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In the frame of this work, we studied organometallic complexes in form of thin
films oriented by corona poling. We report measurements of second and third-order
nonlinear optical properties (NLO) obtained by SHG and THG techniques. For
each compound studied, we determine the electronic contribution of the effective
second and third-order nonlinear susceptibilities. Finally, we use X-ray diffraction
to study structure of these compounds, induced by corona poling.
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1. INTRODUCTION

Organometallic materials has received recently considerable attention
for possible applications in nonlinear optics and quantum electronics
[1]. It was shown that ruthenium derivative chromophores incorpor-
ated into the PMMA polymer matrices might be promising materials
for optical poling [2].

In this article, we report some results obtained in the NLO charac-
terization of a novel series of donor-acceptor bis-alkynyl ruthenium
chromophores used in thin films. First, these thin films were oriented
by a corona poling technique and are optically characterized using
SHG and THG. Next, X-ray diffraction (XRD) technique was used to
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correlate NLO properties and directly observed microscopic order of
the studied materials.

2. MATERIALS

2.1. Organometallic Complexes

The syntheses of alkynyl complexes (trans-[Ru(4-C�CC6H4N=NC6H4-
N(C4H9)2)Cl(dppe)2] (A); trans-[Ru(4-C�CC6H4N=NC6H4-N(C4H9)2)
(4-C�CC6H4CHO)(dppe)2] (B); and trans-[Ru(4-C�CC6H4N=NC6H4-
N(C4H9)2)(4-C�CC4H2SCHO)(dppe)2] (C)) have been carried out
according to previously reported procedures [3]. Bis-alkynyl ruthenium
chromophores were asymmetrically functionalized around the
ruthenium centre as shown in Figure 1.

The p-conjugated spacer, consisted of an azo and an organometallic
bis-alkynyl-ruthenium group, provided a long conjugation between the
donor group (N,N-dibutylamine) and three different acceptors. Very
important feature of these complexes is their ability to film formation
through casting from solution. In the present study, thin films were
obtained by spin-coating from dichloromethane solution.

3. MEASUREMENT METHODS

3.1. Theory of Second Harmonic Generation

Comprehensive theory of SHG has been developed in the late sixties
by Boyd [4,5]. The NLO coefficients associated with SHG are

FIGURE 1 Chemical structures of studied organometallic complexes.
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determined almost exclusively by the Maker fringes technique [6,7].
However, their theory did not consider absorbing materials as in the
case of our investigated thin films. Later, Herman and Hayden
developed model, which encounters birefringence and absorption [8].

In order to take into account effects of absorption, we write the
index of refraction for the nonlinear film as a complex quantity and
solve the same boundary-value problem. By writing the complex index
of refraction as ~nnm ¼ nmð1þ ijmÞ, where jm is the extinction coef-
ficient of the nonlinear material at the frequency mx (with m ¼ 1
or 2), we receive the following expression for the transmitted SH inten-
sity (neglecting reflections):

I
ðc!gÞ
2x ¼ 32p3

c0

ðtcx�af Þ
4ðtg2x�fsÞ

2ðtg2x�saÞ
2

n2
2x cos2 h2x

� I2
x

2pL

kx

� �2

vh2ieff

� �2
e½�2ðd1þd2Þ� sin2 Wþ sin h2X

W2 þ X2
ð1Þ

where jm is the extinction coeffecient of the nonlinear material at the
frequency mx (with m = 1 or 2), with:

W ¼ ð2pL=kxÞðnx cos hx � n2x cos h2xÞ ð2Þ

X ¼ d1 � d2 ¼ ð2pL=kxÞðnxKx= cos hx � n2xK2x= cos h2x ð3Þ

where L represents the thickness of thin film, c the incident polarization
(s or p), g the transmitted polarization (s or p), tx�af the transmission
coefficient for the fundamental wave at the air-film interface. t2x�fs

and t2x�sa represent the transmission coefficients of the second har-
monic wave from thin film to substrate and substrate to air, respectively.
For a p-polarization of the second harmonic wave and in the case of
s-polarization of the fundamental wave (perpendicular to the incidence
plane), we obtain:

tx�af ¼
2 cos h

cos hþ nx cos hx
ð4Þ

t2x�fs ¼
2n2x cos h2x

n2x cos h2x þ n2x�s cos h2x�s
ð5Þ

t2x�sa ¼
2n2x�s cos h2x�s

n2x�s cos h2x�s þ cos h
ð6Þ
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In the case of p-polarization of the fundamental wave (parallel to the
incidence plan), we obtain:

tx�af ¼
2 cos h

cos hx þ nx cos h
ð7Þ

t2x�fs ¼
2n2x cos h2x

n2x cos h2x�s þ n2x�s cos h2x
ð8Þ

t2x�sa ¼
2n2x�s cos h2x�s

n2x�s cos hþ cos h2x�s
ð9Þ

3.2. Theory of Third Harmonic Generation

The THG method is one of the most informative methods for evalu-
ation the electronic contribution to the third-order nonlinear optical
susceptibilities. One of the advantages of this technique is that the
THG response accounts only for the instantaneous electronic contri-
bution. Indeed, THG is sensitive to ultrafast electronic mechanisms
of nonlinear response with attosecond relaxation times, and it is
almost insensitive to slower effects, such as electron-vibration relax-
ation. Generally, third-order nonlinear optical processes involve the
use of a fundamental coherent laser beam of sufficient power density.
THG describes the process in which a fundamental laser field of fre-
quency x generates, through nonlinear polarization in the material,
a coherent optical field at frequency 3x. It allows to determine the
pure electronic contribution to third-order NLO susceptibility. The
other contributions such as thermal, photochromic orientation or other
molecular motional contributions, are much slower and therefore
automatically separated. The theoretical model used in this work [9]
is based on the formalism of the plane waves and the study of the har-
monic optical electric fields generated in a nonlinear medium. This
model also takes also into account a majority of the parameters which
influence the value of vh3ielec through the contribution of air and trans-
mission factors on the interfaces of the nonlinear medium.

For the case of a thin film deposited on a glass substrate and placed
in ambient conditions, one can obtain for the third harmonic intensity:

l3x ¼ 64p4

c2

���� vh3iDe

����
2

s

ðIxÞ3
����eiðW3x

s þWx
FÞ½T1ðeiDWs � 1Þ

þ qei/T2ð1� e�iDWF Þ� þ Cair

����
2

ð10Þ
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with

qei/ ¼
vh3ielec

De

" #
F

�
vh3i

De

� �
s

; Des ¼ ex
s � e3x

s ¼ 7:753� 10�2 F=m

and DeF ¼ ex
F � e3x

F

The indices S and F correspond to the substrate and film, respect-
ively, txl is the transmission factor of the fundamental wave between
air and the thin film and t3x

3 is the transmission factor of the harmonic
wave between the substrate and air. Des and DeF represent the disper-
sion of the dielectric constant in the substrate and thin film, DWs and
DWF are the difference of phase angles in the substrate and thin film,
respectively.

The presented transmission factors are defined by:

Tt ¼ ðtx12tx23Þ
3 N3x

2 þNx
2

N3x
2 þN3x

3

and T2 ¼ ðtx12Þ
3t3x

34

N3x
3 þNx

3

N3x
3 þN3x

4

ð11Þ

with Nx;3x
j ¼ nx;3x

j cos hx;3x
j where j ¼ 1; 2; 3; 4. tx;3x

ij represents the
transmission factor for the fundamental or harmonic wave between i
and j media.

The factor of air compared to vacuum Cair is written in the following
form:

Cair ¼ 0:24C0bt3x
23 t3x

34 eiðwþaÞ � ðtx12tx23tx34Þe�iðwþbÞc with

C0 ¼ v<3>

De

� �
air

�
v<3>

De

� �
s

ð12Þ

where W is the phase of the air contribution, a the difference of phase
on the incident side of sample, and b ¼ aþ DWs is the difference of
phase on the exit side (between the fundamental and harmonic waves
for propagation in air).

3.3. Experimental Setup

The experimental setup used for the SHG and THG measurements
was applied in a typical geometry, very often discussed in the litera-
ture [10]. The only difference between SHG and THG setups was the
selective filter positioned in front of the photodetector measuring
the intensity of the harmonic generated by the nonlinear medium.
The laser wavelength was 1064 nm from Nd:YAG of pulse duration
of 15 ps, average energy of 1.6 mJ per pulse and repetition frequency
of 10 Hz. The p-in and p-out polarizations were used. SHG and THG
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measurements were performed by rotating the sample through the
angular range �50� along an axis that is perpendicular to the beam
propagation direction in order to generate Maker-fringe interference
patterns. The vh2ieff value of ruthenium complexes was evaluated by
comparing the SH signal with that obtained from a Y-cut crystal
quartz (reference material), using the same conditions. For the silica
calibration, we used the value determined recently
ðv<3>

elec ¼ 2:10�22m2=V2Þ [11] which is about two times smaller than pre-
viously reported [12]. The refractive indices were not measured by the
ellipsometric method. However, for the SHG and THG measurements,
we estimated the dispersion of these values by adjusting the theoreti-
cal curves on the experimental curves and by considering a constant
thickness for the illuminated surface. The thickness of thin films
was given with an uncertainty of measurement of �10 nm. In this
work, the uncertainty of measurement of vh2ielec and vh3ielec is approxi-
mately �10%.

3.4. SHG-Corona Poling

Thin films made of studied compounds were subjected to corona pol-
ing. This technique is commonly used for orienting NLO chromophore
confined in optically inert, transparent matrix [13]. We used a home
made apparatus, which enabled heating up to 180�C and delivered
12 kV of high voltage. In this work, the optimized parameters to obtain
the best second-order nonlinear properties were: 120�C (temperature
of corona poling) and 7 kV=mm (electric field) during 5 minutes.

3.5. X-ray Diffractometry

Wide angle X-ray diffraction (WAXS) measurements were carried out
in grazing incident beam (GID) reflection geometry using Cu Ka radi-
ation (1.542 Å) and classical Bragg-Brentano [14]. The PanAlytical
X’Pert PRO diffractometer was equipped with a parallel beam para-
bolic Göbel mirror to improve scattering intensities from the film
samples. The scan step was 0.1� (in 2h) with a counting time of
15 s=step. In general, raw data have to be folded with the instrumen-
tal resolution of the diffractometer. However in our case, broadening
of peaks due to disordering is much larger than those of the instru-
ments. We decided to use all experimental curves as measured just
modified by a scaling factor accounting for the differences in size of
the samples.

NLO Properties of Organometallic Complexes 247=[995]
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4. RESULTS AND DISCUSSION

The UV-VIS-NIR absorption spectra of the investigated ruthenium
complexes are shown in Figure 2. The absorption spectra show broad
bands with kmax at 498, 488 and 485 nm for A-C compounds, which
were assigned to a superposition of the p�p� transition of the azoben-
zene moieties and of the MLCT (Metal Ligand Charge Transfer) tran-
sitions of the alkynyl ruthenium fragments. According to these
spectra, absorption of 1064 nm wavelength can be neglected in SHG
and THG studies, contrary to their harmonics at 532 and 355 nm.
Theory cited above allowed to cope with this inconvenience.

Corona poling induced orientation in all films of A-C complexes. An
example of SHG pattern before and after corona-poling is shown in
Figure 3. Numerical values of vh2ieff and vh3ielec were derived from SHG
and THG measurements and are listed in Tables 1 and 2. In addition
data obtained for reference materials (or of well known properties)
found using the same experimental stage is cited.

We have found that the value of vh3ielec for the compound B is the big-
gest value and the organometallic complexes are approximately 102

times greater than the fused silica reference (for the compound B
vh3ielec ¼ 3 � 10�20 m2=V2). This difference may be accounted for the pres-
ence of a phenyl-oxygen group in the complex B which has the largest
conjugation length.

Moreover, the effective second-order nonlinear susceptibility vh2ieff of
the studied compounds are approximately 10 times smaller than the
value of the Y-cut quartz which is the reference material for the
SHG measurements. The value of vh2ieff for the non-oriented compound
B is vh2ieff ¼ 0:17 pm=V. After orientation of chromophores by corona pol-
ing, the organometallic complexes A and B preserve the values of vh3ielec

FIGURE 2 UV-VIS-NIR spectra of the studied organometallic complexes.
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and the values of vh2ieff are multiplied by two for complex A and by six for
the complex B. Effectively, this difference in the values of vh2ieff is due to
the longer conjugation length for the complexes B and C than for com-
plex A. In our case, the orientation of chromophores by corona poling
allows increasing the second-order nonlinear susceptibility. Moreover,
the value of vh2ieff for the complex B after orientation becomes the same
order of magnitude as the value of Y-cut quartz. Principal role here is
played by the fact that the doubled frequency signal wavelength is
very close [17] to the absorption band shown in the Figure 2.

WAXS diffractograms recorded for of A, B, C complex in powder are
shown in Figure 4 and transformed in thin films in Figure 5. Diffracto-
grams obtained for powders indicate differences in crystallinity
degree. Powders of A and B are partly ordered like typical molecular
crystals and coherence length is c.a. 300 Å, whilst the sample C is
virtually amorphous. Once powder were transformed in thin films,

FIGURE 3 SHG-Maker fringes for the complex B before (D) and after (o) Cor-
ona poling (with pp-polarization).

TABLE 1 Thin Film Thicknesses, Second-Order Nonlinear Optical
Susceptibility (with pp-Polarization), and Third-Order Nonlinear
Optical Susceptibility (with ss-Polarization) of Studied Compounds

Compounds Thickness [mm] vh2ieff ½pm=V� vh3ielecð�10�20Þ½m2=V2�

Fused silica (Ref.) [11] 1010.0 – 0.02
Quartz Y-cut (Ref.) [15,16] 477.0 1.00 –
A 0.2 0.11 1.95
B 0.2 0.17 3.01
C 0.2 0.15 2.72
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the order disappeared. First inspection at patterns obtained for films
(Fig. 5) revealed only presence of quasi-amorphous peaks. In addition,
these diffractograms were virtually identical for all three compounds,
thus did not depend on the acceptor subsituent (Cl, benzene, thio-
phene). The only difference in intensities were due to statistics and
film thickness. All these diffraction patterns can be described as con-
sisting of one somewhat sharp reflection at smaller 2h value
(2h ¼ 8.5�), a broader one with an intensity maximum centered at

FIGURE 4 WAXS profiles of powders A, B, C. Curves were shifted vertically
for clarity.

TABLE 2 Comparison (Before and After Corona Poling) of Second-Order
Nonlinear Optical Susceptibility (with pp-Polarization) and Third-Order
Nonlinear Optical Susceptibility (with ss-Polarization) for the Complexes
A and B (for Technical Reasons Thin Film Made of Complex C Didn’t
Undergo SHG and THG Measurements)

Compounds Corona poling vh2ieff ½pm=V� vh3ielecð�10�20Þ½m2=V2�

A Before 0.11 1.95
After 0.23 1.96

B Before 0.17 3.01
After 1.02 2.98
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2h ¼ 20� both imposed on an exponential background. The positions of
these two peaks at 2h ¼ 8.5� and 2h ¼ 20�, correspond to ordering
repeat distances d ¼ 10.5 Å and 4.5 Å respectively. The coherence
length (average dimensions of ordered regions) estimated from the
broadening of first reflection maxima is around 30 Å - the order is very
poor, at distance comparable to the molecule dimensions.

Computation methods of molecular modeling allowed to determine
parameters describing this local order. A qualitative comparison of cal-
culated diffractogram according to numerical results and actual
measurement data is shown in Figure 6. Both are virtually the same.

We have shown that the treatments of a free standing film with
temperature close to glass transition and electric field significantly
improve its structural properties. In addition corona poling induces
relatively high structural anisotropy of the film. Two dimensional
scattering patters were obtained using Eulerian Cradle. Rotation
(scanning) of the sample around beam axis, gives direct access to the
full range of q vector (scattering vector) orientations in respect to film
surface. In others words, whole range of crystallography planes
present in the sample can be observed (not only those, oriented
parallely to the sample substrate). The strong anisotropy is observed
between film plane q xy and scattering vector parallel to the film
orientations (Fig. 7). Instead of Debye-like circles (like in poly-
crystalline samples) well isolated regions of maxima can be

FIGURE 5 WAXS profiles recorded for the thin films A, B, C.
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distinguished. This is a finger print of long-range order present in
studied samples. Another interesting observation is strong anisotropy
of a broad amorphous background. In result of a series of experiment,

FIGURE 6 Comparison of experimental and simulated WAXS profiles for B
(experiment-dotted line, model-solid line). Exponent background was not
included in computation.

FIGURE 7 2D X-ray scattering paterns of A (left) and B (right), q z and q xy
stands for perpendicular to the plane and in-plane components of the scatter-
ing vector, respectively.
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performed under varied conditions, we found that substantial 2D pat-
terns observed for films prepared from compound A and B, remained
similar. Film of B was always better oriented than film of A, despite
the degree of crystallinity invoked by given treatment procedure.

5. CONCLUSIONS

In this paper, we evaluated the electronic contribution, in the picose-
cond regime, of the effective second and third-order nonlinear optical
susceptibilities for a new family of functionalized alkynyl ruthenium
complexes. The obtained experimental results well matched the theor-
etical models. It was also observed that the magnitude of vh2ieff corre-
lated with directly observed chromophore crystalline structure
induced by corona poling.
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