended to red and near infrared. The
emission spectrum peaks around 1048nm. For 10nm and 13nm samples, they all show the same absorption features and
similar emission peaks around 1100nm. The infrared emission of all samples indicates a 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 poly-ethylene (PE) films for the convenience of holding in the THz
absorption spectroscopy system.
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Fig 1. The transmission electron microscope images of (a) 8nm, (b) 10.4nm, and (c¢) 13nm CdSe/CdTe nanocrystals. (d) The
absorption (gray curve) and emission (black curve) spectra of 8nm CdSe/CdTe nanocrystals.

The experimental setup for the THz absorption spectroscopy is similar to a previous work.® We employed an edge-
coupled membrane photonic transmitter to generate quasi-continuous-wave THz pulses with a tunable central frequency.
The radiated THz wave was collected by two off-axis parabolic reflectors and then focused on a bolometer. The sample
of the nanocrystals was put in front of the bolometer for the measurement of the THz absorption spectra. Figure 2(a)
(solid curve) shows the emission spectrum of the frequency tunable THz emitter after the PE film without CdSe/CdTe
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NCs. The spectral power reached a maximum at 100GHz and extended to 400GHz with a substantial signal to noise
ratio. With the PE film containing 13nm CdSe/CdTe NCs, the measured THz power spectrum shows obvious attenuation
(dotted curve in Fig. 2(a)). Dividing these two data sets, we calculated the extinction cross section for excess THz
absorption of each NC by o= In(T)4/N, where T is the transmission, 4 is the excitation area, and N is the number of
nanocrystals in the excitation area. The spectrum of the extinction cross section o, shows a 16540 GHz peak (Fig.

2(b)). The absorption feature was smeared, not only due to the nonuniform particle size, but possibly also due to other
physical mechanisms such as interparticle interactions and the large resolution bandwidth of our THz source (~S0GHz).
Then we performed similar measurement on 10.4nm and 8nm NCs. For 10.4nm NCs, we measured two absorption peaks

of 200+40GHz and 360+70GHz (See Fig. 2(c)). While for 8nm NCs, we measured the only 210GH*31GHz peak (See

Fig. 2(d)). To ensure if the absorption bandwidth was limited by the coherent controlled THz source, we also double
checked the dipolar mode induced THz absorption on 10.1nm CdSe/CdTe NCs with a THz time domain spectroscopy
(TDS) system.” The spectral resolution is 10GHz and the spectrum of extinction cross section shows absorption peaks at

175+34GHz and 322+32GHz (See Fig. 2(e)). For the fundamental mode, the ratio of peak wavelength over linewidth is

2.6, which is close to that caused by +20% size variation. We thus attribute the broadening of the absorption band to the
size non-uniformity of nanocrystals.
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Fig 2. (a) Power spectra after PE film with (dotted line) and without (solid line) 13nm CdSe/CdTe nanocrystals. The spectra of
the extinction cross section 6., of (b)13nm, (¢)10.4nm, (d)8nm, and (e)10.1nm CdSe/CdTe nanocrystals. (f) The spectrum
of extinction cross section related to the dielectric absorption of 10.4nm CdSe/CdTe nanocrystals (dotted curve).

To check the agreement of resonant frequency with theory, we calculate the eigen frequency v of (SPH, /=1) modes
by the eigen value equation with /=1:'
7H1(&) A
where &=nvD/Vy, n=nvD/Vr, and j(n) is the spherical Bessel function of the first kind;. V1 and Vr are the sound

velocities of longitudinal and transverse waves, respectively. Because the acoustic properties of CdSe and CdTe are very
similar,'® we treat the NCs acoustically as CdSe spheres. Using the acoustic parameters of CdSe (V= 3570 m/s,
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V1=1720 m/s)'® the frequency of (SPH, /=1, n=0) modes calculated for 13nm CdSe/CdTe NCs is 152GHz. Considering
the resolution of our source and the uncertainties in the size distribution, the frequency of our extinction peak agrees
with theoretical prediction. At the frequency of peak absorption, the transmitted THz power decayed to 0.65 of the
original, corresponding to ~5.7x10' m? of o, To make sure if there are contribution from background dielectric
absorption, we also measured the absorption spectrum of 10.4nm nanocrystals by Fourier Transform Infrared (FTIR)
Spectroscopy (See Fig. 2(f), dotted curve). It shows a typical quadratic dependence of dielectric absorption on the
frequency of electromagnetic waves.” By quadratic curve fitting (See Fig. 2(f), solid curve) and extrapolation from the
FTIR data, the corresponding dielectric absorption cross section Gy of 10.4nm nanocrystals is on the order of 2x107
m” around the fundamental resonant frequency of (SPH, /=1) modes. It is much less than the measured value of 13nm
NCs.

Considering size variation and absorption bandwidth, these peaks match the frequencies of (SPH, /=1, n=0)
phonons (Fig. 3(a), solid line) and (SPH, /=1, n=1) phonons (Fig. 3(a), dotted line) and shows inverse dependence on the
particle size D (Fig. 3(a)). Removing the contribution from dielectric absorption, the peak o, for (SPH, /=1, n=0) modes
of 10.4nm, 10.1nm, and 8nm samples are 2x102 m%, 1.6x102' m%, and 7x10%2 m?, respectively. Together with the .
of 13nm NCs, it is worth noting that these data can be fitted by an equation o, =aD * (Fig. 3(b), solid curve). According
to Murray’s electro-mechanical model, the excess THz absorption related to (SPH, /=1) modes can be expressed as
Gex=0"/bgoc, where b is the friction constant, &, is the permittivity of free space, and c is the speed of light in vacuum.’
Combining it with our results gives Q oc D %, indicating the amount of spatial separated charges are proportional to the
surface area of NCs. This conclusion is consistent with our proposal that separated charges comes from the surface
defect (Tellurium dangling bonds) related donors.
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Fig 3. (a) Frequency of (SPH, /=1, n=0) phonons (solid line), (SPH, /=1, n=1) phonons (dotted line), and the THz absorption
peaks (solid squares) as a function of inverse nanocrystal size 1/D. The error bars express the size variation and the THz
absorption bandwidth. (b) Extinction cross section of excess THz absorption as a function of particle diameter D. The
fitting line (solid curve) has a slope of 4.2.

3. USING TYPE-II NANOCRYSTAL AS THE CONTRAST AGENT OF THZ IMAGING

Eexploiting this dipolar resonant absorption feature, type-II nanocrystals can thus serve as the contrast agents for
THz imaging. The required absorption contrast at a specific THz frequency can be designed by tailoring the size of the
nanocrystals. To demonstrate this idea, we employed a sub-wavelength fiber scanned THz imaging system (See Fig.
4(a))."" The imaging frequency was 320GHz, which was determined by the sub-wavelength fiber.'' As a comparison, we
first took the transmission MMW images of three different nanocrystals, which were 4.4nm CdSe, 8nm CdSe/CdTe, and
10.4nm CdSe/CdTe (See Fig. 4(b)). Characterized by their size-dependent dipolar coupling characteristics, only 10.4nm
CdSe/CdTe nanocrystals can resonantly absorb 320GHz microwaves, which results in the transmission contrast for the
fiber scanned image (dark region of figure 4(c)). We then selected the 10.4nm nanocrystals as a contrast agent and
applied them to a bio-sample, a dry sea horse. Before using these contrast agents, the THz transmission image (See Fig.
4(d)) could clearly distinguish the detailed structure inside the body of the dry seahorse including the spine, the brain
cavity, the abdominal cavity, and somite. After depositing 10.4nm CdSe/CdTe nanocrystals into the brain cavity, we
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could observe obvious contrast from the corresponding MMW image (Fig. 4(e), indicated by a red arrow). This result
demonstrates the feasibility that type-II nanocrystals can be used as contrast agents for THz resonant molecular imaging.
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Fig 4. (a) Schematic diagram of subwavelength fiber-scanned THz imaging system. (b) Camera pictures of three different
nanocrystals. From left to right, they are powders of 4.4nm CdSe, 8nm CdSe/CdTe, and 10.4nm CdSe/CdTe. (c) THz
transmission images of the corresponding nanocrystals listed above. The color green represents high transmission (d) THz
transmission images of a bio-sample, a dry sea horse, without contrast agents. The color yellow represents the position where
the material has THz absorption. (¢) THz transmission images of a dry sea horse with nanocrystals, mimicking contrast agents.

4. THZ PHOTON ABSORPTION BY THE PIEZOELECTRIC NANOCRYSTALS

The above-mentioned symmetry argument assumes that the material is isotropic, this rules out piezoelectric
coupling, which might induce THz photon absorption related to the confined acoustic phonons other than [SPH, /=1]
modes. To investigate this, we prepared wurtzite (piezoelectric) CdSe nanocrystals for FTIR spectroscopy system to
measure their THz photon absorption spectra.

Preparation of the wurtzite CdSe nanocrystals from a CdO green-chemistry precursor was performed according to a
method previously reported by Chou and coworkers.® The sizes of CdSe nanocrystals could be controlled by terminating
the reaction at different times of cooling. The CdSe nanocrystals were then precipitated out from the growth solution by
adding methanol. To study the size dependence of THz absorption, we synthesized five batches of CdSe nanocrystals
with different sizes. Measuring with a transmission electron microscope, their mean diameters D were found to be
3.4nm, 4.1nm, 4.4nm, 5.6nm, and 5.8nm, respectively, with 10% ~ 20% size variations. To characterize how spherical
the particles are, we arbitrarily chose 50 particles from the transmission electron microscope image with nanometer
resolution and measured the equatorial and polar radius of the CdSe nanoparticles. The statistical ratio of the short axis
over the long axis is 0.91, which is very close to that of a sphere. With a strong confinement of the electronic wave
function (D< 2az~10nm, where aj is the exciton Bohr radius of CdSe) and a uniform size distribution, we observed clear
excitonic absorption (Fig. 5(a)) and sharp (6A~30nm) photoluminescence peaks (Fig. 5(b)) of the CdSe nanocrystals at
room temperature. As the particle size decreased, both the excitonic absorption and the PL peaks blue shifted to shorter
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wavelengths (Fig. 5). These results confirm the quality of our samples and are consistent with the trend of size
dependency.'? In order to avoid the THz photon absorption from solutions, we used centrifugation and obtained the
powders under nitrogen flow. All of the nanocrystals were wrapped by a passivation layer of TOPO (mass density p,, =
880 kg/m’, longitudinal sound speeds 7, = 2407 m/s, and transverse sound speeds V7, = 1203 m/s),"> which is softer
than CdSe (p=5810 kg/m’, longitudinal sound speeds ;=3570 m/s , and transverse sound speeds V;=1720m/s)." It can
be treated as a matrix of the CdSe nanocrystals. The dimensionless actual number of CdSe nanocrystals within the
interrogated volume from 3.4nm to 5.8nm nanocrystals were 3.7x10"7, 1.6x10"7, 7.6x10'®, 4.4x10', and 4.5x10'°,
respectively. These nanocrystal powders were separately sealed by two poly-ethylene films (30-pum thick) for the
convenience of holding in THz photo-absorption measurements. The overall sample thickness was ~500pum.
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Fig. 5 Room temperature (a) optical absorption and (b) photo-luminescent spectra of CdSe nanocrystals with 3.4nm (solid black),
4.1nm (dashed black), 4.4nm (dash-dotted black), 5.6nm (solid gray), and 5.8nm (dashed gray) particle diameters.

The THz photo-absorption measurements were made by a Bruker IFS 66v Fourier transform infrared spectrometer.
For the reduction of water vapor absorption, all the samples were held in a vacuum chamber with 3~4 mbar air pressure.
The CdSe samples were illuminated by a THz beam with ~3mm diameter. The transmitted FTIR signals were recorded
by a liquid-Helium-cooled silicon bolometer. We first measured the transmitted power spectrum of the poly-ethylene
film alone as the background reference. Then we measured the THz photo-absorption spectra of the CdSe nanocrystals
with poly-ethylene films at room temperature. The inset of figure 6(a) shows a typical FTIR trace of the 5.8nm sample.
Around the frequency of 17.8 cm™ there is an excess absorption dip (indicated by a black arrow) over the background
electric-dipole absorption.’
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Fig. 6 (a) Extinction-cross-section spectrum of excess THz photon absorption of 5.8nm CdSe nanocrystals, calculated from the
transmission spectra (inset figure) measured by a Fourier Transform Infrared (FTIR) spectroscopy system. (b) The
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extinction-cross-section spectra of excess THz absorption of CdSe nanocrystals corresponding to the samples
characterized in the Figure 5

Then we calculated the corresponding spectrum of the total extinction cross section (See figure 6(a)). By removing
the electric-dipole absorption induced background, we can obtain the spectrum of Extinction Cross Section related to the
Excess Absorption (ECEA) (Dashed gray trace in Fig. 6(b)). At the maximum of extinction, the ECEA of each 5.8nm
CdSe nanocrystal is found to be 6x10** m*. With similar measurements and analysis, we also obtained the spectra of
ECEA for other sizes of CdSe nanocrystals (Fig. 6(b)). They all show obvious absorption peaks (indicated by arrows)
and the frequency of peak absorption blue shifts as the particle size decreases.

To check if the resonant THz absorption originates from the confined acoustic modes, we first calculate the mode
frequency @, from the eigenfrequency equation for the [SPH, /=0] modes:'

tan(&,)(1-n," /4) =&, @)

where £~w,D/(2V}) and 1~ @,D/(2V7). Since TOPO is much softer than CdSe, the real part of the eigenfrequency
modified by the presence of the TOPO matrix was much smaller than our experimental error. We thus treat the
eigenfrequency as , in our following analysis. Another issue is the linewidth broadening. It might result from either
homogeneous broadening or inhomogeneous broadening. Homogeneous broadening might come from either finite
acsoutic quality factor Q or elastic anisotropy. Using the material parameters of CdSe'® and TOPO", we calculated the
acoustic impedance contrast for [SPH, /=0] modes."* The resulted Q is around 17.7, To evaluate the contribution from
elastic anisotropy, we took the extreme values of the ¥, (3505m/s~3793m/s) and the V7 (1506m/s~1840m/s)" into
Eq.(2). The average variation of eigenfrequency @, is about 8%. These results suggest that the broadening of THz
absorption linewidth in our measurement should be dominated by the inhomogeneous size distribution, rather than the
homogeneous acoustic contrast or elastic anisotropy. Taking the acoustic parameters of CdSe'® into Eq. (2), we calculate
and plot the frequencies of the [SPH, /=0] fundamental mode as a function of the inverse particle diameter in Fig. 7
(solid line). Considering the linewidth broadening effects, good agreement with the experimentally measured THz
absorption peak position (open circles) can be found. This result indicates that the excess THz resonant absorption we
observed in CdSe nanocrystals are related to the [SPH, /=0] mode, which was originally considered forbidden in non-
piezoelectric materials.
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Fig. 7 Frequencies of the measured resonant THz photon absorption peak versus inverse particle diameters of CdSe nanocrystals

(open circles). Error bars represent the bandwidth of the resonant absorption. The data points agree well with the calculated
eigenfrequency as a function of inverse particle diameter (solid line).

To explore the role that piezoelectric coupling plays in the processes of [SPH, /=0] related THz photon absorption and
to estimate the size dependence of this coupling, we developed a theoretical model, where we idealize the CdSe
nanocrystals as homogeneous piezoelectric elastic continuum spheres with mass density o and radius R. Subjected to an
isotropic strain s of [SPH, /=0] breathing mode, the induced polarization is P~ e sy, where e;; is the piezoelectric
constants tensor and sy is the strain. For the wurtzite (67m) symmetry, nonzero components of e;; are e3;, e33, and e; 5.1
They result in P,=P,=0 and P.=(2e3,+e3;3)s = &l&33-1)E., where ¢33 is the relative dielectric constants of CdSe for the
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electric field along z-axis. Therefore, the fundamental breathing mode is an excitation which can induce dipole moment
change along the z-axis of wurtzite CdSe. The THz photons could thus couple with the breathing mode at its natural
resonant frequency a,. Since the particle size (3~5nm) is much less than the wavelength of THz electromagnetic waves,
we can consider the nanocrystals to be in a quasi-CW electric field. The nanocrystals will thus expand with an increase
of radius: Ar=sR = gER, where g is the coupling factor between the strain and the local electric field £. In addition, the
local electric field £ in the nanocrystals should be linked to the global electric field £, with a local field factor f by
E=3E,s,/(et+2¢,)=fE,, where gand g, are dielectric constants of CdSe and the matrix, respectively. For time dependent
analysis, we followed the treatment used in the Ref. 3. Since the fundamental breathing mode has a radial symmetry, we
simplified the formulation by a one dimensional simple harmonic oscillator with force constant k,. The mass m of the
nanocrystals can be linked to &, by ma,’ = ky,. We also include a damping coefficient b to consider the mechanical
coupling of the nanocrystals to the matrix. In the static case, the externally applied force on the simple harmonic
oscillator is F,,, = kg, Ar. Consequently, F,,, = ky,fE, Rg, which directly relates the applied electric field E, to the force
driving the simple harmonic oscillator. With this driving force, the equation of motion of the simple harmonic oscillator
become:

d’r dr

mﬁsz—bE—kwr- (3)
Using phasor analysis, we obtain (k,, + iwb — ma’ )A = F,,, where A is the amplitude of 7 and @ is the frequency of the
applied electric field. When F,,, = 0, the free vibrations are damped and their frequency wis complex-valued with a
positive imaginary part y, which is equal to b/(2m), and a real part ;. The quality factor of the mode Q is @/Aw, where
yis equal to 4w/2 and thus Q is equal to @/(2 y). Consequently, the ratio of b over m will be equal to that of @, over Q.
At resonance, the time-averaged power absorption by this driven damped simple harmonic oscillator is P,,=( k,fE,
Rd33)*/(2b).” By taking into account the random orientation of the nanoparticles, the effective average value of E* is
reduced to one third. Accordingly, consider only light damping (@, = @;=Re(n)V{/R), the P,, averaged over the

ensemble is ?Vg =27p0QRe(n)*V; f*E;R*g? /9. Dividing ?Vg by the incident energy flux S =ce, E; /2, where c¢ is

the speed of light and ¢, is the permittivity in vacuum, the ECEA can be expressed as :
4700 Re(n)’V; R’
Okcea = : 4)
Oce,

As described above, soft TOPO won’t cause large imaginary part of the eigenfrequency and thus Re(7) is very close
to o, which is equal to 5.764. The local field factor fis calculated to be 0.54 by the dielectric constant of CdSe (£=8.82)"
and TOPO (,=2.5)."® For a free sphere, the coupling factor g between the strain and the applied electric field can’t be
larger than that determined by the classical relation of cyusu=e; Ly, where c;, is the stiffness constants. The
corresponding g is equal to the element of e;; devided by c;;,, which is on the order of 4x 1072 C/N for CdSe." Inserting
all these numerical factors and material parameters of CdSe into Eq. (4), opcz4 are found to be around 107! m?, which
are on the same order with our measured results (Fig. 4, solid squares). From the log 10-log 10 plot of opcg, (Fig. 8)
versus the particle diameters, the data fitting line has a slope of 2.3, which is close to our theoretically prediction that
Orcea is proportional to R%. These results support our hypothesis that the piezoelectric coupling would induce excess THz
resonant absorption with the breathing modes of the CdSe nanocrystals.
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Fig. 8 Log 10- log 10 plot of the measured extinction cross-section of excess THz photon absorbtion vs the particle
diameters of CdSe nanocrystals (solid squares). The fitting line (solid curve) is with a slope of 2.3.
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5. SUMMARY

In conclusion, with specific charge separation in CdSe/CdTe type-II nanocrystals, we successfully induced THz

resonant photon absorption related to [SPH, /=1] confined acoustic modes. Exploiting this characteristic absorption, by
tailoring the size of nanocrystals, type-II nanocrystals can serve as contrast agents for THz imaging. With CdSe
nanocrystals we also observed the first piezoelectric coupled THz resonant photon absorption related to the confined
acoustic modes in nanoparticles. By measuring the FTIR spectra of the CdSe nanocrystals with different sizes, we
showed that the frequencies are in agreement with the [SPH, /=0] breathing modes predicted by the elastic continuum
theory. Our result suggests new mechanisms for low dimensional systems to convert a THz photon into a phonon of the
same frequency.
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