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Acoustically stimulated second-order optical effects in Ru-derivative nanocomposites were discovered. The
alkynyl ruthenium derivatives were embedded in a polymethyl methacrylatesPMMAd polymer matrix. As
second-order optical effects we studied second-harmonic generationsSHGd and linear electro-opticssLEOd
phenomena. The physical insight of the effect observed consists in a coexistence of nanocofined chromophore
levels and localizedd states of ruthenium. A transverse acoustic field favors the occurrence of charge density
noncentrosymmetry required for observation of the second-order optical effects, particularly SHG. We have
found that acoustically induced SHG and LEO for fundamental YAB-Gd3+ laser lightsl=1.76mmd increases
and achieves a maximum value at acoustic power density of about 1.45 W/cm2. The values of the SHG for
several Ru chromophores were higher than those for well-known inorganic crystals. With decreasing tempera-
ture, the SHG signal strongly increases below 55 K and correlates well with occurrence of “softlike” low-
frequency anharmonic quasiphonon modes responsible for the phase transitions. The SHG maxima were
observed at acoustic frequencies of about 13 kHz. Increasing of acoustical frequencies up to the megahertz
range suppresses the observed phenomena. Comparing the obtained results with the acoustically induced
Raman spectra at different temperatures one can conclude that the observed effects are due to acoustically
induced electron-vibration anharmonicity, and are observed at temperatures below 55 K. Varying the chro-
mophore content within the embedded matrices we were able to use effective nanoparticle sizes within the
range 5–60 nm. It is clearly shown that the enhancement of the effective nanosize effectively suppresses the
observed second-order optical effects.
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I. INTRODUCTION

Optical second-harmonic generationsSHGd induced by an
acoustical field was first observed in Ref. 1. Similar phenom-
ena were also observed in several composites, both in bulk as
well as in large-sized nanocrystallite samples.2,3 The effect is
generally explained by a noncentrosymmetric spatial charge
density distribution of photocarrier excitation under an exter-
nal acoustical field4 due to electrostrictionsphotoacousticald
effects. Existence of charge density noncentrosymmetry is a
necessary condition for observation of second-order optical
effects described by third-rank polar tensors. This effect can
be explained within a framework of interaction of electron-
hole and electron-phonon subsystems resulting in acentric
output of the charge density distribution. One can guess that
incorporated organometallic chromophores in an optically
transparent and electrically neutral matrix like polymethyl
methacrylatesPMMAd polymers may be considered a prom-
ising way to obtain second-order optical effects induced by

an external acoustic field. We have chosen ruthenium alkynyl
derivatives, which are currently the subject of increasing at-
tention due to the large nonlinear opticalsNLOd response
which they can possess due tod-p charge transfer.5 Analo-
gously to ferrocene, the metal acts as the donor group. More-
over, the presence of the Ru atoms could give enhancement
in low-frequency quasiphononsvibrationd modes s“soft”
modesd, which determine anharmonic electron-phonon
interactions.6–8

In this experiment we have investigated the SHG and lin-
ear electro-opticssLEOd in a series of ruthenium alkynyl
systems, particularly versus acoustic power, frequency, and
temperature. Guest-host chromophores are being widely in-
vestigated and the observed SHG could be an additional mo-
tivation for their detailed study, particularly concerning the
electron-phonon anharmonic interactions. Comparison with
several other photorefractive ferroelectric crystals will be
discussed.

PHYSICAL REVIEW B 71, 035119s2005d

1098-0121/2005/71s3d/035119s8d/$23.00 ©2005 The American Physical Society035119-1



II. EXPERIMENTAL DETAILS

A. Sample preparation

The synthesis of alkynyl complexes C1 and C2–4sFig. 1d
was performed by the method described in Ref. 9. The syn-
thesis of the new alkynessA1 and A2–4d follows the proce-
dure outlined in Fig. 2. Sonogashira coupling,10 which was
used to prepare the trimethylsilyl-protected alkynes Si1–4 in
good yields which were then reacted in the standard manner
to give the teminal alkynes A1–4. Isolation of the
trimethylsilyl-protected alkyne intermediates Si2–4 offered
no advantage in terms of yield and purity. An advantage in
purity and yield of the final product A1 was achieved by
isolating the trimethylsilyl-protected alkyne Si1 and reacting
it with the arene chrome tricarbonyle phosphonate anion
sHorner-Emmons-Wadsworth coupling11d prior to the depro-
tection step. Reaction of this anion with the terminal alkynes
1 afforded a lower yield of 3, along with several unidentified
by-products. These new alkynes were fully characterized by
NMR methods.

The obtained chromophore molecules were incorporated
into the PMMA matrix. The investigated samples were pre-
pared as a mixture of 4 g of PMMA and 0.035 g of chro-
mophore and dissolved in 30 mL of chloroform in an argon
atmosphere. This mixture was prepared using a magnetic
stirrer and they were put in an alumina crucible after that.

One of the complications of the complexes investigated is
their partial photodestruction under influence of laser light.
Specially performed NMR and ir investigations have shown
that under the influence of laser light, particularly of power
density higher than 450 MW/cm2 a little destruction of the
chromophore has occurred; however, in the PMMA matrix
this degradation does not exceed 7.2%, and the major part of
the molecule participated in the desired processes. Varying
the concentration of the dopants within 3.5–7 % we were
able to use effective sizes of the nanoparticles within the
range 5–60 nm. The investigated composite samples had the
form of parallelepipeds with dimensions of about 333
30.7 mm.3

The chemical structure of the studied compounds and
their uv spectra are presented in Table I.

B. Measurement setup

The principal setup for the SHG and LEO measurements
is shown in Fig. 3. A pulsed mode-locked Dy3+:YAB laser
sl=1.76mmd was used to avoid a possible spectral overlap
with luminescence of the chromophore. The gadollimium-
doped yttrium aluminum garnetsGd:YAGd laser had the fol-
lowing parameters: pulse power density 2.5 MW; pulse time
duration 15 ps; frequency repetition 15 Hz; beam spot diam-
eter 1.8 mm. The samples had refractive indices 1.51 and

FIG. 1. Synthetic procedures
to obtain the alkynyl derivatives
svd fRuClsdpped2gfTfOg 0.25
mmol, A1 0.30 mmol, CH2Cl2 40
mL, room temperaturesRTd 20 h;
svid 1,8-diazabicyclof5.4.0gundec-
7-enesDBUd 0.50 mmol, CH2Cl2
40 mL, RT, 1 h; svii d
fRuClsdpped2gfTfOg 0.50 mmol,
A2–4 0.60 mmol, CH2Cl2 50 mL,
RT, 20 h; svii d Et3N 1 mmol,
CH2Cl2 20 mL, RT, 1 h.
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1.62 for the fundamental and doubled laser beam frequency,
respectively. These parameters were controlled by the Obrei-
mov method. The induced birefringence was measured by
the traditional Senarmont method and was less than 10−3.

The acoustic power was applied to investigate composites
using a LiNbO3 piezoelectric acoustic transducersATd, al-
lowing varying the frequencies within the spectral range 1
Hz–1.1 MHz. The acoustical transducer was glued to the
surface of the sample. The setup allowed the transfer of up to
46% of the acoustic power to the composite. The angle be-
tween the composite surface and incident beam directionF
was changed to obtain the angle dependencies of the SHG
within the Maker fringe scheme.

Using an attenuator Assee Fig. 3d we were able to vary
the power density within the range 0.1–2.5 MW per pulse. It
was particularly important during measurements of the LEO.
In this case we have used the traditional Senarmont scheme
for measurement of the Pockels effect. Applying an electric
field E with frequency up to hundreds of kilohertz and am-
plitudes about 2 kV we have determined LEO effects within
a Senarmont scheme using the polarizer P1, and analyzer P2
together with al /4 plate supplied to monitor the angle nec-
essary for compensation of the transparent light passing
through the system of the crossed polarizers. The birefrin-
gence was determined from the equation

Dnu =
lw

du

, s1d

wherew is the measured angle for the given wavelengthl
and the effective sample thickness isdu.

The incident laser beam was polarized using polarizer P1
swith degree of polarization of about 99.997%d and the out-
put doubled-frequency SHG light intensities were detected
using photomultiplier PM1 connected with a 690 ps gate
electronic boxcar. The short-time pulse duration allowed
avoiding an increase of local temperature. The laser beam
was spatially filtered in order to obtain a homogeneous light
profile susually a Gaussian-like shape profile sequenced pos-
sessing per-pulse-energy power densities varying within the
0.6–1.2 GW/cm2 range. A grating spectrophotometer SP
separated the fundamental beam of the Gd3+:YAB laser sl
=1.76mmd from the SHGsl=0.88mmd as well as from the
scattered background. For incident and output beam ener-
gies, monitoring photomultipliers PM1 and PM2 connected
to the computer PG were used.

During evaluation of the second-order nonlinear optical
responsexijk we measured light intensitiesI for thev and 2v
laser frequencies. The evaluation of the nonlinear optical
susceptibilityxijk was performed using a method described in
Refs. 3 and 12.

We have performed evaluations by taking into account the
angle-dependent birefringenceDnu and changes of thickness
du by applying the following expression:

I = I0 sin2spDnudu/ld s2d

where I and I0 are the output and incident light intensities,
respectively. The polarization of the optical beam was paral-
lel to the polarization of the acoustic wave polarization for

FIG. 2. General access to the
terminal alkynes A1–4 sid
PdCl2sPPh3d2, CuI, trimethylsily-
lacetylene, THF, Et3N, 50 °C, 24
h; sii d Bu4NF ssolution 1M in
THFd, 1 eq. THF, RT, 1 h;
siii d fCrsCOd3sh6-C6H5dCH2PsOd
3sOCH3d2g, 1.1 eq. NaH, THF,
12 h, 65 °C,sivd Bu4NF ssolution
1M in THFd, 2 eq. THF, RT, 1 h.
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TABLE I. Chemical structure of the studied compounds and their uv spectra.

FIG. 3. Principal schema of
the acoustically stimulated SHG
experiment, BS, beam splitter;
M1, M2, mirrors; P1, P2, polariz-
ers; A, attenuator; S, specimens
kept in liquid helium cryostat; SP,
spectrograph; PM1, PM2, photo-
multipliers; PC, personnal com-
puter; DL, delaying line; F,
complement of the angle of inci-
dence onto the sample;E, applied
electric field.
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every angleu between the laser beam propagation and com-
posite’s surface.

To monitor the possible phase transitions we applied the
differential scanning calorimetricsDSCd method, which is
sensitive to structural transitions or chemical transforma-
tions. Our equipment consisted of a Netzsch STA 406C DSC
instrument with low-temperature controller TASC 414/3
sNetzschd, stabilizing the cooling rate process. The powder-
like sample was put in an Al2O3 crucible. The sample was
cooled from ambient temperature to 4.2 K in an argon atmo-
sphere with a rate of 0.18 K per min and thermostabilization
of up to 0.1 K. We performed measurements during both
cooling and heating regimes to achieve additional control of
possible ferroelectric spontaneous polarizationPs occur-
rence. The traditional Tower-Sower method gave the possi-
bility to evaluatePs with precision up to 0.5mC/cm2. Addi-
tionally we have measured Raman scattering spectra using a
Kr laser sl=745 nmd as a light source. We have indicated
the chromophores by special letters for our conveniencessee
Table Id.

III. RESULTS AND DISCUSSION

All the observed SHG dependences have shown similar
behavior versus the angle between the beam propagation and
the normal to the sample surface. Typical Maker fringence
angle dependencies of the SHG at different acoustical power
densities versus effective thickness for compound C4 are
shown in Fig. 4. The Maker fringe oscillationsssee Fig. 4d
are enhanced by intensities with increasing acoustical power.
At the same time for the enhancement of averaged nanopar-
ticle sizes up to about 50 nm the effect drastically decreases
due to chromophore particle agglomeration.

Maximal output SHG intensities were achieved for paral-
lel directions of the transverse acoustical wave displacement
and polarization of the incident laser beam.

We varied effective thickness of the sample by rotating it
with respect to the light beam propagation. For each angle,
the appropriate light power components were evaluated, tak-
ing into account Fresnel losses and the projection of the ef-
fective optical path as well as birefringence. To simplify the
evaluation, final measurements were done for parallel direc-
tions of the acoustic wave polarizationsacoustic field dis-
placementd and probing light polarization beams. The accu-
racy of determination of nonlinear optical susceptibility after
such procedure was equal to about 0.1 pm/V. As a SHG
reference sample we have used a single crystal of potassium
dihydrogen phosphatesKDPd.

Dependences of the SHG on the acoustic power density
are generally nonlinearfsee Fig. 5sadg. One can clearly see
that maximum increase of the SHG is observed at acoustic
power densities of 1–1.7 W/cm2. Increasing differences for
C4 compared C3, C2, and C1 exist. We present the SHG
behavior corresponding to the maximum SHG output which
was achieved at temperature about 4.2 K and acoustic fre-
quency about 13 kHz. It is necessary to emphasize that at
megahertz frequencies the effect disappears. The value of the
effective LEO coefficient demonstrates almost a similar de-
pendence versus acoustical field as the SHG.

FIG. 4. Typical dependences of the acoustically induced optical
SHG versus the effective specimen thickness at acoustical fre-
quency 13 kHz and different acoustical powers: curveB,
0.79 W/cm2; curveC, 1.75 W/cm2 for the C4 sample for averaged
nanoparticle size about 5 nm. The curveD shows the same at
acoustical power about 1.75 W/cm2 and averaged nanoparticle size
about 50 nm. All the measurements are done atT=4.2 K.

FIG. 5. sad Dependence of the SHG and LEO on the acoustical
power for different samples: SHG, C1snd, C2 sjd, C3 sLd, C4
s3d; LEO, smd for C4. sbd Dependences of the effective second-
order optical susceptibility defined from the SHGs3d and LEOsmd
versus averaged nanoparticle sizes for the C4 samples at 13 kHz
and temperature about 5 K.
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From Fig. 5sad, one can see also several slight kinks in the
corresponding acoustic power dependences. These kinks
may indicate the contribution of anharmonic electron-
phonon interactions, similarly as in Refs. 2 and 3. Following
the general theory of anharmonic electron-phonon interac-
tions one can expect that these effects may be enhanced dur-
ing different kinds of phase transformations.6 It is crucial that
in the case of acoustic excitation we deal with changes of
macrosymmetry due to occurrence of an interaction between
the acoustic wave branches and the lowest quasiphonon
modes. Due to the transverse symmetry of acoustic waves
there occurs the possibility of creating a charge density non-
centrosymmetry.

In Fig. 5sbd there are presented additionally the depen-
dences ofdeff and reff versus averaged nanoparticle sizes.
Below 45 nm the effect almost disappears.

The performed temperature measurements of the SHG
have demonstrated that a large increase of the SHG is ob-
served below 55 Kfsee Fig. 6sadg. To study the origin of the
observed SHG and LEO enhancement we have done addi-
tional measurements using the DSC method. Comparing the
temperature dependences of the SHG, LEO, and DSCssee
Figs. 6 and 7d one can see a sufficiently good correlation of
the particular extrema of the DSC and the bending in the
SHG dependences. It means that the observed increase of the
SHG at temperatures below 55 K is caused by a phase trans-
formation that, in this case, does not possess temperature
hysteresis.

Phase transitions were also studied by Raman spectros-
copy ssee Fig. 8d at different applied acoustical powers for
additional clarification of the electron-phonon anharmonic
contributions. With increasing acoustical power the intensi-

ties of the Raman modes around 170 cm−1 also increase. The
analysis of the origin of the vibration modes was done using
the semiempiricalAM1 method within the quantum chemical
packageHYPERCHEM 7.0. We have established that the anhar-
monic modes originate from simple superposition of Ru-O
and Cr-O in the case of its presence, from the performed
evaluations. The noncentrosymmetric vibration modes with
frequencies 310 and 387 cm−1 possess relatively strong os-
cillator strengths. In the vicinity of the phase transitions, the
oscillator strengths of the corresponding modes should in-
crease due to increasing electron-phonon anharmonicity. It is
necessary to emphasize that outside the phase transition re-
gion we do not observe an increase of the corresponding
mode intensities. The enhancement of the acoustical power
up to 1 MHz leads to suppression of the corresponding an-
harmonic vibration modes.

Direct measurements of the spontaneous polarizationPs
near the critical temperature points did not indicate the oc-
currence of spontaneous polarizationPs with decreasing tem-
perature. So the phase transition mentioned has a nonferro-
electric origin.

The degree of the noncentrosymmetry is proportional to
the third-order nonlinear optical susceptibilities similarly to
electric-field-induced optical SHG. Simultaneously during
the phase transitions we have displacements of particular
ions from their equilibrium positionssparticularly due to
condensation of the “soft” phonon modes7d. The latter factor
explains additional contribution of the atom-displaced polar-
izations to the total noncentrosymmetry. Such behavior is
similar to the optical SHG temperature dependences during a
structural phase transition.

Finally we presentssee Fig. 9d the acoustical frequency
dependences of the output SHG and LEO for the acoustical
power 1.75 W/cm2. We revealeddeff maxima at frequencies
about 13 kHz and above 42 kHz. During the measurements,
we simultaneously monitored the efficiency of acoustical in-
teraction with the sample using the echo-pulse method. With-
out the acoustical field the SHG signal is substantially
smaller and its behavior is substantially different.

FIG. 6. Typical dependences of the SHGs3d and LEO smd
versus the temperature at optimal conditions.

FIG. 7. Temperature-dependent DSC signal3103 for the sample
C4 achieved at the optimal conditions.

FIG. 8. Behavior of the acoustically induced Raman modes at
T=5 K at different acoustical powers for C4: thin black line,
0.65 W/cm2; thick black line, 1.75 W/cm2 at 13 kHz acoustical
frequencies. The gray line corresponds to the frequencies of the
acoustical field about 1 MHz. All the measurements are done at the
optimal conditions for the second-order optical susceptibilities.
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The clear frequency-dependent behavior together with the
above Raman data and the absence of spontaneous polariza-
tion unambiguously indicate a domination of acoustically in-
duced electron-phonon interactions in the phenomena ob-
served.

The experimental data presentedssee Figs. 4–9d, particu-
larly nonlinear dependences versus the acoustical power, as
well as the sensitivity to low-temperature phase transforma-
tions, indicate that the origin of the observed phenomenon is
caused by the acoustically induced quasiphonons, effectively
interacting with the electron subsystems. The interaction has
an electrostricted nature and favors an acentric charge den-
sity distribution similarly to the SHG observed under an in-
fluence of the electron beam.2,3

The second-order nonlinear optical effects are described
by the third-order polar tensors. The latter are especially
large in ferroelectrics.3 In our case this possibility should be
excluded. Concerning the contributions due to the electro-
striction effect, it should be emphasized that the effect may
be observed also in centrosymmetric media due to fourth-
rank tensor symmetry.

We also have made similar SHG measurements for sev-
eral typical ferroelectric and photorefractive crystals. By
varying acoustical powers, strengths, and frequencies at dif-
ferent temperatures we have evaluated the corresponding
second-order susceptibilitiesssee Table IId.

In Table II maximally achieved values of SHG are pre-
sented. They clearly show that the obtained susceptibility
values are higher than for typical photorefractive materials.
At the moment it is difficult to perform a direct comparison
with the structure of the particular organic chromophore due
to possible destruction of the molecule within the matrices.

One can see that the Ru derivatives possess the highest
acoustically stimulated SHG among the well-known ferro-
electric and photorefractive crystals. This might be a conse-
quence of the simultaneous presence of strong electron-

quasiphonon anharmonic interaction typical for the solid-
state alloys and the presence of transition metalssRu or Crd.
The latter is caused by low-energy vibration modes stimu-
lated by an external low-frequency transverse acoustic field.
The stimulated nanoconfined quasiphonons in molecules of
nanosizesup to 3 nmd related to the localizedd states of Ru
may play here a crucial role. As a confirmation of this fact it
should be emphasized that in the case of the agglomeration
of the chromophoresincrease of effective nanosized the ef-
fect disappeared and replacement of Ru by other metals like
Zn drastically reduces the effect.

The present report presents experimental results which re-
quire substantial theoretical support. This work is now in
progress and will be the subject of a separate work.

IV. CONCLUSIONS

The occurrence of second-order optical susceptibility in
Ru-derivative nanocomposites was discovered under the in-
fluence of a low-frequencysabout 13 kHzd acoustic field.
The physical meaning of the effect observed is explained by
the coexistence of nanoco-fined chromophore levels and lo-
calizedd states of ruthenium.

The observed effect was maximal for parallel directions
of the acoustic displacement field and fundamental light
beam polarization. The significant increase of the SHG be-
low 55 K and its correlation with the DSC data indicates a
crucial role of electron-phonon anharmonicity stimulated by
an external acoustic field in the observed phenomenon. The
investigated Ru possesses higher second-order susceptibilites
compared to the known ferroelectric and photorefractive
crystals. This might be the consequence of simultaneous
presence of strong electron-quasiphonon anharmonic interac-
tion typical for solid-state alloys and the presence of transi-
tion metalssRu or Crd stimulated by external fields. As a
confirmation of this fact it should be emphasized that in the
case of the agglomeration of the chromophore the effect dis-
appears and replacement of the Ru by other metals like Zn
drastically reduces the effect.

TABLE II. Typical values of the acoustically induced SHG for
several ferroelectric and photorefractive crystals.

Type of sample
Maximal AlO SHG valuespm/Vd

stemperature at which it is achievedd

Bi12SiO20 sRef. 3d 0.06 s96 Kd
Ba2NaNb5O15 sRef. 3d 0.17 s106 Kd
Bi4Ge3O12 sRef. 3d 0.36 s153 Kd
LiNbO3 sRef. 3d 0.12 s92 Kd
PbGe3O14 sRef. 3d 0.24 s35 Kd
C4 0.80s4.2 Kd
PGB sRef. 3d 0.61 s4.2 Kd

FIG. 9. Dependence of the acoustically induced second-order
nonlinear optical susceptibility tensor componentdyyy SHG versus
the acoustical frequency at acoustical power 1.75 W/cm2 for the
compound C1 atT=5 K.
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