
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by IntechOpen

https://core.ac.uk/display/322391344?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


KTiOPO4 single nanocrystal for second-harmonic generation microscopy 169

KTiOPO4 single nanocrystal for second-harmonic generation microscopy

Loc Le Xuan, Dominique Chauvat, Abdallah Slablab, Jean-Francois Roch, Pawel Wnuk 
and Czeslaw Radzewicz

0

KTiOPO4 single nanocrystal for second-harmonic

generation microscopy

Loc Le Xuan, Dominique Chauvat, Abdallah Slablab and Jean-Francois Roch
Ecole Normale Superieure de Cachan

France

Pawel Wnuk and Czeslaw Radzewicz
University of Warsaw

Poland

1. Introduction

Nonlinear second-harmonic generation (SHG) microscopy has become a commonly used tech-
nique for investigating interfacial phenomena(Kemnitz et al., 1986; Shen, 1989) and imag-
ing biological samples.(Moreaux et al., 2000) Different non-centrosymmetric nanometric light
sources have been recently studied in this context, e.g. organic nanocrystals.(Shen et al., 2001;
Treussart et al., 2003) For those systems, resonant optical interaction leads to an enhance-
ment of the nonlinear response but also to parasitic effect that is detrimental for practical ap-
plications, namely photobleaching due to two-photon residual absorption.(Patterson et al.,
2000) Conversely, inorganic non-centrosymmetric materials with far-off resonance interac-
tion avoid this limitation.(Johnson et al., 2002; Long et al., 2007) Recent achievements have
been obtained using KNbO3 nanowires as a tunable source for sub-wavelength optical mi-
croscopy(Nakayama et al., 2007) and Fe(IO3)3 nanocrystallites as promising new SHG-active
particles with potential application in biology.(Bonacina et al., 2007) However, either the di-
mensions of the used crystals are still of the order of the micrometer along one axis,(Nakayama
et al., 2007) or the corresponding bulk material is not easily grown,(Bonacina et al., 2007) so
that the crystal characteristics are not directly available. A complementary approach con-
sists in considering a well-known SHG-active bulk material and investigating its properties in
nanoparticle form. Different materials have been considered, e.g. BaTiO3 (Hsieh et al., 2009)
and ZnO (Kachynski et al., 2008). In this view, we were among the pioneers in this domain,
considering the well-known KTP material. Potassium titanyl phosphate (KTiOPO4, KTP) is a
widely used nonlinear crystal.(Zumsteg et al., 1976) Studies on this material have focused on
the optimized growth of large-size single crystals, which have found numerous applications
in laser technology for efficient frequency conversion.(Driscoll et al., 1986)
Here we show that KTP particles of nanometric size (nano-KTPs) are an attractive material for
SHG microscopy. Under femtosecond excitation and in ambient conditions, a single nano-KTP
with a size around 60 nm independently determined with atomic force microscopy (AFM),
generates a perfectly stable blinking-free second-harmonic signal which can be easily detected
in the photon-counting regime. Furthermore, we demonstrate that this single nanocrystal can
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be characterized in situ by retrieving the orientation of its 3-axis with respect to the optical
observation axis. This analysis uses both nonlinear polarimetry(Brasselet et al., 2004) and
defocused imaging with a model that has been adapted from similar techniques developed
for single-molecule fluorescence.(Bohmer & Enderlein, 2003; Brokmann et al., 2005; Sandeau
et al., 2007)
Such characterized nanocrystal can have potentially many applications in nano-optics or biol-
ogy, and downscaling their size is a crucial step forward. From the point of view of detection
techniques, we have developed two methods for investigating SHG nanocrystals and decrease
the minimum detectable size for a SHG nanocrystal. In particular both techniques exploit the
coherent characteristics of the second harmonic emission. First, a coherent balanced homo-
dyne detection is associated to SHG microscopy, allowing us to detect nano-objects with high
signal-to-noise ratio and phase sensitivity.(Le Xuan et al., 2006) Second, broadband femtosec-
ond pulses are used to improve the second harmonic signal, with a perspective of spectral
manipulation for coherent control of the nonlinear process.(Wnuk et al., 2009)

2. Photostable second harmonic generation from single KTP nanocrystals

The KTP nanoparticles are extracted from the raw powder that remains in the trough at
the end of the flux-growth process which leads to the synthesis of large sized KTP single
crystals.(Rejmankova et al., 1997) We then apply a size-selection procedure by centrifugation
which was previously worked out for optically active nanodiamonds (Treussart et al., 2006)
and which leads to a colloidal solution of non-aggregated particles.
Analysis with dynamic light scattering (DLS) of this solution reveals a strong peak in the size
distribution centered around 150 nm (Fig.1). Centrifugation at a higher speed or for a longer
duration acts as a low-pass filter on the size distribution, reducing the average peak value
from 150 nm to 80 nm (30 min. at 5000 rpm), and 60 nm (10 min. at 11000 rpm).

Fig. 1. Size selection of the nanoparticles in the polymer solution. DLS spectra for successive
centrifugations (a) 5 min. at 5000 rpm, (b) 30 min. at 5000 rpm, (c) 10 min. at 11000 rpm, and
corresponding to an average particle size of (a) 150 nm, (b) 80 nm, (c) 60 nm.

Since we are interested in the study of a well-isolated single nanocrystal, the sample is pre-
pared so as to enable identification of the same single nano-object under AFM, a classical
white-light optical microscope, and a home-made scanning SHG microscope (Figure 2). We
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designed structured samples by first spin-coating the colloidal solution on a glass cover-slip,
then etching it through a mask to leave square areas with nano-KTPs directly on glass. Fig-
ure 3a shows one such area labeled with photo-written numbers by the focus laser itself at
high mean power (100mW at a repetition rate of 86MHz) and imaged using transmission mi-
croscopy in white-light illumination. Figure 3b corresponds to a 10×10 µm2 zoom inside this
domain. Well-contrasted spots are clearly visible and are attributed to the strong elastic scat-
tering from nano-KTPs resulting from the mismatch between the index of refraction of glass
(n ≈ 1.5 in the visible spectrum) and the average one of KTP (n ≈ 1.8). Figure 3c is an AFM
image of exactly the same domain taken in non-contact operation mode. It indeed reveals a
large number of objects with nanometric size.
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Fig. 2. Experimental setup. AFM: atomic force microscope mount on top of the optical set-up.
L: femtosecond laser (86 MHz repetition rate, ≈ 100 fs pulse duration, λ = 986 nm), P: polar-
izer, λ/2 half-wave plate, DM: dichroic mirror, SM: scanning mirror, O: microscope objective
(N.A. = 1.40, × 100), S: sample, CCD1 white-light camera, CCD2 sesitive CCD camera, PBS:
polarization beam splitter, APD: avalanche photodiode functioning in photo-counting regime

KTP is a non-centrosymmetric orthorhombic crystal with large nonlinear coefficients, of

the order of χ
(2)
zzz = 2d33 ≈ 34 pm/V along its 3-axis, when excited in the near in-

frared.(Sutherland, 1996) We use a SHG microscope, as described in Figure 2, to identify if
the scattering objects identified in Figures. 3a an 3b correspond to optically-active particles
with nonlinear response. Femtosecond infrared light pulses (100 fs) at 86 MHz repetition
rate are tightly focused on the sample with a high numerical aperture microscope objective
(NA=1.4, ×100). Since the nanocrystal size is much smaller than the wavelength, we can ne-
glect any phase shift between the fundamental and second-harmonic fields. Compared to
propagation in a bulk nonlinear crystal, there is no phase-matching requirement, thus allow-
ing us to excite the nanocrystal at any wavelength. Here we choose the excitation wavelength
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Fig. 3. Correspondence of nanoparticles in images taken with different observational tech-
niques. (a) Overview in white-light microscopy of the structured sample. The image displays
a square area with nano-KTPs deposited on the glass surface and surrounded by a grid of thin
polymer film. One square is unambiguously located by photoetched numbers on this grid.
(b) 10×10 µm2 zoom of the white-light image. (c) Corresponding 10×10 µm2 AFM scan. (d)
Corresponding raster-scan SHG image. Circles in (c) pinpoint the nanoparticles in the AFM
image which are SHG-active. Note that a small triangular area in the bottom-left corner is not
scanned by the AFM in (c), thus missing one SHG emitter evidenced in (d).

at 986 nm so that the light-matter interaction is highly non-resonant both at this fundamen-
tal and the corresponding 493-nm second-harmonic wavelength, where KTP remains highly
transparent.(Hansson et al., 2000)
The previously observed domain (see Figures 3b and 3c) is raster scanned and the SHG signal
is collected in the backward direction with the same microscope objective and is detected by
avalanche photodiodes operated in the photon-counting regime (Figure 3d). SHG is detected
from a large fraction of the scatterers revealed by the white-light observation of the sample, as
evidenced by the one-to-one correspondence between the spots that appear in Figure 3b and
Figure 3d. Nearly all these emitters can also be unambiguously identified in the AFM image
(white circles in Figure 3c). The AFM measurement determines the height of the nanocrystals,
a value taken as an estimate of the nano-KTP size. A shape and phase analysis of the AFM
scan indicates that other non-emitting nano-objects observed in the AFM image are most likely
small polymer residues left after the etching process of the polymer during the structuration
procedure.
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Fig. 4. Characterization of an isolated nano-KTP: (a) AFM image (scale bar: 200 nm), (b)
photostability of the second-harmonic emission by the nano-KTP with average incident power
8 mW. Quadratic power dependence of the signal, as expected for SHG, has also been checked
(not shown).

We now focus on the study of an isolated nano-KTP, which corresponds to the spot labeled #1
in Figure 3c and 3d. This single particle is representative of the properties of a large number
of similar nanocrystallites. A zoom of the AFM image shown in Figure 4a reveals a single
particle of almost rectangular shape, with a 60-nm height and a size of 120 nm in its transverse
dimensions. We note that the value of the transverse size is over-estimated, due to convolution
of the nanocrystal shape with the AFM tip and to residual polymer that might have stuck to
the nano-KTP sides. The corresponding SHG image in Figure 3d is a diffraction-limited spot
as expected for an emitter with sub-wavelength size. The emitted photon flux at the center of
the spot leads to 2.5×105 detection counts per second for an average incident power of 8 mW.
It leads to a measured signal-to-background ratio as large as 250. Most remarkably, Figure
4b shows the photostability of the emitter under ambient conditions (room temperature and
direct exposure to oxygen) since a constant detection signal is recorded for more than 120
minutes. This feature is due to the highly non-resonant character of the interaction: indeed,
there is no population in any excited level that could lead to the occurrence of photoinduced
degradation processes.

3. Defocused imaging of second harmonic generation from a single nanocrystal

Under similar experimental conditions, we found that the second-harmonic reflection of a
strongly focused infrared excitation beam at the surface of a macroscopic KTP crystal with
known axis orientation can be accurately modeled by the radiation of a single nonlinearly in-
duced dipole.(Le Xuan et al., 2006) To analyze the second-harmonic emission of a single nano-
KTP with sub-wavelength size, we apply the same model which neglects depolarizing and
propagation effects associated to the dielectric material.(Bohren & Huffman, 2004) Under an
incident electromagnetic field at fundamental frequency ω, the nano-KTP is then equivalent
to a single dipole oscillating at frequency 2ω, with components associated to the second-order
susceptibility tensor coefficients

P2ω
i = ǫ0 ∑

j,k

χ
(2)
ijk (−2ω; ω, ω)Eω

j Eω
k (1)

where i, j, k span the Cartesian coordinates x, y, z in the laboratory frame. Describing the
orientation of the crystal axes by the Euler angles , the nonlinear coefficients in the labora-
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tory frame are related to the known nonlinear coefficients in its crystallographic X, Y, Z axes
through simple rotations

χ
(2)
ijk = ∑

J,K

χ
(2)
I JK cos(�i,�I) cos(�j,�J) cos(�k, �K) (2)

The resulting nonlinear dipole radiates a second-harmonic field , which is predicted to have
a specific polarization through equations 1 and 2. Following recently developed polarimetry
techniques for nonlinear microscopy,(Brasselet et al., 2004; Le Floc’h et al., 2003) a polarizing
beamsplitter analyzes the SHG orthogonal field components along x and y laboratory axes,
located in the plane perpendicular to the microscope optical axis z. Each corresponding in-
tensity is recorded as the excitation field is rotated with a half-wave plate in the path of the
incident beam. Qualitatively, the polar graph of Figure 5a displays x and y second-harmonic
emission similar to dipolar radiative patterns. They are related to the projection of the non-
linear emitting dipole in the (x,y) plane, i.e. Euler angle φ. In the case of a single nonlinear
coefficient being non-null in Equations 1 and 2, we would have obtained two homothetic polar
graphs. The different responses along x and y are due to the contribution of the five nonlinear
coefficients in the KTP tensor.(Sutherland, 1996) Here, equations 1 and 2 allow us to retrieve
φ = 70◦ ± 5◦.
This polarimetry technique has however a low sensitivity to any dipole component along the
longitudinal z-axis. To retrieve the orientation of the dipole in the three dimensions, we apply
a defocused imaging technique.(Bohmer & Enderlein, 2003; Brokmann et al., 2005; Sandeau et
al., 2007) For a given direction of propagation in the far field, the radiated field is proportional
to

�E2ω
FF ∝�k ×�k × �P2ω (3)

while the intensity radiation diagram is given by, I2ω
i (�k) ∝ |�E2ω

i,FF(
�k)|2, where i stands for x, y, z.

This radiation diagram is directly measured as a function of excitation polarization orientation
by positioning a highly-sensitive CCD camera slightly out of the conjugated focal observation
plane. The experimental defocused image is displayed in Figure 5b. Qualitatively, the outer
"moon-shaped" structure is characteristic of an emitting dipole out of the (x,y) plane of the
sample.(Bohmer & Enderlein, 2003; Brokmann et al., 2005; Sandeau et al., 2007) Compared
to the case of single-chromophore fluorescence,(Bohmer & Enderlein, 2003; Brokmann et al.,
2005) the image exhibits specific features associated to the nonlinear coupling described by
equation 1 between the nonlinearly induced dipole and the polarization state of the excitation
field . This allows us to determine the full set of Euler angles of the observed nanocrystal with
a good accuracy while relying only on the SHG signal.(Sandeau et al., 2007) For the chosen
nano-KTP #1 of Figure 3c, the model developed in (Sandeau et al., 2007) gives a single set of
angles: Figures 5c and 5d display the numerical simulations corresponding respectively to
Figures 5a and 5b with the determined Euler angles of the crystal axes.
For more insight on the method, we focus in the next part on a more detailed 3D orientation
determination of one typical single KTP nanocrystal. The experimental setup is described in
Figure 2. For defocused imaging, the SHG signal is directed towards a sensitive CCD camera
(CCD2 on the setup figure, having 512×512 pixels, 13×13 µm2 pixel size, thermoelectrically
cooled) which is translated by 15 mm towards the objective, so as to obtain a contrasted image
of about 600×600 µm2 size.
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Fig. 5. 3D orientation of an isolated nano-KTP: (a) polar graph showing the measured SHG
emission of the nanocrystal along x (red points) and y (blue points) axes, as a function of the
direction of the linearly polarized excitation field, (b) corresponding experimental defocused
image (scale bar: 250 µm), (c) and (d) numerical calculation of the polar graph and the de-
focused image respectively for a nano-KTP with Euler angles of the crystalline axis equal to
(70◦ ± 5◦ , 15◦ ± 5◦, 60◦ ± 5◦).

Figure 6 exhibits measured defocused images from a single KTP nanocrystal for different po-
larization orientations of the incoming fundamental field in the sample plane. Different fea-
tures appear on these images. First, they exhibit a symmetry axis which orientation in the
sample plane is related to the nanocrystal in-plane orientation. Second, the structure of the
image is characteristic of a nanocrystal exhibiting out-of-plane orientation with θ �= 0◦. Third,
the symmetry axis of the structure rotates when changing the incident polarization direction.
This is characteristic from a nonlinear coherently induced dipole emission as opposed to a
single fluorescent dipole, since the KTP multipolar symmetry structure allows coherent non-
linear coupling with various incident field polarization directions.
The measured images are interpreted using a vectorial model calculation, in which the KTP
nanocrystal is modeled by a cubic shape sampled by placing one individual dipole every nm3

within this cube. The experimental imaging configuration is taken into account. Starting from
the ring pattern observation for a first estimate of the 3D orientation parameter, the emission
pattern calculation (Fig. 6(f-j)) is then implemented to manually adjust at best the measured
images (Fig. 6(a-e)). This leads to a 3D orientation determination with error margins of ±
5◦ at maximum for θ and φ. This error is much larger for the ψ Euler angle (from ± 10◦

to ± 50◦), which is specific to the case of KTP for which there is only a weak difference be-
tween nonlinear coefficients involving the "1" and "2" directions perpendicular to the main
"3" axis.(Vanherzeele & Bierlein, 1992) In order to confirm the values for the obtained orien-
tation angles, they were used as input parameters to calculate the in-plane polarimetric SHG
response of the measured nanocrystal. The corresponding angular dependencies agree well
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Fig. 4. (a-e) Experimental defocused images of a KTP nanocrystal for several inci-

dent polarization directions relative to the X axis: (a) 0 , (b) 60 , (c) 90 , (d) 120

and (e) 150 . The images sizes are 600 600 m2 . The integration time for each im-

age is 5 s. (f-j) Corresponding calculated images, leading to the orientation parameters

( 30 5 , 115 5 , 90 20 ). (k,l) Experimental polarimetric analysis IX and

IY of this nanocrystal (circle markers) and corresponding calculated polarization responses

(lines) for the Euler set of angles deduced from the defocused imaging analysis.

larization direction. This is characteristic from a nonlinear coherently induced dipole emission

as opposed to a single fluorescent dipole, since the KTP multipolar symmetry structure allows

coherent nonlinear coupling with various incident field polarization directions.

Starting from the ring pattern observation for a first estimate of the 3D orientation parameter,

the emission pattern calculation (Fig. 4(f-j)) is then implemented to manually adjust at best the

measured images (Fig. 4(a-e)). This leads to a 3D orientation determination with error margins

of 5 at maximum for and . This error is much larger for the Euler angle (from 10 to

50 ), which is specific to the case of KTP for which there is only a weak difference between

nonlinear coefficients involving the “(1,2)” directions perpendicular to the main “3” axis [25].

The angle is thus not strongly relevant by nature in the present study. In order to confirm the

values for the obtained orientation angles, they were used as input parameters to calculate the

in-plane polarimetric SHG response of the measured nanocrystal. The corresponding angular

dependencies agree well with the experimental data (Fig. 4(k,l)). Note that a direct determi-

nation of the Euler angles from such polarimetric responses would have been more delicate

since the KTP symmetry exhibits several ambiguous situations when projected in the sample

plane. This points-out the advantages of the defocused imaging technique, which encompasses

a complete 3D coupling information in the observed pattern shapes.

The application of this technique to orientation measurements of more than ten isolated

nanocrystals shows furthermore that only up to two incident polarization angles are neces-

sary for an unambiguous angular determination. This is illustrated in Fig. 5 for two different

nanocrystals, where the corresponding calculated image could be found with a good agreement

with the experimental data.

At last in addition to 3D orientation determination, such a technique presents the unique

property of providing a diagnostics for the crystalline quality of an isolated nano-object. In-

deed the presence of nanocrystals of different orientations in a same focus point would strongly

affect the defocused image properties described above, and allow a direct conclusion on the

mono-crystallinity of the observed object. This is illustrated in Fig. 6, representative of a nano-
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Fig. 6. (a-e) Experimental defocused images of a KTP nanocrystal for several incident po-
larization directions relative to the x-axis: (a) 0◦, (b) 60◦, (c) 90◦, (d) 120◦ and (e) 150◦. The
images sizes are 600×600 µm2. The integration time for each image is 5 s. (f-j) Corresponding
calculated images, leading to the orientation parameters (θ = 30◦ ± 5◦, φ = 115◦ ± 5◦, ψ =
90◦ ± 20◦). (k,l) Experimental polarimetric analysis Ix and Iy of this nanocrystal (circle mark-
ers) and corresponding calculated polarization responses (lines) for the Euler set of angles
deduced from the defocused imaging analysis.

with the experimental data (Fig. 6(k,l)). Note that a direct determination of the Euler angles
from such polarimetric responses would have been more delicate since the KTP symmetry
exhibits several ambiguous situations when projected in the sample plane. This points out the
advantages of the defocused imaging technique, which encompasses a complete 3D coupling
information in the observed pattern shapes.
Performing numerical simulation on nanocrystal of different sizes, we note that that small dif-
ferences occur but in general the patterns of the defocused images have similar features, with
a symmetry axis along the direction of the nonlinear induced dipole. The ring-structured
shape appears to be in all cases representative of the tilt angle of the "3" axis of the crystal with
respect to microscope objective axis z. The rough similarity among the observed pattern with
respect to crystal size shows that radiation imaging can be used as a robust technique to de-
termine orientation independently on the crystal size, provided that it lies below 150-200 nm.
Above this size range, the fine structure of the observed rings is seen to clearly deviate from
the single dipole model. For KTP nanocrystal of size smaller than 100 nm in diameter, the SHG
emission can be modeled correctly in a dipolar approximation. In addition to 3D orientation
determination, such a technique presents the unique property of providing a diagnostics for
the crystalline quality of an isolated nano-object. Indeed the presence of nanocrystals of dif-
ferent orientations in a same focus point would strongly affect the defocused image properties
described above, and allow a direct conclusion on the mono-crystallinity of the observed ob-
ject. This is illustrated in Fig. 7, representative of a nanometric size KTP for which images
are deprived from a symmetry axis and deviate from the previously observed ring structures.
Such images are representative of the presence of at least two KTP nanocrystals in the focal
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Fig. 5. (a-d) and (e-h) examples of defocused images of two single KTP nanocrystals.

Experimental (top) and calculated (bottom) images are obtained for different incident po-

larization directions relative to the X axis: (a,c,e,g) 0 and (b,d,f,h) 90 . The nanocrystals

are found to be oriented along the ( 67 5 , 46 5 , 45 20 ) angles (left)

and ( 55 5 , 65 5 , 90 20 ) angles (right). The size of the images is

600 600 m2 .

metric size KTP for which images are deprived from a symmetry axis and deviate from the

previously observed ring structures. Such images are representative of the presence of at least

two KTP nanocrystals in the focus point of the objective, which could not be revealed by the

sole observation of the diffraction-limited spot size.
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Fig. 6. (a-c) Defocused images of a nanocrystal for several incident polarization direc-
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800 800 m2 . This nano-object is visibly constituted of several distinct sub-domains. (d)

Polarimetric analysis of this nano-cluster of nanocrystals. The adjustment of polarimetric

responses (black line) is done using two nanocrystals 1 and 2 of respective orientations

( 1 20 , 1 260 , 1 0 ) and ( 2 45 , 2 350 , 2 0 ).

A finer observation can furthermore conclude that in this two-KTP nanocrystals picture,

one of them is likely to lie close to the vertical X axis of the images, since the SHG pattern

approaches a ring structure for a X-polarized excitation. The other KTP nanoparticle is pref-

erentially excited for a polarization angle close to 45 (relative to X), and therefore manifests

with larger signals in Fig. 6(b,c) as the excitation angle increases. This deviation from a mono-

crystalline structure is confirmed in the polarimetric response of such a nano-object, which

curve cannot be fitted using a single KTP unit-cell model, but rather by two or more nanocrys-

tals orientations. The polarimetric responses could indeed be adjusted by the coherent addition
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Fig. 4. (a-e) Experimental defocused images of a KTP nanocrystal for several inci-

dent polarization directions relative to the X axis: (a) 0 , (b) 60 , (c) 90 , (d) 120

and (e) 150 . The images sizes are 600 600 m2 . The integration time for each im-

age is 5 s. (f-j) Corresponding calculated images, leading to the orientation parameters

( 30 5 , 115 5 , 90 20 ). (k,l) Experimental polarimetric analysis IX and

IY of this nanocrystal (circle markers) and corresponding calculated polarization responses

(lines) for the Euler set of angles deduced from the defocused imaging analysis.

larization direction. This is characteristic from a nonlinear coherently induced dipole emission

as opposed to a single fluorescent dipole, since the KTP multipolar symmetry structure allows

coherent nonlinear coupling with various incident field polarization directions.

Starting from the ring pattern observation for a first estimate of the 3D orientation parameter,

the emission pattern calculation (Fig. 4(f-j)) is then implemented to manually adjust at best the

measured images (Fig. 4(a-e)). This leads to a 3D orientation determination with error margins

of 5 at maximum for and . This error is much larger for the Euler angle (from 10 to

50 ), which is specific to the case of KTP for which there is only a weak difference between

nonlinear coefficients involving the “(1,2)” directions perpendicular to the main “3” axis [25].

The angle is thus not strongly relevant by nature in the present study. In order to confirm the

values for the obtained orientation angles, they were used as input parameters to calculate the

in-plane polarimetric SHG response of the measured nanocrystal. The corresponding angular

dependencies agree well with the experimental data (Fig. 4(k,l)). Note that a direct determi-

nation of the Euler angles from such polarimetric responses would have been more delicate

since the KTP symmetry exhibits several ambiguous situations when projected in the sample

plane. This points-out the advantages of the defocused imaging technique, which encompasses

a complete 3D coupling information in the observed pattern shapes.

The application of this technique to orientation measurements of more than ten isolated

nanocrystals shows furthermore that only up to two incident polarization angles are neces-

sary for an unambiguous angular determination. This is illustrated in Fig. 5 for two different

nanocrystals, where the corresponding calculated image could be found with a good agreement

with the experimental data.

At last in addition to 3D orientation determination, such a technique presents the unique

property of providing a diagnostics for the crystalline quality of an isolated nano-object. In-

deed the presence of nanocrystals of different orientations in a same focus point would strongly

affect the defocused image properties described above, and allow a direct conclusion on the

mono-crystallinity of the observed object. This is illustrated in Fig. 6, representative of a nano-
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volume of the microscope objective, which could not be revealed by the sole observation of
the diffraction-limited spot size.
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Fig. 5. (a-d) and (e-h) examples of defocused images of two single KTP nanocrystals.

Experimental (top) and calculated (bottom) images are obtained for different incident po-

larization directions relative to the X axis: (a,c,e,g) 0 and (b,d,f,h) 90 . The nanocrystals

are found to be oriented along the ( 67 5 , 46 5 , 45 20 ) angles (left)

and ( 55 5 , 65 5 , 90 20 ) angles (right). The size of the images is

600 600 m2 .

metric size KTP for which images are deprived from a symmetry axis and deviate from the

previously observed ring structures. Such images are representative of the presence of at least

two KTP nanocrystals in the focus point of the objective, which could not be revealed by the

sole observation of the diffraction-limited spot size.
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Fig. 6. (a-c) Defocused images of a nanocrystal for several incident polarization direc-

tions relative to the X (horizontal) axis: (a) 0 , (b) 306 and (c) 90 . The images sizes are

800 800 m2 . This nano-object is visibly constituted of several distinct sub-domains. (d)

Polarimetric analysis of this nano-cluster of nanocrystals. The adjustment of polarimetric

responses (black line) is done using two nanocrystals 1 and 2 of respective orientations

( 1 20 , 1 260 , 1 0 ) and ( 2 45 , 2 350 , 2 0 ).

A finer observation can furthermore conclude that in this two-KTP nanocrystals picture,

one of them is likely to lie close to the vertical X axis of the images, since the SHG pattern

approaches a ring structure for a X-polarized excitation. The other KTP nanoparticle is pref-

erentially excited for a polarization angle close to 45 (relative to X), and therefore manifests

with larger signals in Fig. 6(b,c) as the excitation angle increases. This deviation from a mono-

crystalline structure is confirmed in the polarimetric response of such a nano-object, which

curve cannot be fitted using a single KTP unit-cell model, but rather by two or more nanocrys-

tals orientations. The polarimetric responses could indeed be adjusted by the coherent addition
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Fig. 7. (a-c) Defocused images of a nanocrystal for several incident polarization directions
relative to the x (horizontal) axis: (a) 0◦, (b) 306◦ and (c) 90◦. The images sizes are 800×800
µm2. This nano-object is visibly constituted of several distinct sub-domains, (d) Polarimetric
analysis of this nano-cluster of nanocrystals. The adjustment of polarimetric responses (black
line) is done using two nanocrystals of respective orientations (θ1 = 20◦, φ1 = 260◦, ψ1 = 0◦)
and (θ2 = 45◦, φ2 = 350◦, ψ2 = 0◦).

A finer observation allows us to conclude that in this two-KTP nanocrystals picture, one of
them is likely to lie close to the vertical x axis of the images, since the SHG pattern approaches
a ring structure for a x-polarized excitation. The other KTP nanoparticle is preferentially ex-
cited for a polarization angle close to 45◦ (relative to x), and therefore manifests with larger
signals in Fig. 7(b,c) as the excitation angle increases. This deviation from a mono-crystalline
structure is confirmed in the polarimetric response of such a nano-object, which curve cannot
be fitted using a single KTP unit-cell model, but rather by two or more nanocrystals orienta-
tions.
We have demonstrated in this section that defocused imaging of second harmonic generation
radiation from a single KTP nanocrystal can provide a direct retrieval of its 3D orientation.
This orientation information, based on the knowledge of the nano-object crystalline symme-
try, can thus be used as a complete characterization of the excitation-dependent polarization
state from a nonlinear nanosource. In addition, we show that this technique provides a unique
possibility to inform on the mono-crystallinity nature of a nano-object. Finally, this analysis
method is a promising tool of analysis of the vectorial electric-field character from an un-
known electromagnetic incident radiation, taking advantage of the rich features appearing
from the nonlinear coupling between matter at the subwavelength scale and complex optical
polarization components.
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4. Balanced homodyne detection of second harmonic radiation from single KTP

nanocrystal

SHG is a coherent process thus interferometric detection schemes are well suited to the detec-
tion of the emitted field. Among possible techniques, coherent balanced homodyne is known
to exhibits a sensitivity to extremely low photon flux rates (Yuen et al., 1983). Although high
sensitivity with such a technique has been demonstrated to detect surface SHG emission from
an air-semiconductor interface (Chen et al., 1998), to the best of our knowledge it had never
been applied to the study of nano-objects. Since the optical phase of the SHG emitted field
is directly related to the sign of the associated nonlinear susceptibility, measuring directly its
value provides important information about the nonlinear material (Stolle et al., 1996). At
nanometric scale, it allows to determine the absolute orientation of dipoles with nonlinear
hyperpolarisabilities such as organic nanocrystals (Brasselet et al., 2004), to detect the polar-
ity in cell membranes (Moreaux et al., 2000), or to study the boundary between microscopic
crystalline domains (Laurell et al., 1992). Such application prospects strongly motivate the
development of phase-sensitive SHG microscopy with highly sensitive detection compared
to SHG interferometric schemes previously developed (Stolle et al., 1996). In this work co-
herent balanced homodyne detection is associated to SHG microscopy, allowing us to detect
nano-objects with high signal-to-noise ratio and phase sensitivity.
The principle of the experiment is shown in Fig.8. Femtosecond infrared light pulses are
injected in an inverted optical microscope and tightly focused. Backward second-harmonic
emission by a nonlinear crystal placed on a glass cover slide at the microscope focus is col-
lected by the microscope objective and transmitted through a dichroic mirror toward the de-
tection set-up. A small fraction of the fundamental beam is also reflected from the cover-slide
and follows the same optical path, providing the phase reference. Second-harmonic emis-

sion of the crystal, further referred as “signal”, corresponds to an electrical field E(2ω) =

|E(2ω)| exp[i Φ
(2ω)
obj ] , where Φ

(2ω)
obj is the phase shift of the SHG field emitted by the object as

compared to the one of the incident fundamental field E
(ω)
in on the object. For a macroscopic

nonlinear crystal, the SHG field is E(2ω)
∝ χ

(2)E
(ω)
in

2
. Thus, Φ

(2ω)
obj reflects the phase of the

nonlinear susceptibility χ
(2). For a nonlinear crystal in its spectral transparence window, χ

(2)

is real with a positive or negative value depending on the absolute orientation of the nonlin-

ear response in respect to the crystal axis. Therefore determination of Φ
(2ω)
obj allows to infer the

absolute orientation of the nonlinear crystal.
For the coherent optical homodyne detection of the SHG signal, the local oscillator (LO) is
generated by sending part of the incident infrared beam into a bulk BBO nonlinear crystal
(Fig.8). A Glan prism ensures linear polarization of the local oscillator along the x-axis and
x-polarized signal and local oscillator are recombined by a non-polarizing 50/50 beamsplit-
ter cube. The 180◦ out-of-phase interferences at the two output ports of the beamsplitter are
detected by photodetectors D1 and D2. In balanced detection mode, the two resulting pho-
toelectric signals S1 and S2 are subtracted 1, thus canceling out their DC component. The
interferometric signal is then

∆S
(2ω) = K × 2V

√

P
(2ω)
LO P

(2ω)
sig cos

(

Φ
(2ω)
sig − Φ

(2ω)
LO

)

(4)

1 We use an autobalanced photoreceiver (Nirvana, Model 2007, New Focus, San Jose CA) which achieves
50 dB common noise rejection
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Fig. 8. Schematic of the experimental set-up. L: femtosecond laser (86 MHz repetition rate,

≈ 100 fs pulse duration, λ = 986 nm); BBO: nonlinear χ(2) crystal; P: Glan prism; O: micro-
scope objective (N.A. = 1.40, × 100) leading to a ≈ 300 nm FWHM diameter focal spot; BS:
non-polarizing beamsplitter; CC: corner-cube; PZT: mirror mounted on a piezoelectric trans-
ducer; KTP: macroscopic KTiOPO4 crystal or single sub-wavelength size crystal; F: SHG filter;
APD: avalanche photodiode in photon counting regime; D1 and D2: p-i-n Si photodetectors
of the balanced receiver recording SHG at 2ω (a SHG filter, not shown, is put in front of the
detectors); D3 and D4: the same for the balanced receiver at fundamental optical frequency ω

(an IR filter, not shown, is put in front of the detectors). Insert: full lines : detected signals as a

function of time for a forward translation of the mirror. Up: signal ∆S(ω) at fundamental fre-

quency with a sinusoidal fit at frequency f = 1.9 kHz, and bottom: ∆S(2ω) at SHG frequency
with a sinusoidal fit at frequency 2 f = 3.8 kHz, dashed line: voltage applied to the PZT on half
a period (vertical scale: a.u.).

where P
(2ω)
LO and P

(2ω)
sig denote the mean optical power of local oscillator and signal, V is the

fringe visibility, and K includes the quantum efficiency of the photodiodes. The phase shift

of the signal at frequency 2ω , Φ
(2ω)
sig = Φ

(2ω)
1 + Φ

(2ω)
2 contains the phase shift Φ

(2ω)
1 of the

x-polarized radiation emitted by the nonlinear object and the phase shift Φ
(2ω)
2 due to propa-

gation in the interferometer.

In order to measure the phase shift Φ
(2ω)
sig , temporal interference fringes are created by displac-

ing a mirror mounted on a piezoelectric transducer (PZT) driven with a triangular shape volt-
age. The resulting fringes are shown in the inset of Fig.8. To extract the phase shift informa-
tion, fringes at 2ω are compared to reference fringes resulting from fundamental beam. More
precisely, we perform with detectors D3 and D4 a separate balanced homodyne detection of
the residual fundamental beam reflected by the sample by mixing it with the residual light at ω
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which follows the reference arm. A reference interference signal (see inset of Fig. 8) is then ob-

tained, equal to ∆S(ω) = K
′
× 2V′

√

P
(ω)
LO P

(ω)
sig cos

(

Φ
(ω)
sig − Φ

(ω)
LO

)

with same notations mean-

ing as in Eq. 4. The quantity to be extracted is then ∆Φ =
(

Φ
(2ω)
sig − Φ

(2ω)
LO

)

−

(

Φ
(ω)
sig − Φ

(ω)
LO

)

which can be written as ∆Φ = Φ
(2ω)
1 + Φ0, where Φ0 is an “instrumental” phase shift. Al-

though Φ0 can be measured with a reference crystal its value is not required if we are only

concerned in variation of Φ
(2ω)
1 while keeping Φ0 constant. Finally, the value of ∆Φ is ex-

tracted using a numerical procedure.
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Fig. 9. Results from the balanced homodyne detection. (a) Laboratory axes (x, y, z) with x-
polarized incident fundamental beam propagating along z-axis. (X, Y, Z) KTP crystal principal
axes (θ = 90◦ and φ = 23.5◦). Full lines denote axes in the (x, y) plane. ψ : rotation angle of the

χ(2) nonlinear crystal around the z-axis. (b) Linearity of ∆S(2ω) as a function of fundamental

incident power. Points : experimental data, full line : best linear dependence fit. (c) : ∆S(2ω)

as a function of ψ (in degrees). (d) : Relative SHG phase shift ∆Φ as a function of ψ.

A bulk KTP crystal with axes as shown in Fig.9 is used to test the setup. The Z-axis is parallel
to the crystal input face. With a strongly focused pump beam, a SHG backward emitted beam

from the interface is observed (Boyd, 2003). We first check in Fig.9b that ∆S(2ω) associated to

this surface SHG grows linearly with the fundamental incident power on the crystal P
(ω)
in , as

expected from Eq.4. If the crystal is rotated by 180◦ around the microscope optical axis (z-axis),

the nonlinear coefficient χ(2) is transformed in −χ(2) and a 180◦ SHG-phase-shift is expected.
Results are shown in Fig.9c. The amplitude shows a maximum of x-polarized SHG when the
linear polarization is aligned along the Z-axis of the crystal (ψ = 0◦ or 180◦) which exhibits
the highest nonlinear coefficient. The full line is the theoretical result assuming an x-polarized
incident plane wave normal to the interface and a single nonlinear emitting dipole which

takes into account all nonlinear coefficients of the KTP χ(2) tensor. It yields good agreement
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with experimental points. The phase-shift ∆Φ (Fig. 9d) remains constant while the nonlinear
dipole has a positive projection along the x-axis (0◦ < ψ < 90◦). It then endures a 180ą-phase-
shift when it becomes negative (90◦ < ψ < 180◦). The small deviation to the constant value is
attributed to drift of the φ0 parameter during the step-by-step rotation of the KTP crystal.
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Fig. 10. Application of the balanced homodyne technique to sub-wavelength-size nonlinear
crystals. (a) Raster-scan image of SHG signal from a KTP nano-crystal with an avalanche
photodiode. The FWHM diameter of SHG spot intensity is about 300 nm, very close to the
theoretical two-photon microscope resolution (320 nm FWHM). (b) Number of detected SHG
photons as a function of incident power with a best square-law dependence fit. (c) Funda-

mental interference signal ∆S(ω) as a function of time for a single nano-crystal and (d) corre-

sponding SHG interference signal ∆S(2ω).

We then apply the method to the detection of SHG from KTP nanocrystals. To first locate the
crystals, the sample is raster-scanned in x and y directions with piezoelectric translators and
SHG is detected with the avalanche photodiode as shown in Fig.10. A SHG signal image of
such a nano-crystal is shown in Fig.10a. A quadratic dependence of the detected SHG inten-

sity is observed upon varying P
(ω)
in as expected (see Fig.10b). After positioning the focused

infrared excitation beam at the center of the detected emission spot of a single nano-crystal,
we switch to the coherent balanced homodyne detection set-up. SHG interference fringes
(Fig.10d) associated to fundamental ones (Fig.10c) are clearly visible, giving evidence for the
coherence of the nano-crystal SHG emission.
Since the balanced homodyne detection method consists in the projection of the signal electric
field on the spatio-temporal mode of the local oscillator, mode-matching between signal and
LO beams determines maximal amplitude of the fringes. This can be quantified by the fringe
visibility V of Eq.4 being equal to unity for perfect mode-matching. With a 2 mW LO average
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power, the smallest SHG fringe amplitude measured with 1 s duration averaging is equivalent

to a signal power P
(2ω)
sig ≈ (7.2 ± 5.0)× 10−19 W assuming V = 1. The uncertainty evaluated

for 95 % confidence interval is equivalent to 3.2 detected photons/s, close to the shot noise
limit. However a unity fringe visibility is practically difficult to achieve. In an auxiliary ex-
periment using equal powers for signal and LO beams, we measure V = 0.21, leading to an
actual sensitivity of 80 photons/s. Such a reduced value for the visibility factor is attributed
to imperfect mode-matching between signal and LO modes, including polarization mismatch,
wave-front distortion, and frequency chirp on the SHG-emitted femtosecond pulses.
To conclude this section, we have demonstrated a SHG phase-sensitive microscope with co-
herent balanced homodyne detection, showing a sensitivity at the photon/s level. The high-
spatial resolution and the sensitivity of the technique is well-adapted to the study of SHG
from nano-crystals.

5. Coherent nonlinear emission from a single KTP nanoparticle with broadband

femtosecond pulses

As a coherent process, the number of SHG photons emitted by a noncentrosymmetric
nanoparticle scales as the square of the number of "oscillators" in the nanocrystal, i.e., as the
sixth power of the nanoparticle average size. As a two-photon process the SHG intensity is
also expected to scale, for a constant average laser power, as the inverse of the pulse time
duration. It is therefore tempting to reduce the pulse duration from the standard 100 fs to 10
fs available from broadband ultrafast lasers in order to enhance the second harmonic photon
emission rate by an order of magnitude, thus reducing the limit size of detectable nanoparti-
cles. Nevertheless, this downscaling has to be done with care since high-order phase disper-
sion of the microscope objective and other optical components induce temporal aberrations
in the excitation pulse interacting with the nanoparticle at the focus of the microscope (Guild
et al., 1997). Using recently developed techniques for temporal characterization at the micro-
scope focus and careful precompensation (Lozovoy et al., 2004), SHG from large objects has
indeed been shown to scale as the inverse of the pulse time duration (Xi et al., 2008). Ad-
ditionally, the broadband excitation corresponding to a 10-fs pulse offers the possibility of
spectral manipulation for coherent control (Warren et al., 1993; Weiner, 2000) of two-photon
absorption and non-resonant second harmonic generation (Broers et al., 1992; Meshulach &
Silberberg, 1998; Wnuk & Radzewicz, 2007).
While it has been recently shown that a SHG-active nanoparticle of a size about a few hun-
dreds of nanometers can be used for pulse detection in a nanoscopic version of the FROG
technique (Extermann et al., 2008), the effects of manipulation of the excitation beam on SHG
emission, i.e.,decreasing the time duration of a precompensated pulse as well as structuring
its broadband spectrum, have not yet been investigated at the single nanoparticle level with
a size well below the wavelength of light. Moreover in this size range phase matching con-
ditions are automatically fulfilled, improving the coherent emission. Here we have shown
that the use of broadband ultrashort laser pulses, precompensated using an automatic genetic
algorithm,improves the second harmonic emission from a single nanoparticle of size about
100 nm. It results in a contrast enhancement of the SHG image obtained by raster scanning
the sample. In this process, smaller nanoparticles are revealed for a given background. We
also manipulate the broadband incident spectrum in a very simple manner to obtain a non-
degenerate sum-frequency generation from a single nanoparticle.
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The experiment is realized using a titanium doped sapphire (Ti:Sa) femtosecond laser with
a 100 nm bandwidth. The laser spectrum is sufficiently broad to support pulses of approxi-
mately 10 fs duration. A genetic algorithm (Baumert et al., 1997) is used to search for the best
phase correction on the incident pulse. A bulk KTP crystal with one face polished served as
reference sample. Under femtosecond beam illumination, the second harmonic signal emitted
by the crystal and detected with an avalanche photodiode operated in photoncounting regime
served as the feedback information in the genetic algorithm procedure. The bulk crystal, in-
stead of a nanocrystal, was selected because it provides a high signal to noise ratio, which
speeds up the search for the optimal phase of the excitation pulse.
The phase correction was achieved with two consecutive systems: a two-prism compressor
used for the rough compensation of (mostly quadratic) phase, and a compact pulse shaper us-
ing a diffraction grating and a spatial light modulator (SLM) (Weiner, 2000). The SLM-based
pulseshaper was used for the genetic algorithm search for the optimal phase. To evaluate
the result of this search we estimated the duration of the excitation pulse at the focus of the
microscope by recording the interferometric autocorrelation of the pulse using the second har-
monic field generated in the KTP nonlinear crystal. The result of the genetic algorithm search
leads to a pulse of, approximately, 13 fs duration. Once the optimal pulse shape was found
its duration can then be increased to any value by adding, with the SLM, a controlled amount
of the second-order phase. The corresponding SHG photon number was then measured as a
function of the corresponding pulse duration.
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Fig. 11. Detected rate of the SHG from a 100 nm KTP nanocrystal as a function of pulse time
duration showing the improvement of the SHG signal with the inverse of the pulse duration.

For a constant average incident power, the SHG signal is expected to scale as the inverse of
the duration of the pulse at the microscope focus. Indeed, we observed a linear increase of
the SHG signal with the inverse of the time duration, as shown in Fig. 11. However, the mea-
sured average slope is approximately 0.7 instead of unity. This is due in part to the broadband
spectrum which cannot be perfectly compressed by the SLM due to pixelization of the cor-
rection signal and imperfections in spectral wings compensation. Analysis of the data shown
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in Fig. 11 reveals that the slope is indeed close to unity for long pulses, while it decreases
with the pulse duration. Such a behavior is consistent with imperfect phase compensation:
even small phase errors become important when the pulse duration approaches the Fourier
transform limit. Despite this imperfect phase compensation, the SH count rate is neverthe-
less improved by almost an order of magnitude, as compared to excitation by standard 100
fs pulses with the same average intensity. With precompensated pulses, we recorded raster-
scan maps of the SH signal originating from well dispersed KTP nanoparticles deposited by
spin-coating a colloidal solution on a glass cover-slip. Figure 12 shows maps of the same
area of the sample recorded with different pulse durations ranging between 200 fs and 13 fs.
Firstly, for nanoparticles already visible at 200 fs, a clear increase of the signal-to-noise ratio
is observed for shorter pulses. Secondly, Fig.12 reveals that a higher number of nanoparticles
appear in the maps acquired with shorter pulses, since smaller objects can be detected due to
enhanced second harmonic emission. This contrast enhancement is crucial for many practical
applications of nonlinear microscopy.
The pulse autocorrelation measured on an individual KTP nanocrystallite in the focus of the
microscope is close to the Fourier limit, which confirms the efficiency of the phase compen-
sation and gives evidence that all spectral components of the precompensated pulse are con-
verted by the nanoparticle. We note that the bandwidth of the SHG is, for bulk nonlinear
crystal, limited by phase matching conditions (Boyd, 2003). However, because of the sub-
wavelength dimension of the nanoparticle spectral filtering associated to phase-matching be-
comes negligible even for ultrashort femtosecond laser pulse.
The broadband nonlinear response opens the way to the coherent control of the different spec-
tral components of the single incident beam in order to manipulate the second-order nonlinear
emission (Dudovich et al., 2002).
As a proof-of-principle of such spectral manipulation, we used a two-band incident spectrum,
containing well-separated but coherent "red" and "blue" parts (see inset of Fig. 13),in order to
excite and subsequently filter out a non-degenerate sum-frequency (SF) signal. If we simply
assume two average excitation frequencies "R" and "B" in the single incident beam,the SF
signal is due to a nonlinear polarization of the form (Boyd, 2003):

PωR+ωB = ǫ0 ∑
j,k

χ
(2)
ijk (−ωR − ωB; ωR, ωB)EωR

j EωB

k (5)

where i, j, k stand for x, y, z, the laboratory axes. With two well-separated spectral bands,
Eq.5 shows that we have access to the different polarizations j, k of the driving fields, then

select a specific nonlinear coefficient χ
(2)
ijk , and thus control the direction i of the nonlinear

dipole at the generated sum frequency. This can be applied e.g. to enhance the recognition of
the nanoparticle-marker in a complex environment, and to investigate the shape dependence
of the nonlinear optical response of an individual nanoparticle. Yet another possible future
application concerns the measurement of the polarization properties of a femtosecond pulse in
the focus of a microscope objective. In principle, the spatial resolution of such a measurement
is limited by the minimum size of the nanocrystallite that produces a measurable signal. With
sub 100-nm detection limit demonstrated in our experiment we hope to obtain in the future a
detailed 3-D map of the polarization in the vicinity of the focus.
A simple two-band excitation is performed, as an experimental proof of principle, by blocking
a part of the incident pulse spectrum. A bandpass filter is then placed in the detection path to
transmit ωR + ωB, and reject both 2ωR and 2ωB. We checked that excitation with any single
spectral band, i.e., ωR or ωB, does not produce SF signal. Varying the power of the blue band
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Fig. 12. SHG maps of the same area of the nanoKTP sample. The maps correspond to excita-
tion with pulse durations of (a) 200 fs (SNR=2.5), (b) 100 fs (SNR=4), (c) 65 fs (SNR=4.5) and(d)
13 fs (SNR=16). For each pulse duration both a three-dimensional graph of the SH intensity
as well as a normalized two-dimensional map are shown.

of the spectrum while keeping fixed the intensity of the red band leads to a linear increase of
SFG vs. blue band power (Fig. 13), as expected from Eq. 5. Due to the intrinsic absence of
ensemble averaging, this result can be considered as an improved version of Kurtz powder
method (Kurtz & Perry, 1968), now applied on a single 100-nm size nonlinear nanoparticle.
To conclude this section, we have shown that phase-compensated 13-fs infrared pulses gen-
erated through the application of a genetic algorithm allow one to gain about one order of
magnitude (as compared to standard 100-fs pulses with the same average intensity) in the
SHG emission rate of a non-centrosymmetric single KTP nanocrystal. This leads to efficient
optical detection of smaller nanocrystals which appear only when shorter pulses are used.
Since there is no phase-matching limitation on the bandwidth of the excitation pulses, even
shorter (sub-10 fs) pulse scan can be used to even further enhance the second harmonic sig-
nal. Optical autocorrelation from a nanocrystal with an AFM measured size of about 100 nm
has been recorded, showing that pulse characterization can be obtained even on SHG-active
nanoparticles of sub-wavelength size.
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Fig. 13. Coherent sum frequency generation from a single nano-KTP vs the intensity of the
blue band. Inset: corresponding pulse spectrum with two distinctive parts "red" and "blue".
The nonlinear response is detected in the sum-frequency band with an interference filter trans-
mission (spectral transmission shown in red). Note that in the latter case the wavelength scale
has been multiplied by two.

6. Conclusion

In summary, we have reported the observation and the characterization of nanometric-sized
crystals extracted by centrifugation from KTP powder. For a well-isolated single nanocrys-
tal, in situ AFM analysis of its size and analysis of its second-harmonic emission properties
have been performed. The highly efficient nonlinear response leads to the emission of a large
number of SHG photons in a photostable and blinking-free manner due to non-resonant co-
herent interaction. By recovering the radiation pattern from the recorded defocused images,
we retrieve the in situ three-dimensional crystal orientation. Solution-based chemical synthe-
sis of KTP nanocrystals with a monodisperse size controlled by capping agents,(Biswas et al.,
2007) now under way, should lead to optimized KTP nanocrystallites and to a more accurate
estimate of the size-detection threshold. It also opens the way to surface functionalization of
these nanocrystals. Fully characterized nano-KTPs are attractive for the development of novel
schemes of nonlinear microscopy. Moreover, due to the non-resonant interaction, they can be
envisioned for probing the localized electromagnetic field enhancement that appears at the
apex of a metallic tip(Bouhelier et al., 2003) or is randomly generated by granular metallic
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structures(Stockman et al., 2004) while avoiding any detrimental quenching effect(Buchler et
al., 2005; Carminati et al., 2006) induced by the metallic interface. The coherent character of the
second harmonic emission from a single KTP nanocrystal have also been demonstrated in a
balanced homodyne detection scheme, which permit nanoparticle detection with high signal-
to-noise ratio and phase sensitivity. Furthermore, broadband femtosecond pulses have been
successfully employed for studying of a single KTP nanoparticle, which open a bright perpec-
tive for spectral manipulation for coherent control of the nonlinear process at the nanoscale.
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