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Abstract: We demonstrate the direct imaging of the second harmonic
generation radiation from a single nonlinear nanocrystal using defocused
nonlinear microscopy. This technique allows the retrieval of complete
information on the 3D orientation of a nanocrystal as well as possible
deviations from its purely crystalline nature, in a simple experimental
implementation. The obtained images are modeled by calculation of the
radiation diagram from a nonlinear dipole that accounts for the excitation
beam, the crystal symmetry and the particle size. Experimental demonstra-
tions are performed on Potassium Titanyl Phosphase (KTP) nanocrystals.
The shape and structure of the radiation images show a strong dependence
on both crystal orientation and field polarization state, as expected by the
specific nonlinear coherent coupling between the induced dipole and the
excitation field polarization state.
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20. M. Böhmer, and J. Enderlein, “Orientation imaging of single molecules by wide-field epifluorescence mi-
croscopy,” J. Opt. Soc. Am. B 20, 554-559 (2003).
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1. Introduction

Second harmonic generation (SHG) microscopy is now recognized as an appropriate technique
for the investigation of molecular, biomolecular and inorganic media at the sub-micrometric
scale [1, 2, 3, 4, 5, 6]. This technique, based on two-photon excitation in a microscope us-
ing high numerical aperture optics, benefits from an intrinsic resolution of a few hundreds of
nanometers due to the nonlinear nature of the excitation. An additional factor of contrast is
provided by SHG comparing to two-photon fluorescence since in the dipolar approximation it
cancels out in centrosymmetric media. One of the main interest of SHG microscopy is there-
fore the possibility to reveal locally molecular alignment and structural information with a high
angular accuracy [7, 6, 8, 5, 9]. This specificity of the SHG signal originates from the nonlinear
susceptibility χ (2) of the material, a second-order tensor which coefficients are related to the
medium symmetry and structure. In particular, a purely one-dimensional system of C ∞v sym-
metry exhibits a single χ (2) tensor coefficient, whereas a material of more complex multipolar

symmetry contains multiple tensorial χ (2)
IJK terms (with I,J,K denoting spatial directions in the
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3D space) [10]. Such coefficients consequently couple to multiple polarization directions of the
incident field �Eω . This has been recently illustrated in a vectorial treatment of SHG which em-
phasizes that under a high numerical aperture illumination (typically N.A. = 1.4), a nonlinear
tensorial coupling with the axial component of the optical field leads to non-negligible axial
components of the nonlinear induced dipole [11].

Measurements of nonlinear properties of nano-objects and molecules have mostly relied on
Hyper Rayleigh Scattering, which is a sensitive technique that however suffers from the fact
that information is retrieved from an average over an ensemble of nano-objects [12]. Recently,
the possibility of using SHG microscopy to avoid this averaging and access to information
from individual nano-objects has been demonstrated on nanocrystals of sizes down to tens of
nanometers in organics as well as hybrid materials [13, 14, 15], and more recently on inorganic
nano-scale crystals [16, 17]. Nonlinear nanocrystals have various potential interests as bright
and photostable nano-sources, in particular due to the high contrast that they can provide with
respect to a centro-symmetric background, as well as the potential absence of photobleaching
in non-resonant excitation conditions [16, 18]. The proper use of such nano-sources however
necessitates a knowledge of their crystalline quality and three dimensional orientation.

We have previously demonstrated that in-plane polarimetric measurements of the second
harmonic generation signal from a single organic nanocrystal can provide information on its
orientation [13]. This measurement is based on the analysis of the projection of the nonlinear
dipole in the sample plane, and therefore cannot lead to the full 3D information in the case of
symmetries close to one-dimensional structures. In addition, the use of two-photon fluorescence
polarization properties of the studied systems in conjunction with SHG provides a complemen-
tary diagnostic of mono-crystallinity in such individual nano-objects [13, 19]. Such scheme
however necessitates to work under resonant conditions.

In the present work, we show that a defocused imaging of the SHG emission from an individ-
ual nanocrystal is capable of identifying the 3D orientation for any crystalline symmetry, and
provides a diagnostics for crystallinity even without the need of associated two-photon fluores-
cence signals. This technique is based on the imaging of the nonlinear induced dipole radiation
on a defocused CCD camera, adapted from a method already developed for 3D orientation
imaging of fluorescent single molecules and nanocrystals [20, 21, 22, 23]. The specificity of
applying this technique to SHG is that the imaged pattern is expected to depend strongly on
the incident fundamental polarization state, due to the coherent coupling between the χ (2) non-
linear tensor and the incoming field polarization components. This imaging technique is thus a
tool for 3D orientation determination and efficient structural investigation.

Demonstration of the technique is realized on Potassium-Titanyl-Phosphase (KTP) nanocrys-
tals of 80 nm size dispersed in a polymer matrix [16]. The shape of SHG radiation patterns are
analyzed for individual nanocrystals, for a controlled incident fundamental polarization. We
describe how structural and orientational information can be retrieved from the experimental
data using a model based on a propagation calculation of the induced nonlinear field through
the microscope optics.

2. Principle of nonlinear defocused imaging

The defocused imaging technique is based on an inverted microscopy configuration where a
high numerical aperture infinity-corrected objective is used to provide two-photon excitation of
an individual crystal placed at the center of its focus spot (Fig. 1(a)). This objective also col-
lects the induced SHG radiation in the backward direction. The tube lens of the microscope is
used as an imaging lens. The principle of defocused imaging is to record an image of the SHG
radiation in a plane located away from the focus image point of the imaging lens, as depicted in
Fig. 1(a). The pattern formed on the defocused image plane of the microscope originates from
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the coherent addition of the electric fields radiated by each individual microscopic nonlinear
induced dipole in the crystal. The calculation of the radiated field from a single nonlinear di-
pole �p2ω(�r) located in the objective object plane at a distance�r from the optical axis, and the
consequent spatial distribution of the emitted field on the defocused image plane after passing
through the objective O and imaging lens L, are based on a vectorial model [21, 24] detailed in
the appendix.
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Fig. 1. (a) Simplified scheme of the defocused imaging microscope. O : high numerical
aperture microscope objective, L : imaging lens. (b) Orientation Euler angles (θ ,φ ,ψ) of
the KTP crystalline unit cell (1,2,3) in the macroscopic frame (X ,Y,Z).

The orientation of the nonlinear induced dipole �p 2ω(�r) depends on the crystal symmetry, its
orientation, as well as on the exciting field polarization, as can be seen in the tensorial product
expression of the macroscopic I component :

p2ω
I (�r) = ∑

J,K

χ (2)
IJK(θ ,ϕ ,ψ)Eω

J (�r)Eω
K (�r) (1)

where (I,J,K) = (X ,Y,Z). (θ ,ϕ ,ψ) is the Euler set of angles defining the orientation of the
crystalline unit-cell in the macroscopic frame (X ,Y,Z) (Fig. 1(b)), and E ω

J,K (�r) are the incident
macroscopic field polarization components at the location�r in the crystal. In this expression,
local field factors are not explicited and are considered to be scalar quantities, which is a first
approximation in a birefringent medium.

The macroscopic χ (2)
IJK(θ ,ϕ ,ψ) contributions appearing in equation (1) can be related to the

microscopic known χ (2)
i jk coefficients (with (i, j,k) = (1,2,3) being the unit-cell axes as depicted

in Fig. 1(b)) by the tensorial rotation relation [10]:

χ (2)
IJK(θ ,ϕ ,ψ) = ∑

i, j,k

χ (2)
i jk (�i ·�I)(�j · �J)(�k ·�K)(θ ,ϕ ,ψ) (2)

In the present work we use the χ (2)
i jk coefficients from the KTP material given in reference

[25]. In this crystal of orthorhombic nature, the main nonlinear tensorial coefficient is χ (2)
333

involving only the “3” axis, whereas the perpendicular contributions involving the “(1,2)” axes
are at least 4 times weaker in magnitude. This symmetry therefore implies a preferable SHG
response at the microscopic scale along to the “3” axis, however with possible coupling along
the other axes.

In equation (1), the spatial dependence of the incoming field at the fundamental frequency
ω in the object plane is calculated using the approach developed by Richards and Wolf [26],
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accounting for a Gaussian beam shape in the superposition of plane waves [27]. Its polariza-
tion spatial distribution, which is known to be inhomogeneous away from the optical axis [26],
is also accounted for since it can potentially affect the SHG emission pattern from a crystal
of size approaching the diffraction limit of the objective. Calculated defocused images for a
KTP nanocrystal of growing size tilted by an angle (θ = 45 ◦,ϕ = 0◦,ψ = 0◦) are represented
in Fig. 2(a-c). The nanocrystal is modeled by a cubic shape sampled by placing one individ-
ual dipole every nm3 within this cube. The crystal is supposed to be embedded in an infinite
medium of matching index, thus assuming that no interface lies closely to the crystal, which
would affect its radiation features. This is ensured in practice by using a thick polymer film
as an embedding environment. These images are calculated for a defocused negative distance
of ΔZ = −15 mm towards the objective in the Z direction, as performed in the experiments.
Positive defocusing would provide identical information.

The patterns of the defocused images from nanocrystals of different sizes have similar fea-
tures, with a symmetry axis along the direction of the nonlinear induced dipole. The ring-
structured shape is representative of the 45◦ tilt angle of the “3” axis of the crystal with respect
to Z. This rough similarity among the observed pattern with respect to crystal size shows that
radiation imaging can be used as a robust technique to determine 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. In the following ex-
perimental study dedicated to KTP nanocrystals of about 80 nm sizes, the system can therefore
be described for qualitative analysis by the emission of a single dipole placed at the center F of
the focal spot of the objective. Accounting for the crystal size is only needed in order to further
analyze the fine structure of the patterns. Note that for sizes above the 150-200 nm range, the
epi-detection used in the present work is no longer adequate (Fig. 2(d-f)), as the coherent build-
up of the signal as well as phase matching properties favor a forward-emission scheme. In the
present case of 80 nm nanocrystals, the portion of angular radiation in the backward direction
is however still significative, which allows the epi-detection scheme.

(a) (b) (c)

(d) (e) (f) 50nm  100nm  100nm

X

Z

X

Y

Fig. 2. (a-c) : calculated emission patterns from a single KTP nanocrystal centered on F ,
with orientation (θ =45◦,ϕ = 0◦,ψ = 0◦), for increasing sizes : (a) 10 nm (b) 80 nm, (c) 150
nm. The KTP nanocrystal is excited by a polarization in the X direction. The images size
is 600×600 μm2. (d-f) : Angular dependence of the SHG emission in the (X ,Z) plane for
the same nanocrystals. The black squares represent the shape of the nanocrystals, chosen
arbitrarily as cubic for the simulation. The color scale is normalized to the maximum value
of the intensity for each image. The parameters used in the vectorial model calculation are
the experimental ones : objective magnification m = 100, numerical aperture N.A. = 1.4,
imaging lens focal length fL = 180 nm, defocusing distance in the image space ΔZ = −15
mm, incident fundamental wavelength λ =945 nm, embedding polymer index n =1.5.
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3. Experimental results

The experimental setup is an inverted two-photon excitation microscope coupled to two pos-
sible exit ports, one for in-plane polarimetric analysis [13] and one for defocused imaging. A
mode-locked Ti:Sa laser beam of about 100 fs pulses at a fundamental wavelength of 945 nm
with a 80 MHz repetition rate is focused on the sample by a high numerical aperture oil immer-
sion objective (N.A. 1.4), leading to a spatial resolution of approximatively 300 nm. The typical
average incident power is about 1mW. The SHG signal from the sample is collected by the same
objective and filtered around the 2ω harmonic wavelength by band pass and interference filters.

X

Y

Z
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objective
NA=1.4 in oil

x100

focal
plane

15 mm

tube
lens
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100fs 80Mhz

690 � 1020 nm
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polarization
beamsplitter

retractable
mirror

camera

Fig. 3. Schematic representation of the polarimetric and defocused imaging measurements.
Z is the optical axis, perpendicular to the sample. The X and Y axes, lying in the sample
plane, provide the analysis framework for the polarization directions detected by the two
avalanche photodiodes APD1 and APD2, working in the single photon counting mode.

The KTP nanocrystals are extracted from a raw powder of KTP resulting from a flux growth
process. A size selection process results in a colloidal solution containing KTP nanocrystals
of size (80±15) nm mixed with a polyvinylpyrolidone polymer (PVP) in isopropanol [18].
Evaporation of a drop of this solution on a glass cover slip leads to KTP nanocrystals well
embedded in a thick polymer film. The PVP environment ensures that no interface effect affects
their emission pattern. The concentration of nanocrystals is chosen such as they are isolated
from each other, and thus localized by diffraction-limited bright SHG spots. After identification
of an isolated nanocrystal, the scanning stage is used to place it at the center of the focused
incident beam, where polarimetry and defocused imaging are independently performed.

For in-plane polarimetric analysis, the SHG signal is directed to a polarizing beamsplitter
separating the collected signal into two polarization states X and Y on two avalanche photodi-
odes. The corresponding signals IX and IY are recorded while the incident polarization is rotated
in its plane from 0◦ (along X) to 360◦.

For defocused imaging, the SHG signal is directed towards a sensitive CCD camera
(512×512 pixels, 13×13μm2 pixel size, thermoelectrically cooled) which is translated by 15
mm towards the objective, so as to obtain a contrasted image of about 600×600μm 2 size.

Figure 4 exhibits measured defocused images from a single KTP nanocrystal for different
polarization 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 sam-
ple plane is related to the nanocrystal in-plane orientation. Second, the structure of the image, in
particular its rings feature, 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 po-
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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 600×600μm2. The integration time for each im-
age 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 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 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 between
nonlinear coefficients involving the “(1,2)” directions perpendicular to the main “3” axis [25].
The ψ 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. 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 (θ = 67◦±5◦,φ = 46◦±5◦,ψ = 45◦±20◦) angles (left)
and (θ = −55◦±5◦,φ = 65◦±5◦,ψ = 90◦±20◦) angles (right). The size of the images is
600×600μm2.

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
800×800μm2. 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
(θ1 = 20◦,φ1 = 260◦,ψ1 = 0◦) and (θ2 = 45◦,φ2 = 350◦ ,ψ2 = 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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of two nanocrystals of respective orientations given in the caption of Fig. 6, which lie close to
the ones estimated using the defocused images. Note that while the polarimetric adjustments
reveal only one possible solution for the respective orientations for the two nanocrystals, the
defocused images provide directly a finer information.

4. Conclusion

We have demonstrated that defocused imaging of second harmonic generation radiation from a
single KTP nanocrystal can provide a direct retrieval of its 3D orientation. This orientation in-
formation, based on the knowledge of the nano-object crystalline symmetry, can thus be used as
a complete characterization of the polarization state from a nonlinear nanosource. In addition,
we show that this technique provides the 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 vecto-
rial electric-field nature from an unknown electromagnetic incident radiation, taking advantage
of the rich features appearing from the nonlinear coupling between matter at the subwavelength
scale and complex polarization components.
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Appendix

A nonlinear induced dipole denoted �p2ω is located at a position (�r) from the center F of the
object plane, which is at the focal point of the microscope objective O. This nonlinear dipole is
supposed to be generated from an excitation using the same objective in an inverted microscope
geometry.

θInF

Object space

θout

Image space

FL

SO SI

R

r
p
2ω

M

O L

er e'r

ΔZ

Z

Fig. 7. Optical scheme of the defocused imaging microscope. O : high numerical aperture
microscope objective, L : imaging lens. For seek of simplicity in the dipole radiation calcu-
lation, the distance between O and L is assumed to be equal to zero. The reference spheres
of O and L, named respectively SO and SI, are respectively centered on F and FL.

After the SHG emission is collected by the objective, the tube lens L images this radiation on
the image plane centered on the focus point FL (Fig. 7). The defocused image is then formed in
a plane translated in the Z propagating direction by a distance ΔZ from this position.

Neglecting non-propagative waves, the radiated electric field in the object space �E2ω
in ex-

pressed on the reference sphere SO of the objective, is given by [21, 24]:
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�E2ω
in (�r) ∝ k2 exp [ik | f�er −�r|]

| f�er −�r|3 ( f�er −�r)× [
( f�er −�r)×�p2ω(�r)

]
(3)

with k = 2ω/c the nonlinear wave vector modulus in the vacuum, f the focal length of the
objective and �er the radial vector of the spherical base associated to the sphere SO. To model
the propagation in the image space, the electric field is then calculated on the reference sphere
SI centered on the focus FL of the imaging lens. This field denoted �E2ω

out is:

�E2ω
out (�r) = m

√
cosθout

ncosθin

[(
�E2ω

in (�r) ·�er

)
�e′r +

(
�E2ω

in (�r) ·�eθ

)
�e′θ +

(
�E2ω

in (�r) ·�eϕ

)
�eϕ

]
, (4)

where θin and θout define the object and image angles, m is the microscope magnification
and n the refractive index in the object space. (�er,�eθ ,�eϕ) and (�e′r,�e′θ ,�eϕ) are the spherical bases
respectively associated with corresponding points on the spheres SO and SI. In equation (6),
the square root is introduced to be in accordance with the geometrical optics intensity law [26].
Finally the electric field in each point M of the defocused image plane defined by the vector
�R = −−→

FLM, is given by :

�E2ω(�R,�r) ∝
∫

Ωout

∫
�E2ω

in (�r)exp
[
i(�k′ ·�R)

]
dk′X dk′Z, (5)

where Ωout is the image solid angle delimited by the imaging lens aperture of focal distance
fL, and�k′ is the wave vector in the image space defined by:

�k′ = k
fL�e′r −�R

√
f 2
L −2 fL

(
�e′r ·�R

)
+ R2

(6)

Note that in this model, the fL focal distance is large enough comparing to ΔZ and R such as
a planar wave summation is allowed.
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