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Second-order optical effects in organometallic nanocomposites induced by an acoustic field
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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 methacryR#MA) polymer matrix. As
second-order optical effects we studied second-harmonic genef&id®@ and linear electro-opticd.EO)
phenomena. The physical insight of the effect observed consists in a coexistence of nanocofined chromophore
levels and localized 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*Gatser light(\ =1.76 um) increases
and achieves a maximum value at acoustic power density of about 1.453VThevalues 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.

DOI: 10.1103/PhysRevB.71.035119 PACS nunt®er42.70.Mp

I. INTRODUCTION an external acoustic field. We have chosen ruthenium alkynyl

Optical second-harmonic generati8HG) induced by an ~ derivatives, which are currently the subject of increasing at-
acoustical field was first observed in Ref. 1. Similar phenomtention due to the large nonlinear optiddLO) response
ena were also observed in several composites, both in bulk aghich they can possess dueder charge transfet.Analo-
well as in large-sized nanocrystallite sampiéJhe effectis  gously to ferrocene, the metal acts as the donor group. More-
generally explained by a noncentrosymmetric spatial chargever, the presence of the Ru atoms could give enhancement
density distribution of photocarrier excitation under an exterin low-frequency quasiphonorvibration) modes (“soft”
nal acoustical fieltldue to electrostrictiofiphotoacoustical mode$, which determine anharmonic electron-phonon
effects. Existence of charge density noncentrosymmetry is mteractions—8
necessary condition for observation of second-order optical In this experiment we have investigated the SHG and lin-
effects described by third-rank polar tensors. This effect camrar electro-optic§LEO) in a series of ruthenium alkynyl
be explained within a framework of interaction of electron- systems, particularly versus acoustic power, frequency, and
hole and electron-phonon subsystems resulting in acentriemperature. Guest-host chromophores are being widely in-
output of the charge density distribution. One can guess thatestigated and the observed SHG could be an additional mo-
incorporated organometallic chromophores in an opticallytivation for their detailed study, particularly concerning the
transparent and electrically neutral matrix like polymethylelectron-phonon anharmonic interactions. Comparison with
methacrylat§ PMMA) polymers may be considered a prom- several other photorefractive ferroelectric crystals will be
ising way to obtain second-order optical effects induced bydiscussed.
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FIG. 1. Synthetic procedures
to obtain the alkynyl derivatives

(v) [RuCldppe,][TfO] 0.25

Ph p PPh ©) mmol, A1 0.30 mmol, CHCI, 40
2% 2 thp‘ PPh, H TfO mL, room temperaturéRT) 20 h;

Cl—RU_C—C_D <‘ : CI—-Ru—C—-C (vi) 1,8-diazabicyclfb.4.0Jundec-
Ph2P PPh, pth PPh2 &’X 7-ene(DBU) 0.50 mmol, CHClI,

40 mL, RT, 1 h; (vi)

\\ \
co § _co c 0 [RuCKdppe,][TfO] 0.50 mmol,
H A2-4 0.60 mmol, CHCI, 50 mL,
1) RT, 20 h; (vii) EtN 1 mmol,
(viii CH,Cl, 20 mL, RT, 1 h.
(c1 T= thiophene PhZP‘ PPh,
(C2) T= terthiophene
(C3) T= thiophene-ene-thiophene Cl‘RU—C—C l::_ﬁ
(ca) T= bithiophene Ph2P PPh2
(C2-4)
Il. EXPERIMENTAL DETAILS 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
The synthesis of alkynyl complexes C1 and CZF#). 1) that under the influence of laser light, particularly of power
was performed by the method described in Ref. 9. The syndensity higher than 450 MW/ch little destruction of the
thesis of the new alkyne@1 and A2-4 follows the proce-  chromophore has occurred; however, in the PMMA matrix
dure outlined in Fig. 2. Sonogashira couplifgnhich was  this degradation does not exceed 7.2%, and the major part of
used to prepare the trimethylsilyl-protected alkynes Sil-4 ithe molecule participated in the desired processes. Varying
good yields which were then reacted in the standard manngkre concentration of the dopants within 3.5-7 % we were
to give the teminal alkynes Al-4. Isolation of the gple to use effective sizes of the nanoparticles within the
trimethylsilyl-protected alkyne intermediates Si2—4 offeredrange 5-60 nm. The investigated composite samples had the
no advantage in terms of yield and purity. An advantage irform of parallelepipeds with dimensions of about<3
purity and yield of the final product A1 was achieved by x 0.7 mm?
isolating the trimethylsilyl-protected alkyne Sil and reacting The chemical structure of the studied compounds and
it with the arene chrome tricarbonyle phosphonate anioRheir uv spectra are presented in Table I.
(Horner-Emmons-Wadsworth couplifiy 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 The principal setup for the SHG and LEO measurements
NMR methods. is shown in Fig. 3. A pulsed mode-locked ByYAB laser
The obtained chromophore molecules were incorporateéh=1.76 um) was used to avoid a possible spectral overlap
into the PMMA matrix. The investigated samples were pre-with luminescence of the chromophore. The gadollimium-
pared as a mixturefod g of PMMA and 0.035 g of chro- doped yttrium aluminum garné6d:YAG) laser had the fol-
mophore and dissolved in 30 mL of chloroform in an argonlowing parameters: pulse power density 2.5 MW; pulse time
atmosphere. This mixture was prepared using a magnetiduration 15 ps; frequency repetition 15 Hz; beam spot diam-
stirrer and they were put in an alumina crucible after thateter 1.8 mm. The samples had refractive indices 1.51 and

A. Sample preparation

B. Measurement setup
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1.62 for the fundamental and doubled laser beam frequency, The incident laser beam was polarized using polarizer P1
respectively. These parameters were controlled by the Obre{with degree of polarization of about 99.99Y%nd the out-
mov method. The induced birefringence was measured bgut doubled-frequency SHG light intensities were detected
the traditional Senarmont method and was less thaa. 10 using photomultiplier PM1 connected with a 690 ps gate
The acoustic power was applied to investigate compositeglectronic boxcar. The short-time pulse duration allowed
using a LiNbQ piezoelectric acoustic transduceiT), al-  avoiding an increase of local temperature. The laser beam
lowing varying the frequencies within the spectral range lyas spatially filtered in order to obtain a homogeneous light
Hz-1.1 MHz. The acoustical transducer was glued 10 they sfile (usually a Gaussian-like shape profile sequémpaes-
surface of the sample. The setup allowed the transfer of up thssing per-pulse-energy power densities varying within the
46% of the acoustic power to the composite. The angle be0.6_1.2 GW/crh range. A grating spectrophotometer SP

tween the composite surface and incident beam direcbion parated the fundamental beam of the'B laser (A

was changed to obtain the angle dependencies of the SH%e _

within the Maker fringe scheme. =1.76 um) from the SHG()\—.O.SS,um) as well as from the
Using an attenuator Asee Fig. 3 we were able to vary scattered background. For incident and output beam ener-

the power density within the range 0.1-2.5 MW per pulse. [9i€S, monitoring photomultipliers PM1 and PM2 connected
was particularly important during measurements of the LEO!C the computer PG were used. _ .

In this case we have used the traditional Senarmont scheme During evaluation of the second-order nonlinear optical
for measurement of the Pockels effect. Applying an electrid®€Sponse; we measured light intensitiédor the w and 2v
field E with frequency up to hundreds of kilohertz and am-laser frequencies. The evaluation of the nonlinear optical
plitudes about 2 kV we have determined LEO effects withinsusceptibilityy; was performed using a method described in
a Senarmont scheme using the polarizer P1, and analyzer Befs. 3 and 12.

together with a\/4 plate supplied to monitor the angle nec-  We have performed evaluations by taking into account the
essary for compensation of the transparent light passingngle-dependent birefringenda, and changes of thickness
through the system of the crossed polarizers. The birefrindy by applying the following expression:

gence was determined from the equation

Ao | =g SirP(mAnydy/\) 2

do wherel and |, are the output and incident light intensities,
where ¢ is the measured angle for the given wavelength respectively. The polarization of the optical beam was paral-
and the effective sample thicknessdig lel to the polarization of the acoustic wave polarization for

An,=

()
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TABLE |. Chemical structure of the studied compounds and their uv spectra.

Studied compounds Spectra
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FIG. 3. Principal schema of
& op the acoustically stimulated SHG

experiment, BS, beam splitter;
I_“_,M M1, M2, mirrors; P1, P2, polariz-
SR g ers; A, attenuator; S, specimens

kept in liquid helium cryostat; SP,
spectrograph; PM1, PM2, photo-
multipliers; PC, personnal com-
puter; DL, delaying line; &,
complement of the angle of inci-
dence onto the samplg&;, applied
electric field.

A=1.76 pm 0.1-2.5 MW

M1
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FIG. 4. Typical dependences of the acoustically induced optical @ APD[W/cmz]

SHG versus the effective specimen thickness at acoustical fre-
quency 13 kHz and different acoustical powers: curide
0.79 W/cn#; curveC, 1.75 W/cn? for the C4 sample for averaged 1.5
nanoparticle size about 5 nm. The curize shows the same at
acoustical power about 1.75 W/érand averaged nanoparticle size
about 50 nm. All the measurements are dong&=a#.2 K.

deffyreff [pm/V]

every angled between the laser beam propagation and com-
posite’s surface.

To monitor the possible phase transitions we applied the
differential scanning calorimetri¢€DSC) method, which is
sensitive to structural transitions or chemical transforma-
tions. Our equipment consisted of a Netzsch STA 406C DSC ) d[nm)
instrument with low-temperature controller TASC 414/3
(Netzsch, stabilizing the cooling rate process. The powder- |G, 5. (a) Dependence of the SHG and LEO on the acoustical
like sample was put in an AD; crucible. The sample was power for different samples: SHG, Q1\), C2 (M), C3 (¢), C4
cooled from ambient temperature to 4.2 K in an argon atmo¢x); LEO, (A) for C4. (b) Dependences of the effective second-
sphere with a rate of 0.18 K per min and thermostabilizatiororder optical susceptibility defined from the SH®) and LEO(A)
of up to 0.1 K. We performed measurements during bothersus averaged nanoparticle sizes for the C4 samples at 13 kHz
cooling and heating regimes to achieve additional control oiind temperature about 5 K.
possible ferroelectric spontaneous polarizatiBp occur-
rence. The traditional Tower-Sower method gave the possi- We varied effective thickness of the sample by rotating it
bility to evaluatePs with precision up to 0.5xC/cn?. Addi-  with respect to the light beam propagation. For each angle,
tionally we have measured Raman scattering spectra usingthe appropriate light power components were evaluated, tak-
Kr laser (\=745 nm as a light source. We have indicated ing into account Fresnel losses and the projection of the ef-
the chromophores by special letters for our conveniésee fective optical path as well as birefringence. To simplify the
Table ). evaluation, final measurements were done for parallel direc-

tions of the acoustic wave polarizatigacoustic field dis-

placementand probing light polarization beams. The accu-
IIl. RESULTS AND DISCUSSION racy of determination of nonlinear optical susceptibility after

such procedure was equal to about 0.1 pm/V. As a SHG

All the observed SHG dependences have shown similareference sample we have used a single crystal of potassium
behavior versus the angle between the beam propagation adihydrogen phosphatégKDP).
the normal to the sample surface. Typical Maker fringence Dependences of the SHG on the acoustic power density
angle dependencies of the SHG at different acoustical powetre generally nonlinedisee Fig. 5a)]. One can clearly see
densities versus effective thickness for compound C4 aréhat maximum increase of the SHG is observed at acoustic
shown in Fig. 4. The Maker fringe oscillatiorisee Fig. 4  power densities of 1-1.7 W/dmincreasing differences for
are enhanced by intensities with increasing acoustical powe€4 compared C3, C2, and C1 exist. We present the SHG
At the same time for the enhancement of averaged nanopalehavior corresponding to the maximum SHG output which
ticle sizes up to about 50 nm the effect drastically decreasesas achieved at temperature about 4.2 K and acoustic fre-
due to chromophore particle agglomeration. quency about 13 kHz. It is necessary to emphasize that at

Maximal output SHG intensities were achieved for paral-megahertz frequencies the effect disappears. The value of the
lel directions of the transverse acoustical wave displacemendffective LEO coefficient demonstrates almost a similar de-
and polarization of the incident laser beam. pendence versus acoustical field as the SHG.
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FIG. 6. Typical dependences of the SH&) and LEO (A)

versus the temperature at optimal conditions. FIG. 8. Behavior of the acoustically induced Raman modes at
T=5K at different acoustical powers for C4: thin black line,

From Fig. a), one can see also several slight kinks in the0.65 W/cn#; thick black line, 1.75 W/crhat 13 kHz acoustical
corresponding acoustic power dependences. These kinlequencies. The gray line corresponds to the frequencies of the
may indicate the contribution of anharmonic electron-acoustical field about 1 MHz. All the measurements are done at the
phonon interactions, similarly as in Refs. 2 and 3. Followingoptimal conditions for the second-order optical susceptibilities.
the general theory of anharmonic electron-phonon interac-
tions one can expect that these effects may be enhanced dties of the Raman modes around 170 ¢miso increase. The
ing different kinds of phase transformatidhi.is crucial that  analysis of the origin of the vibration modes was done using
in the case of acoustic excitation we deal with changes ofhe semiempiricahM1 method within the quantum chemical
macrosymmetry due to occurrence of an interaction betweepackageHYPERCHEM 7.0 We have established that the anhar-
the acoustic wave branches and the lowest quasiphonanonic modes originate from simple superposition of Ru-O
modes. Due to the transverse symmetry of acoustic wavesnd Cr-O in the case of its presence, from the performed
there occurs the possibility of creating a charge density nonevaluations. The noncentrosymmetric vibration modes with
centrosymmetry. frequencies 310 and 387 Cpossess relatively strong os-

In Fig. 5b) there are presented additionally the depen-illator strengths. In the vicinity of the phase transitions, the
dences ofds and ri versus averaged nanoparticle sizes.oscillator strengths of the corresponding modes should in-
Below 45 nm the effect almost disappears. crease due to increasing electron-phonon anharmonicity. It is

The performed temperature measurements of the SHGecessary to emphasize that outside the phase transition re-
have demonstrated that a large increase of the SHG is olgion we do not observe an increase of the corresponding
served below 55 Ksee Fig. 6a)]. To study the origin of the mode intensities. The enhancement of the acoustical power
observed SHG and LEO enhancement we have done addip to 1 MHz leads to suppression of the corresponding an-
tional measurements using the DSC method. Comparing thearmonic vibration modes.
temperature dependences of the SHG, LEO, and [x%€ Direct measurements of the spontaneous polarize®ion
Figs. 6 and Y one can see a sufficiently good correlation of near the critical temperature points did not indicate the oc-
the particular extrema of the DSC and the bending in theurrence of spontaneous polarizat®ywith decreasing tem-
SHG dependences. It means that the observed increase of therature. So the phase transition mentioned has a nonferro-
SHG at temperatures below 55 K is caused by a phase transtectric origin.
formation that, in this case, does not possess temperature The degree of the noncentrosymmetry is proportional to
hysteresis. the third-order nonlinear optical susceptibilities similarly to

Phase transitions were also studied by Raman spectrosfectric-field-induced optical SHG. Simultaneously during
copy (see Fig. 8 at different applied acoustical powers for the phase transitions we have displacements of particular
additional clarification of the electron-phonon anharmonicions from their equilibrium positiongparticularly due to
contributions. With increasing acoustical power the intensicondensation of the “soft” phonon modgsThe latter factor
explains additional contribution of the atom-displaced polar-

% | izations to the total noncentrosymmetry. Such behavior is
N similar to the optical SHG temperature dependences during a
g 0 N structural phase transition.
§ 2 44 Finally we presentsee Fig. 9 the acoustical frequency
o .25 14 —E dependences of the output SHG and LEO for the acoustical
power 1.75 W/cri. We revealedl,; maxima at frequencies
50 H about 13 kHz and above 42 kHz. During the measurements,
T we simultaneously monitored the efficiency of acoustical in-

teraction with the sample using the echo-pulse method. With-
FIG. 7. Temperature-dependent DSC sigrale® for the sample  out the acoustical field the SHG signal is substantially
C4 achieved at the optimal conditions. smaller and its behavior is substantially different.
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1.5 TABLE Il. Typical values of the acoustically induced SHG for
several ferroelectric and photorefractive crystals.
— 1 //\\ Maximal AIO SHG value(pm/V)
E / ’\ \ Type of sample (temperature at which it is achieved
2 / —
3 05 ‘// \ \ Py BiL,SiOy (Ref. 3 0.06 (96 K)
y /' \\\\/?—.QE Ba,NaNb;O;5 (Ref. 3 0.17 (106 K)
—r Bi,Ge;01, (Ref. 3 0.36 (153 K)
0 LiNbO3 (Ref. 3 0.12(92 K)
PbGgO,, (Ref. 3 0.24(35 K)
4 24 44 C4 0.80(4.2 K)
fikHz] PGB (Ref. 3 0.61(4.2 K)

FIG. 9. Dependence of the acoustically induced second-order
nonlinear optical susceptibility tensor componepf, SHG versus
the acoustical frequency at acoustical power 1.75 W/ &on the
compound C1 afT=5 K.

quasiphonon anharmonic interaction typical for the solid-
state alloys and the presence of transition mdRisor Cy.
The latter is caused by low-energy vibration modes stimu-

The clear frequency-dependent behavior together with théated by an external low-frequency transverse acoustic field.
above Raman data and the absence of spontaneous polariZée stimulated nanoconfined quasiphonons in molecules of
tion unambiguously indicate a domination of acoustically in-nanosize(up to 3 nn) related to the localized states of Ru
duced electron-phonon interactions in the phenomena ohmay play here a crucial role. As a confirmation of this fact it
served. should be emphasized that in the case of the agglomeration

The experimental data presentege Figs. 4-9 particu-  of the chromophoréincrease of effective nanosizéhe ef-
larly nonlinear dependences versus the acoustical power, #sct disappeared and replacement of Ru by other metals like
well as the sensitivity to low-temperature phase transformazn drastically reduces the effect.
tions, indicate that the origin of the observed phenomenon is The present report presents experimental results which re-
caused by the acoustically induced quasiphonons, effectiveljuire substantial theoretical support. This work is now in
interacting with the electron subsystems. The interaction hagrogress and will be the subject of a separate work.
an electrostricted nature and favors an acentric charge den-
sity distribution similarly to the SHG observed under an in-
fluence of the electron beatd.

The second-order nonlinear optical effects are described The occurrence of second-order optical susceptibility in
by the third-order polar tensors. The latter are especialljRu-derivative nanocomposites was discovered under the in-
large in ferroelectricd.In our case this possibility should be fluence of a low-frequencyabout 13 kHz acoustic field.
excluded. Concerning the contributions due to the electroThe physical meaning of the effect observed is explained by
striction effect, it should be emphasized that the effect mayhe coexistence of nanoco-fined chromophore levels and lo-
be observed also in centrosymmetric media due to fourthealizedd states of ruthenium.
rank tensor symmetry. The observed effect was maximal for parallel directions

We also have made similar SHG measurements for sewef the acoustic displacement field and fundamental light
eral typical ferroelectric and photorefractive crystals. Bybeam polarization. The significant increase of the SHG be-
varying acoustical powers, strengths, and frequencies at difow 55 K and its correlation with the DSC data indicates a
ferent temperatures we have evaluated the correspondirgucial role of electron-phonon anharmonicity stimulated by
second-order susceptibiliti€see Table ). an external acoustic field in the observed phenomenon. The

In Table Il maximally achieved values of SHG are pre-investigated Ru possesses higher second-order susceptibilites
sented. They clearly show that the obtained susceptibilitcompared to the known ferroelectric and photorefractive
values are higher than for typical photorefractive materialscrystals. This might be the consequence of simultaneous
At the moment it is difficult to perform a direct comparison presence of strong electron-quasiphonon anharmonic interac-
with the structure of the particular organic chromophore dudion typical for solid-state alloys and the presence of transi-
to possible destruction of the molecule within the matrices.tion metals(Ru or Cp stimulated by external fields. As a

One can see that the Ru derivatives possess the highesinfirmation of this fact it should be emphasized that in the
acoustically stimulated SHG among the well-known ferro-case of the agglomeration of the chromophore the effect dis-
electric and photorefractive crystals. This might be a conseappears and replacement of the Ru by other metals like Zn
guence of the simultaneous presence of strong electromrastically reduces the effect.

IV. CONCLUSIONS
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