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A
dvances in the synthesis of colloi-
dal nanoparticles and in the under-
standing of their size, composition,

and shape-dependent properties have en-
abled the preparation of new types of hy-
brid nanoparticles which combine two or
more disparate materials, such as
semiconductor/metal,1�11 into one colloi-
dal nanoparticle. In 2004, we reported a
straightforward procedure enabling selec-
tive growth of gold tips onto the apexes of
CdSe nanorods (NRs), resulting in the for-
mation of dumbbell-shaped semiconduc-
tor/metal hybrids (nanodumbbells, NDBs).1

The gold deposition method was later ex-
tended to other CdSe structures, enabling
deposition of single gold tips onto quantum
dots (QD�Au).12 Such materials manifest a
unique metal�semiconductor junction al-
lowing for benchmark studies on the prop-
erties of nanoscale interfaces within a single
nanoparticle.13 As a result of this, the chemi-
cal and physical properties of hybrid nano-
particles are often different from those of
the individual components comprising
them. For example, regarding the optical
properties, the absorption of the hybrid
CdSe�Au NDBs is not a simple sum of the
contributions of CdSe and Au separately.
This may be attributed to mixing between
the electronic states of the CdSe compo-
nent and the Au NP (nanoparticles), result-
ing in a different density of states.1 Further-
more, the emission from the NRs is
significantly quenched once gold is grown
on them, due to electron transfer from the
conduction band of CdSe to the Au tip.1,14,15

Similar modifications of the optical
properties were reported for additional
semiconductor� metal hybrid nanoparti-
cles, such as CdS�Au.2 To further explore
the interaction between the semiconduc-

tor and the metal within the same nanopar-
ticle, we study the nonlinear optical proper-
ties of these hybrids focusing on the second
harmonic generation (SHG) process from
CdSe�Au nanoparticles.

SHG arises from the second-order polar-
ization of an entity induced by an optical
electromagnetic field, E, as seen in the ex-
pansion of the response, P, as a power se-
ries of the excitation field:16,17

where � is the linear polarizability and � is
the first-order hyperpolarizability that de-
termines the extent of the second-order
nonlinear response. SHG (frequency dou-
bling) is forbidden for centrosymmetric
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ABSTRACT Hybrid semiconductor�metal nanoparticles exhibit a combination of properties from the

disparate components or even, more interestingly, synergetic properties which arise from the coupling between

the two materials. In this work, we study the second harmonic generation (SHG) in CdSe�Au hybrid nanoparticles

in comparison with their components, using the Hyper-Rayleigh scattering (HRS) method. Possible contribution

of symmetry effects was studied by comparing symmetric two-sided gold-tipped CdSe nanodumbbells with

asymmetric one-sided quantum dot�Au (QD�Au) hybrids. A simplistic view of a symmetry effect is disproved in

this case by the experimental data, which shows an unexpected reduction in the SHG response in both cases,

compared to the respective mixtures of Au and CdSe nanoparticles. For CdSe�Au hybrids with a long

semiconductor rod segment, we find that the SHG response corresponds to a sum of the contributions from the

semiconductor and the metal components. However, for QD�Au and smaller dumbbells, the SHG response is

smaller than expected from a simple sum of the contribution from both components. This reduction is assigned

to the effects related to the CdSe�Au interfacial region within these hybrids. A first plausible contribution to the

reduction is the dephasing induced by the gold, leading to diminished SHG from the CdSe component. This reduced

response of the semiconductor component is accompanied by reduced SHG from the gold component which is

assigned to a partial change of the surface of the gold once an interface with CdSe is formed. These observations

regarding the SHG response manifest the unique properties that arise from the combination of a semiconductor

and a metal within one hybrid nanoparticle.

KEYWORDS: hybrid nanoparticles · quantum confinement effects · nonlinear optical
properties · second harmonic generation
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media within the dipole approximation, and it is there-
fore strongly sensitive to the symmetry of the system.16

Since centrosymmetry is inherently broken at an inter-
face, SHG has been applied extensively as a probe to
study processes on bulk surfaces or at interfaces be-
tween materials.18�20 SHG from nanoparticles much
smaller than the light wavelength represents a particu-
larly interesting intermediate case between the molec-
ular limit and the bulk. Simple symmetry considerations
may suggest that symmetric shape will lead to cancel-
lation of the SHG response.

As for SHG in noble metals nanoparticles (NPs), their
symmetric crystal structure prohibits SHG originating
from their internal medium. Studies on gold and cop-
per NPs below 20 nm in diameter have shown that � is
proportional to R2 (R is the radius), consistent with a sur-
face rather than volume response.21,22 This observation
along with a theoretical model by Dadap and
co-workers23,24 implies that the SHG process of small
metal NPs arises from symmetry breaking at the sur-
face related to deviations of the nanocrystals from a
perfect spherical shape.21,24 Polarization dependence
measurements have demonstrated that, in small gold
and copper NPs (R � 20 nm), the SHG process origi-
nates from an electric dipole scattering, rather than
contributions from high-order multipoles.21,22 Several
theoretical and experimental studies have shown that
noble metal NPs also exhibit a resonance effect which
leads to an increase in the � value once the SHG fre-
quency coincides with the plasmon frequency.23�26

As for semiconductor nanocrystals,
several factors have been found to
contribute to the SHG response from
these systems.27�33 Specifically, in the
case of CdSe QDs, their wurtzite crys-
tal structure is noncentrosymmetric
and therefore the interior of the crys-
tal itself can contribute to the SHG
signal.27,28 For small QDs (R � 1.7 nm),
the � value per unit cell increases
when the size is reduced. This behav-
ior is in agreement with the two-level
model developed for explaining the
SHG of molecular systems with a
charge transfer excited state.27,28,34 Fur-
thermore, as the size of the nanocrys-
tal is reduced, surface contribution
starts to play a role as well. This was
confirmed by altering the surface cap
ligands which led to a change in the
SHG response of the
nanocrystals.29�31,35 Regarding the
wavelength dependence of the SHG
response, it was shown that for
CdxZn1�xS QDs there is an increase in
the value of � when the SHG is in reso-
nance with the band gap transition.31

This behavior is also in agreement with the two-level
model mentioned above.34 A recent study by Zyss and
co-workers on coherent SHG scattering from single
CdTe/CdS core/shell QDs revealed resonances in the
SHG excitation spectrum around 970 nm, leading to in-
creased SHG response at 485 nm, which is far above
the band gap.32 Furthermore, polarization analysis of
the SHG response of these single nanoparticles resulted
in patterns similar to those expected from their zinc
blende unit cell structure.32

These earlier works on SHG from semiconductor
and metal nanoparticles set the stage for the present in-
vestigation of synergetic effects on SHG from hybrid
semiconductor/metal nanoparticles. We address sev-
eral questions regarding the SHG response of Au�CdSe
hybrid nanoparticles. First, we investigate possible con-
tributions of symmetry effects by comparing the SHG
response of symmetric two-sided gold-tipped NDBs
with that of asymmetric one-sided tipped QD�Au hy-
brids. Second, we address the synergetic effects of the
CdSe�Au interface by comparing the SHG response of
the hybrid nanoparticles with that of a mixture of its
components. Surprisingly, significant differences are
found for the two cases, and the interpretation of this
observation, directly pointing to synergic interactions,
is discussed.

RESULTS AND DISCUSSION
Several types of hybrid Au�CdSe nanoparticles

were studied, as seen in Figure 1, to allow for elucidat-

Figure 1. TEM images of (a) CdSe nanorods (21 � 5 nm), (b) CdSe�Au nanodumbbells (NDBs)
grown from the nanorods in panel a (CdSe size: 17 � 5 nm, dAu � 4 nm), (c) CdSe quantum dots
(d � 7.5 nm), and (d) CdSe�Au QD�Au grown from the QDs in panel c (dCdSe� 6.5 nm, dAu �
4.3 nm). The length of the CdSe within the CdSe�Au nanodumbbells was measured as the dis-
tance between the two Au tips (scale bars are 50 nm).
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ing the role of symmetry and size of the respective com-

ponents on the SHG response. Prior to the SHG mea-

surements, the molar absorption coefficients of the

hybrid CdSe�Au nanoparticles were calculated based

on the absorption change during Au growth (see Mate-

rials and Methods). Figure 2a shows the calculated mo-

lar absorption coefficients as a function of wavelength

for the CdSe�Au NDB sample (CdSe: 25 � 4.5 nm, dAu �

4.4 nm, red curve) and for the template CdSe NRs (43

� 4.5 nm, black curve) used for its growth. It is notice-

able that, following Au deposition onto CdSe, a tail to

the red side of the band gap appears and the features of

the original NRs’ absorbance are partially washed out,

as reported previously.1 Furthermore, the absorption

coefficients at the visible range increase. For the sample

shown in Figure 2a, at the peak of the first absorption

feature, this increase is by a factor of 1.5. Similar mea-

surements for other hybrid CdSe�Au samples have

shown a similar increase of the absorption during Au

growth, by a factor of 1.4�2 at the first absorption fea-

ture (see values in Table 1).

Regarding the SHG measurements, Figure 2b shows

spectra collected from a CdSe�Au NDB solution for sev-

eral representative average excitation powers. In all of

the nanocrystal samples we have studied, a sharp SHG

scattering signal at 400 nm, the doubled frequency, is

seen. This signal is accompanied by a significant broad
background signal. Furthermore, for gold nanoparticles
and CdSe�Au samples which are exposed to high exci-
tation levels, a tail at energies higher than the SHG
peak starts to develop. Our measurements on samples
that contained gold (either free Au NPs or CdSe�Au)
show that this background signal, at energies lower
than the SHG signal, manifest a dependence on the ex-
citing laser intensity which is between quadratic and
cubic. The same analysis for the background which de-

veloped at higher energies than the
SHG peak has shown a cubic depen-
dence. This implies that the background
originates from emission as a result of a
combination of two-photon and three-
photon absorption processes originat-
ing from the gold and the semiconduc-
tor. In light of these observations, we
note that previous studies have re-
ported strong fluorescence signals in-
duced by two-photon and three-photon
absorption in noble metal
nanoparticles36,37 and semiconductor
nanocrystals.38�40 Since a significant
background fluorescence signal was de-
tected, special care was taken and all of
the SHG signal intensities were obtained
by subtracting the background from
the original measured spectra, to ex-
tract exclusively the intensity of the
sharp SHG peak.41

Hyper-Rayleigh Scattering (HRS) Measurements. Turning

now to discuss the SHG response of the nanocrystals,

the absolute � values for the nanocrystals were deter-

mined using the HRS method with the solvent serving

as an internal reference.42 For each sample, the intensity

of the incoherent SHG scattering at 400 nm was mea-

sured as a function of the excitation intensity for the

pure solvent and for several nanocrystal concentrations.

The SHG signal intensity was corrected for losses due

to internal absorption of the SHG signal. This correction

uses Beer�Lambert law, based on the absorbance of

the sample at 400 nm and the distance of the exciting

beam from the cuvette edge. Figure 3 shows typical

data analysis of SHG from CdSe�Au hybrid nano-

particle samples. The integrated intensity of the SHG

signal, I(2�), is plotted as a function of the excitation

beam power, I(�) (Figure 3 curves a�d). For each con-

centration, a good agreement to a parabolic fit is seen

(solid lines), in accordance with the behavior expected

for the incoherent HRS, described by the following

equation:42

G is a geometrical factor that also includes the contribu-

tions of local field factors. Ns and Nn are the concentra-

tion number density of the solvent (water) and the dis-

solved nanocrystals, respectively; ��2	s and ��2	n are the

squares of the first-order hyperpolarizabilities of the sol-

vent and the nanocrystals, respectively. The brackets

denote the geometrical averaging of the tensor ele-

ments of � owing to the isotropic distribution of angu-

lar orientations of nanocrystals in the solution. The

slopes of the parabolas (i.e., the quadratic coefficients)

are plotted as a function of the number density of the

dissolved nanocrystals, as shown in the inset of Figure 3.

Figure 2. (a) Absorption spectra (calculated molar absorption coefficients
plotted versus wavelength) are shown for a template of 43 � 4.5 nm CdSe
nanorods before Au growth (black curve) and CdSe�Au nanodumbbells im-
mediately after Au growth (red curve). The nanodumbbells’ size after growth
was smaller than the template (CdSe: 26 � 4.5 nm, dAu � 4.4 nm). (b) Repre-
sentative HRS spectra at various average excitation power in the range of
0.07�0.3 W are shown for these nanodumbbells. A well-defined peak is seen
at the second harmonic frequency (400 nm). As the excitation increases, a sig-
nificant multiphoton fluorescence background is observed. The spectra are
offset for clarity.

I(2ω) ) G(Ns
〈�2〉s + Nn

〈�2〉n)I(ω)2 (2)
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A linear dependence is clearly seen as expected from

eq 2. This plot is normalized to the value expected for

neat water based on the calculated ��	water value men-

tioned before. The square root of the slope of this plot

is the absolute value of ��n	 of the nanocrystals as pre-

dicted from eq 2.

SHG of CdSe Nanorods. As a first step, we studied the

SHG response of bare CdSe NRs. Measurements in the

same manner described above were carried out for

CdSe NRs with various dimensions, and for each NR

sample, the value of ��	n (first hyperpolarizability per

nanocrystal) was extracted. In Figure 4, we plot these

values for NR samples of different sizes (length range

� 11�58 nm, diameter range � 3.5�5.5 nm) as a func-

tion of the calculated number of unit cells comprising

the NRs (black symbols). In order to determine whether

the shape of the nanocrystal has an effect on the ��	n

value, we add to this plot results for three spherical-

shaped CdSe QDs (diameter � 4.6, 5.5, and 9 nm) ob-

tained from previous studies29,43 (red symbols). The

number of unit cells of each sample was calculated

based on the average dimensions of the nanocrystals,

assuming cylindrical or spherical shape for NRs and

QDs, respectively, and using the bulk density of hexago-

nal CdSe (d � 5.81 g/cm3). For the NRs, a clear linear de-

pendence between the number of unit cells (i.e., the to-

tal volume of the nanocrystal) and the ��	n value is

observed. Furthermore, the results for QDs seem to fit

well to the same linear trend (solid line), and therefore,

we infer that these CdSe nanocrystals exhibit the same

size dependence, regardless of their shape.

From the slope of the plot in Figure 4, we find that,

for CdSe NRs and QDs, the value of � per unit cell is

��	n 
 2 � 10�30 esu. Previous studies on the SHG of

CdSe and CdS QDs have revealed a few possible contri-

butions to the SHG process in these nanocrystals as

mentioned above. For small CdSe nanocrystals, the sur-

face and the surface ligands may have a significant con-

tribution to the SHG response.29 In this context, the 1D

growth model suggested for CdSe NRs predicts that the

surface of CdSe NRs is characterized by a ligand-free

001 Se-rich surface and an opposite 001 Cd-rich sur-

face bound to ligands.44 This surface structure intro-

duces asymmetry to the “special” surfaces, which may

increase the SHG response. However, for NRs with an as-

pect ratio of 3.3:1 and higher, less than 1/7 of the sur-

face atoms occupy these special surfaces, and therefore,

this surface asymmetry is not expected to have a signifi-

cant effect on the SHG response. For larger CdSe QDs

(R � 2 nm, more than 300 unit cells), the main contribu-

tion to the SHG process is from the interior media of

the nanocrystal as exemplified in a previous study.27

These CdSe nanocrystals are composed of a noncen-

trosymmetric unit cell (wurtzite), and therefore, as the

volume of the nanocrystal increases, bulk-like volume

dependence is anticipated because more Cd�Se bonds

can contribute to the SHG response. The trend ob-

served for NRs can be rationalized because all of the

NRs have a relatively large volume (i.e., more than 2000

unit cells) and therefore exhibit the same volume de-

pendence as large QDs. Furthermore, we conclude that

in this case the transformation from spherical to cylin-

Figure 3. HRS data analysis for CdSe QD�Au (CdSe: 6.5 nm,
dAu � 4.3 nm). The intensity of I(2�) versus I(�) is plotted for
three solutions with varying concentrations and for neat wa-
ter: (a) neat water; (b) QD�Au concentration � 2.1 � 1013

cm�3; (c) QD�Au concentration � 3.1 � 1013 cm�3; (d)
QD�Au concentration � 5.2 � 1013 cm�3. The experimen-
tal data points are shown after correction for internal ab-
sorption of the SHG signal. The solid lines are quadratic fits
for the dependence of I(2�) on I(�). Inset: quadratic coeffi-
cients are plotted versus the number density (concentration)
of the nanocrystals. The plot is normalized based on the
measured SHG response of the solvent (neat water). The
��2	n value of the nanocrystals was extracted from the slope
of the linear fit (solid line) based on eq 2.

Figure 4. Size dependence of SHG response from CdSe
nanorods is shown. The experimental ��	n values, first hyper-
polarizability per nanocrystal (black symbols), are plotted
as a function of the calculated number of unit cells for nano-
rods of various dimensions (in growing ��	n value order,
the nanorod dimensions are 24 � 3.6, 32 � 3.5, 34 � 3.7,
20.5 � 5, 28 � 4.7, 43 � 4.5, 58 � 4, 42 � 5.2, and 55 � 5.2
nm). The data fit well to a linear dependence (solid line). On
the basis of the slope, the value of the hyperpolarizability
per unit cell, ��	n, is 2 � 10�30 esu. Three data points of ��	n

obtained experimentally for CdSe quantum dots in previous
studies27,29 (diameters � 4.6, 5.5, and 9 nm) (red symbols) ex-
hibit a similar size dependence as the nanorods. A 10% er-
ror in the determined ��	n values of the nanorods was taken
into account.
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drical nanocrystal shape does not affect the origin of

the SHG process.

SHG of CdSe�Au Hybrid Nanoparticles. We now move on

to discuss the SHG response of CdSe�Au semiconduc-

tor/metal hybrid nanoparticles. To understand the be-

havior of these hybrids, we have compared the re-

sponse of NDBs to the response of mixtures of free Au

NPs and CdSe NRs (keeping the mole ratio CdSe/Au 1:2

as in the NDBs). This approach provides a means to ex-

tract the net synergetic effect of the CdSe�Au combi-

nation within the NDBs versus the contribution of each

separate component, with high accuracy. On the basis

of eq 2, the slope of the measured quadratic coefficients

as a function of the number density would yield the

��2	 value, referred to as the SHG response. The re-

sponse for the mixture of CdSe NRs and Au NPs should

follow the following behavior:

Since HRS is an incoherent scattering process, eq 3

is valid also for the hybrid CdSe�Au nanoparticles in

case their SHG response would simply be a sum of con-

tributions of the individual components. Figure 5 shows

the SHG of the NDBs in comparison with SHG obtained

from the mixture solutions for two different cases. Fig-

ure 5a shows a comparison of the SHG response of rela-

tively long NDBs (CdSe 26 � 4.5 nm, Au diameter 4.4

nm, black circles) to the response of a mixture of CdSe

NRs (24 � 4.5 nm) and Au NPs (diameter 4.3 nm) (red

triangles). A linear fit to the data shows that both the

mixture and the hybrid NDB sample exhibit a similar re-

sponse (��2	NDB � 1.15 � 10�52 esu2 and ��2	mix � 1.25

� 10�52 esu2, according to the slopes). However, for

shorter NDBs, a different behavior is observed. Figure

5b shows a complementary experiment in which the

SHG response of shorter NDBs (CdSe 14 � 3.7 nm, Au

diameter 4.4 nm) was compared to the response of a

mixture of CdSe NRs (11 � 3.8 nm) and Au NPs (diam-

eter 4.3 nm). In this case, the slope from the linear fit for

the NDBs is approximately 3 times smaller than the

slope obtained for the mixture (��2	NDB � 1.9 � 10�53

esu2, ��2	mix � 6.7 � 10�53 esu2, according to the

slopes). From Figure 5, we infer that CdSe�Au NDBs ex-

hibit a different SHG response as function of their size.

While for the longer NDBs the SHG response seems to

be a simple sum of contributions from both the CdSe

and Au components, for shorter NDBs the SHG re-

sponse is reduced significantly and it can no longer be

considered as a simple sum of contributions from both

components.

Aiming to corroborate this experimental observa-

tion, we measured SHG from several NDB samples of

various dimensions and also one QD�Au hybrid

sample. In order to understand the contribution of the

gold tips, we also measured SHG from MUA-capped 4.3

nm Au NPs in aqueous solution (the size is close to the

typical size of the tip in CdSe�Au hybrids and the sur-

face capping ligand is also the same). Table 1 summa-

rizes the results from all of these measurements. The ex-

perimental values of ��	 obtained from each sample

are given in column I in the table. For the Au NPs, a

value of ��	 � 6 � 10�27 esu was obtained. Brevet and

co-workers reported a larger value of ��	 � 60 � 10�27

esu for 5 nm Au NPs in water, excited at 1064 nm.45 This

order of magnitude difference between the results

may be attributed to the plasmon resonance enhance-

ment of the SHG effect at 532 nm, but we also note that

we used a value of ��	 for neat water that is 10 times

smaller than the one used by Brevet and co-workers.

Column II shows the experimental results from the com-

parison of the response of short and long NDBs to mix-

tures of their individual components presented in Fig-

ure 5.

Next, we attempt to evaluate the contribution of

the CdSe component to the SHG of the CdSe�Au hy-

brids. We assume this could be done since both large

Figure 5. Comparison between the SHG response of
CdSe�Au nanodumbbells (black circles) and corresponding
mixtures of Au nanoparticles and CdSe nanorods with simi-
lar dimensions (red triangles). Quadratic coefficients (QC) are
plotted versus the number density and fit to a linear trend
as expected from eq 2. For the mixtures, we refer to the con-
centration of the nanorods. The intercept represents the
contribution of neat solvent, water, which is used to normal-
ize the SHG response. We compare two cases: (a) long nano-
dumbbells (CdSe: 26 � 4.5 nm, dAu � 4.4 nm) compared to
a mixture. The values of the slopes are 1.15 � 10�52 and 1.25
� 10�52 esu2, respectively (solid lines); (b) shorter nano-
dumbbells (CdSe: 14 � 3.7 nm, dAu � 4.4 nm) compared to
a mixture. The values of the slopes are 1.9 � 10�53 and 6.7 �
10�53 esu2, respectively (solid lines).

slope ) 〈�2〉mix ) 〈�2〉CdSe + 2〈�2〉Au (3)
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CdSe QDs and NRs exhibit a linear dependence of ��	

on the volume as discussed above. This enables calcu-

lating the expected ��	 value of the CdSe component

within the hybrid nanoparticles. The calculated ��	CdSe

values are given in column III. In samples 2 and 3,

QD�Au and short NDBs, respectively, the CdSe compo-

nent has a similar volume and therefore close ��	CdSe

values were obtained. Samples 4�6 have larger CdSe

content and correspondingly larger calculated values.

In column IV, we compare the measured response

of the CdSe�Au hybrids (��2	hybrid) to the calculated re-

sponse of a mixture of the two individual components

(��2	mix). The response of the mixtures was calculated

based on eq 3 (for QD�Au, contribution from only a

single Au NP was considered). The values used for this

calculation were the experimental ��	 value obtained

for Au NPs (6 � 10�27 esu) and the calculated ��	CdSe val-

ues (given in column III). For samples 3 and 5, there is

a similarity between the values shown in columns II and

IV. Namely, for these samples, the calculated response

of the mixture is close to the values obtained from the

direct measurement of mixtures. This verifies that this

method for calculation of the expected response of the

mixture is indeed valid.

We move on to quantitatively compare the experi-

mental results of the CdSe�Au hybrids (given in col-

umn I) to the calculated expected values for a mixture

of their individual components. When we look at the

values of samples 5 and 6 (in column IV), samples in

which the CdSe component is relatively large, the re-

sponse of the CdSe�Au hybrid is close to the expected

response of a mixture of Au and CdSe nanocrystals

(��2	hybrid/��2	mix � 0.95). However, for samples 2�4,

the measured response of the hybrids is smaller than

the expected response from a mixture (��2	hybrid/��2	mix

� 0.2�0.6). Specifically, samples 2 and 3, QD�Au and

short NDBs, respectively, exhibit similar values of ��2	hy-

brid/��2	mix � 0.2�0.25. As mentioned before, in both

of these samples, the CdSe component has the same

volume.

It is noteworthy that unlike the NDBs, which are

structures with a relatively high degree of symmetry,

in the QD�Au sample (sample 2), the nanocrystal sym-

metry is inherently broken due to growth of a single

Au tip (see Figure 1d for example). This might be ex-

pected to lead to enhanced SHG response. However,

our experimental results show an opposite effect.

Namely, the asymmetric CdSe�Au system shows a re-

duced response compared to the mixture. This there-

fore rules out the utility of simplistic symmetry consid-

erations in assigning the SHG response of

semiconductor/metal hybrids.

We now consider some of the factors which may

lead to the observed reduction in the SHG response.

First, the nonlinear polarization induced in a nano-

particle depends on the internal field within it. The in-

ternal field can be reduced or enhanced by the me-

dium, according to the local field correction factor,

which has the following form for metal and semicon-

ductor nanostructures:46,47

where � and �m denote the complex dielectric func-

tion of the metal and the surrounding medium, respec-

tively. The power of the SHG signal from metal nano-

structures then scales as46

where f(2�) and f(�) are the local field factors at the

doubled frequency (400 nm) and at the fundamental

frequency (800 nm), respectively. For the case of a mix-

ture of CdSe and Au, both materials are within a water

medium. In the other extreme, to examine what would

be the effect of the different mediums in the hybrids,

we consider the two limiting cases of a Au NP within

CdSe, or vice versa, CdSe NP within Au. For both cases,

the calculated local field factors are larger as compared

to water medium (see Supporting Information). Accord-

ing to these calculations, the coupling between Au

TABLE 1. Summary of Results Obtained for Hybrid CdSe�Au and Au Nanoparticle SHG Response

samples measured values calculations

I II III IV

sample type CdSe sizea(nm) Au size (nm) molar absorption
coefficientb

(M�1 cm�1)

measured
��	n � 10�27

(esu)

measured
��2	hybrid/
��2	mixture

c

CdSe
��	n � 10�27 (esu)

��2	hybrid/
calcd ��2	mix

d

1 Au NPs 4.3 6.0
2 QD-Au 6.5 4.3 2.7 � 106 3.0 2.6 0.20
3 NDB 14 � 3.7 4.4 6 � 106 4.35 0.3 2.7 0.25
4 NDB 18 � 3.5 3.5 7.7 � 106 7.2 3.2 0.60
5 NDB 26 � 4.5 4.4 1.4 � 107 10.7 0.9 7 0.95
6 NDB 29 � 5 6 2 � 107 13.0 10 0.95

aThe CdSe length in NDBs (nanodumbbells) is the average measured distance between the Au tips. bValue measured based on the change of absorbance at the location of
the exciton peak immediately after Au growth on the CdSe. cThe ��2	 mixture taken from the slope value obtained from measurements on mixtures of CdSe NRs and Au NPs.
dThe ��2	 mix value was calculated based on eq 3.

f )
3εm

ε + 2εm
(4)

PSHG ∝ |f(2ω)|2|f2(ω)|2 (5)
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and CdSe should result in an increase of the SHG re-

sponse based on eq 5. Since this is not in agreement

with the observed decrease in the SHG response, we

conclude that local field factor cannot account for the

observed reduction in the SHG response seen in some

of the CdSe�Au hybrids.

Another source that may explain the observed re-

duction in SHG response is the degree of coherence of

the detected SHG scattering from the samples. The lin-

ear dependence of ��	n on the volume for CdSe NPs

(see Figure 4) results from coherent addition of the sig-

nal from the unit cell. Similarly, a previous study that fo-

cused on the contribution of the surface to the SHG of

CdSe QDs has also shown a coherent nature, such that

the surface ligands contribute additively to the signal.29

In the case of a coherent buildup of the SHG signal

from a mixture of two components, the SHG intensity

should be proportional to the second power of the

summation of amplitudes of the SHG scattered fields

from both components. Assuming such coherence

within the hybrid nanoparticle, the SHG response for

the QD�Au system (sample 2 in Table 1) could be de-

scribed as

The second term in eq 6 is an interference term, which

may have a negative sign if ��	Au is negative. In such a

case, one might expect a partial reduction in the SHG

response compared to the mixture of both individual

components due to destructive interference. However,

calculating the response under the assumption of a

negative interference sign leads to a value which is 30%

higher than the measured one (see Supporting Infor-

mation). Similar calculation for the NDBs (sample 3 in

Table 1) also leads to an estimate which is larger than

the measured response (details appear in the Support-

ing Information). Therefore, we conclude that destruc-

tive interference cannot account for the observed re-

duction of SHG in the hybrids.

Moreover, we consider the possibility of damp-

ing of the SHG response of the semiconductor com-

ponent within the hybrid NPs. The main origin of the

SHG in CdSe nanocrystals is the unit cell.27 The ��	

value per unit cell in CdSe may be considered un-

der the two-level model.34 This model was devel-

oped to describe the ��	 values of molecules at off

resonance conditions, namely, when the SHG is far

from the electronic transition and therefore damp-

ing due to electronic dephasing, optical transitions,

or other processes is neglected.48,49 Wang and co-

workers have shown that the two-level model could

be corrected taking into account damping due to

electronic dephasing.48,49 Their calculation for the

two-level model with dephasing has shown that,

when the damping rate constant is close in value to

the frequency of the resonance, a significant reduc-

tion in ��	 is expected. Under our experimental con-
ditions, the resonance frequency (500�600 nm light,
corresponding to the plasmon or the exciton wave-
length range) is 
3 � 1015 s�1. Since the SHG scatter-
ing is instantaneous, only damping close to such a time
scale could lead to a reduction in the SHG response.
Previous studies imply that dephasing within semicon-
ductor nanocrystals at room temperature could occur
on a time scale of a few femtoseconds.50�53 Further-
more, it was hypothesized that the dephasing process
could be sensitive to the environment of the nano-
crystal.54 In light of these findings, we consider the pos-
sibility of further significant damping (pure dephasing)
induced within the CdSe component in proximity to the
interface with the gold tips. The washing out and sig-
nificant broadening of the absorption features once
gold is deposited on CdSe support such an assump-
tion.1 Such a rapid damping process could also lead to
a significant reduction in the CdSe unit cell contribution
to SHG. This assignment gains support from the obser-
vation that the reduction of the measured SHG re-
sponse compared to the calculated sum for the hy-
brid’s components is most significant in the short
CdSe�Au NDBs and the asymmetric QD�Au. In these,
the CdSe�Au interface area is large relative to the CdSe
volume, and therefore, the dephasing effect on CdSe
SHG contribution would be most prominent. For larger
CdSe�Au NDBs, the SHG signal is more closely repre-
sented as a simple sum of contributions of the compo-
nents considering the relatively small CdSe�Au inter-
face area compared to the CdSe volume.

Lastly, we reiterate that SHG in Au NPs is sensitive
to the nature of the surface of the nanoparticle.21�24,55,56

Even under the extreme assumption that the CdSe con-
tribution to the SHG signal is completely diminished
by dephasing effects, we still notice that the measured
��	n values for samples 2 and 3 in Table 1 are smaller
than the experimental value obtained for bare Au NPs
(sample 1 in Table 1). These reduced values point to a
reduction in the contribution from the surface of the Au
component to the SHG signal, as well. We assign this re-
duction to the partial change in the surface of the gold
component by formation of the Au/CdSe interface.

CONCLUSIONS
The main source of SHG from cylindrical-shaped

CdSe NRs is a bulk-like contribution that is related
to the nonlinear response of the Cd�Se bonds
within the unit cell. This behavior is in agreement
with that observed for CdSe QDs. The first-order hy-
perpolarizability, ��	, in these nanocrystals exhibits
therefore simple volume dependence. For hybrid
CdSe�Au nanoparticles, two different behaviors are
observed. First, both symmetric two-sided gold-
tipped CdSe NDBs and asymmetric CdSe�Au hy-
brids exhibited reduction in the SHG response com-
pared to appropriate mixtures of Au and CdSe

〈�2〉CdSe+2〈�〉CdSe〈�〉Au + 〈�2〉Au (6)
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nanocrystals. This observation shows that simplistic
symmetry considerations are not sufficient for analy-
sis of the SHG response from such hybrids. More-
over, we find that for larger hybrid nanoparticles the
SHG is a simple sum of contributions from the two
components. However, hybrid CdSe�Au nano-
crystals which contain a smaller CdSe component ex-
hibit a surprising behavior, in which the SHG signal
is significantly lower than the expected value from a
mixture of the two components. This reduction ef-
fect is therefore most prominent in small hybrids for

which the interfacial region of CdSe�Au is domi-
nant. We suggest that dephasing effects of the gold
domain on the proximal CdSe region can lead to
such a reduction. Furthermore, the reduced ��	 val-
ues imply that the contribution to the SHG signal
from the surface of the Au nanoparticles within the
hybrid is also decreased once an interface with CdSe
is formed. These findings point to synergetic behav-
ior arising from the unique combination of the semi-
conductor and metal domains within the hybrid
nanoparticle.

MATERIALS AND METHODS
Sample Preparation: CdSe quantum dots and nanorods, capped

with trioctylphosphine oxide (TOPO), hexadecylamine (HDA),
and tetradecylphosphonic acid (TDPA), were synthesized in co-
ordinating solvents using a high-temperature injection method
as reported elsewhere.57,58 The dimensions of the various
samples were determined from transmission electron micros-
copy (TEM) images, based on statistics on more than 150 par-
ticles. The typical dimensions of the NRs were 10�60 nm for the
length and 3.5�5.5 nm for the diameter. The typical standard de-
viations in size were 10% for both the length and the diameter
of each sample. The diameter of the CdSe QD sample was 7.5 nm
with a standard deviation of 10%.

Gold metal tips were deposited onto CdSe nanorods and
QDs by adding a solution of AuCl3, dissolved in toluene to-
gether with didodecyldimethylammonium bromide (DDAB) and
dodecylamine (DDA) as previously reported.1,12 The typical Au tip
size according to size statistics was 4�6 nm with a standard de-
viation of 15%. The gold deposition reaction is also accompanied
by a chemical etching process induced by the DDAB.1 Conse-
quently, the dimensions of the CdSe are reduced, leading to a
loss of 35�50% of the volume of the CdSe component during
the formation of the CdSe�Au hybrid as proven by size statistics.

All of the samples were transferred to an aqueous phase
(Tris buffer, pH 9�10) by ligand exchange prior to the optical
measurement. This step was taken in order to avoid thermal lens-
ing effect, which was found to interfere with the SHG experi-
ments. For a typical ligand exchange procedure, 25 mg of mer-
captoundecanoic acid (MUA) was dissolved in 1 mL of aqueous
solution of sodium bicarbonate (2 M, pH 
9) and heated slightly
to 70 °C. Next, the MUA solution was added to 1 mL of nano-
crystals dissolved in chloroform (the optical density at the exci-
tonic feature was 1�1.5). Next, 2 mL of Tris buffer (pH 9�10) was
added to the mixture, which turned opaque. At this point, the so-
lution was centrifuged and the upper aqueous phase of MUA-
capped nanocrystals was extracted. The aqueous solutions were
purified from access MUA by centrifugal filters (Millipore Ami-
con ultra-15) and afterward filtered again to minimize the pres-
ence of aggregates. For measurement on Au NPs, we used com-
mercial aqueous solutions of citrate-coated Au NPs (Sigma-
Aldrich G1402, average diameter 4.3 nm). The capping ligand
was altered by adding MUA to the solutions.

SHG Optical Measurement: We have applied the Hyper-Rayleigh
scattering (HRS) method in order to measure the absolute � value
of the nanocrystals in solution.42 During the measurements, a 1 cm
long cuvette containing solutions of nanocrystals (in aqueous
phase) with various concentrations was excited by a mode-locked
Ti:sapphire laser at 810 nm (Coherent Mira). The pulse width was
120 fs, and the repetition rate was 76 MHz. The laser was vertically
polarized, and the excitation power was attenuated by a variable
neutral density filter. The laser beam with an average power in the
range of 0.05�0.45W was focused to a tight spot of 
100 m.
The scattered SHG signal at a doubled frequency was collected at
a right angle, filtered with a short pass filter to suppress the funda-
mental excitation light, dispersed using a monochromator (Acton-
150i), and detected with a liquid nitrogen cooled CCD (Princeton
Instruments). It is noteworthy that samples that contained free Au

NPs or CdSe�Au hybrids exhibited clear signs of thermal lensing
effect (such as the laser beam “blooming” and reduction in the SHG
signal). This is related to the red tail of the absorption of these
nanocrystals, which extends to 800 nm, the excitation wavelength.
In order to overcome these problem, two steps were taken. First,
we used aqueous phase as a solvent instead of the original organic
solvent (water has a higher heat capacity and hence reduced ther-
mal lensing). In addition, all of the solutions were continuously cir-
culated with a peristaltic pump during the measurements. The HRS
measurements are conducted in “off resonance conditions”, at
400 nm, namely, far from resonance with the band gap of the semi-
conductor (570�610 nm) or with the plasmon frequency of the
gold NPs (
510�520 nm).

Determining Nanocrystals Concentrations: The concentrations of
all measured CdSe samples were calculated from the absor-
bance of the solutions based on Beer’s law and their molar ab-
sorption coefficients (�), which were obtained experimentally
prior to the HRS measurements. Following a previous study59 the
� values at the band edge for bare CdSe NRs were determined
based on a combination of UV�vis absorption measurements
and determination of the concentrations of the nanocrystals.
This was achieved using ICP-AES (inductively coupled plasma
atomic emission spectroscopy) elemental analysis along with
size statistics from TEM imaging.59 For CdSe QDs, the � value at
350 nm was calculated assuming the same linear dependence on
volume as exemplified by Bawendi and co-workers.60 A combina-
tion of this value and the measured absorption spectra en-
abled us to determine the � value at the band edge. For the
determination of concentrations of CdSe�Au hybrids, a dif-
ferent approach was taken. For these nanocrystals, the �
value was calculated directly by comparing the absorption
of the bare CdSe template sample to the absorption of the
same sample immediately after gold growth solution has
been added and Au growth has taken place. This simple cal-
culation is based on the homogeneous growth of Au on all of
the nanocrystals in the sample (as proven by TEM imaging)
and on the fact that the number of nanocrystals in the solu-
tion has not changed during the reaction. For the determina-
tion of concentration of a 5 nm Au NP solution, a value of �
� 1 � 107 cm�1 M�1 at the plasmon wavelength (520 nm)
was used (based on the manufacturer data). This value was
also verified by an ICP-AES measurement.

Determining the � Value of Water: An advantage of the HRS
method is that the absolute value of � for the solute is ob-
tained directly by using the solvent as an internal reference. In
order to extract the value of � for water, we have measured the
intensity of I(2�) as function of I(�) for toluene and water. The
curves were fit to a parabolic dependence, and their quadratic
coefficients were determined. These quadratic coefficients were
used to calculate the � of water, based on the known value for
toluene at 800 nm (��	toluene � 0.25 � 10�30 esu)27 and using the
following equation:61,62

�water )
[f2(ω)f(2ω)]toluene

[f2(ω)f(2ω)]water

n(2ω)water

n(2ω)toluene�QCwaterNtoluene

QCtolueneNwater

�toluene

(7)
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where f(�) and f(2�) are the local field factors at the fundamen-
tal and the doubled frequency, which are included based on the
Lorentz correction factor;61,62 n(2�) refers to the refractive index
at 400 nm, which influences the SHG signal collection effi-
ciency.62 QC is the experimental quadratic coefficients extracted
from the parabolic curves, and N is the number density of each
solvent (in cm�3). From the calculation in eq 7, we deduce a value
of ��	s � 0.06 � 10�30 esu for pure water at � � 800 nm,
which is an order of magnitude smaller than the value re-
ported for water in previous studies of SHG from metal nano-
particles at � � 1064 nm (��	s � 0.56 � 10�30 esu).45,63,64 A
comparison between the quadratic SHG response of pure wa-
ter and Tris buffer, which was used as the solvent in prac-
tice, has shown little difference, and therefore, we have used
pure water as the reference.
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