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Piezoelectric contributions to pulsed degenerate four-wave mixing
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The existence of geometry and pulse-length-dependent piezoelectric contributions to pulsed
degenerate four-wave mixing is demonstrated experimentally. These effects must be taken into
account when measuring third-order susceptibilities in noncentrosymmetric material200©
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In solid-state materials lacking a center of symmetry, Pﬁ,OR)(w=0,ka)=Eo)(ffj?(O,—w,w)
cascaded second-order nonlinear optical efféctsespe-
cially the combination of optical rectification and the linear XEj(—w,~kg)Ei(w,ky), @)
electro-optic effect, are an important contribution to degen- ) . i
erate four-wave mixingDFWM),*® an experimental tool wheree, is the permittivity of vacuumeq(w,k) is the com-
widely used to measure the third-order nonlinear optical susponent of the electric-field amplitude alony Eq(~o,

o ; ) : . —k) is its complex conjugate, ang{;)(0,~ w,w) is the
cepn_bﬂny. T_h|s quantity determines the magnltu_de of S&V"second-order susceptibility describing optical rectification
eral interesting phenomefiamong which the optical Kerr

) _ i _and the linear electro-optic effect. It is related to the standard
effect, self-phase modulation, soliton formation, and the INelectro-optic  coefficients fij by X(kﬂ)(oﬁw,w)

teraction of different optical waves, with applications like — _(1/2)ni2nj2rijkv wheren; is the refractive index for light

optical limiting and all-optical switching. polarized along thé axis. An analogous expression gives the
In order to extract an accurate value of the third-orderrectified polarization with wave vectds, S
susceptibility of noncentrosymmetric materials from a  The electro-optic interaction of one of the input beams
DFWM experiment, it is necessary to take into account thewith these optical rectification gratings contributes to
peculiar geometry dependences introduced by second-ord®FWM, and can be represented by two effective nonlinear
effects*>’ They can both lead to misleading results, if ig- optical susceptibility tensorsg:‘j*,‘(I and)(:‘j‘,’(I , which must be
nored, or to alternative possibilities for calibrating DFWM added to the genuine third-order susceptibij&fﬁ), to get an
experimental setups, if properly taken into accouSome  effective susceptibility tensqei(f‘k)l'EFFthat describes DFWM
predicted effects of the electro-optic and optical rectificationin noncentrosymmetric materials. More details about the no-
contributions to DFWM have been observed in Refs. 4, 5menclature used here for these tensors can be found in Ref.
and 7. This letter now reports the experimental observatio®- The results of Ref. 5 can be cast in the form:

of another, associated effect: the nanosecond fast piezoelec-

tric relaxation whose contributions to DFWM were calcu- Ka 1,050 Sqp

2= —NENTNEN Tkl i ko) + , 2
lated in Ref. 5. This is important because the possibility of Xkl 6 11 K 1 Tika'jip Laplka) €ppt 2 @
piezoelectric relaxation introduces additional dependencies
of the DFWM signal from the angle between the interacting ko _ En-zn-znznzr- e 2 ko)t Sqp 3
beams and from the pulse length. This must be taken into Xijki = g M M Tingjkp| Sapt Kb ppt 2]

account in order to be able to compare experimental results

obtained with different DFWM setups. wherer;; and ¢;; are effective electro-optic and dielectric
At the origin of the piezoelectric contributions discussedtensors to be discussed belod,,=0,q+ p; dqp,=1,9=p,

in this work are two space-modulated rectified polarizationgnd {qp(K) is

induced by two pairs of interacting waves in DFWM. For the

experimental configuration shown schematically in Fig. 1, Kk sample K I K
. o . ) 2 ky, 3
the rectified polarizations can be described by two si{@aiic J\ eEC—————eo
the time scale of the pulse length used in DFWplane 3 ~~ |- Kk ¢_
- 45 Lo K @/(’ ~X a
waves with wave vectork, andk,.™> Approximating the 3y o ®
interacting beams and the generated polarizations by planeKk4 Ky ky

waves with real amplitude (1/2Yw,k)exdi(wt—k-x)]

+c.c. and complex ampIitudA(w k) one can write the FIG. 1. DFWM geometry of interest. The experimental configuration with
T the interacting wave vectors is shown on the left, while the wave-vector

complex ampMUde of the rectified pOIa”Zatlon with wave coordinates are plotted on the rigtit,, given by the white circle, is the
VeC'[OI’ka as wave vector of the signal beanirhe plot also shows the wave vectdrs
andk,, of the optical rectification gratings that are responsible for the largest
second-order contributions to DFWM. For clarity, the abscissa and ordinate
¥Electronic mail: biaggio@phys.ethz.ch axes are not in scale.
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[ns laser | o To experimentally demonstrate the existence of the pi-
* BS1 . . . . .
ezoelectric contribution, and to relate its magnitude to the

A predicted theoretical value, it is better to focus on the recti-
sy fied polarization grating with the shorter wave veclqy.
BS2 S When the duration of the laser pulse is similar to the acoustic
1 §<HW A wave propagation time discussed above, the effect of piezo-
\X " electric relaxation can be observed by using a nanosecond

laser in the experimental configuration of Fig. 1 and measur-
M e e ing the DFWM signal as a function of the angbebetween

the interacting beams, which is related to the spatial period
FIG. 2. DFWM experimental setup. The individual path lengths of the three 9 P P

input nanosecond pulses are the same. The path lengths of beams 1 and 2 ezZﬂ'/lfa of the_ optical rectification grgting byA
made equal by adjusting the sample position. The path length of beam 3 i A\/[ 2 Sin(B/2)], with \ the laser wavelength in vacuum.

fith%dhbrll/ moving ";i"Qf Mﬁ on the e"ipiédf_awn dasheg‘ ': the figlu)fe ; Barium titanate (BaTi@) is a good candidate to observe
e e e o s e e e vy hese ffects because s eleciro-opic, piezoelectic, and elas-
(marked by a crogswhere the path lengths of beams 1 and 3 are equal. tiC properties are well characterized, and because it has large
electro-optic coefficients. All the relevant material param-
eters have been tabulated in Ref. 8 and the dispersion of the
_ ke lectro-optic coefficients is given in Ref. 9. BaTj@as te-
Lqp(K)=— 2. (4)  electro-optic coefficients is given in Ref. 9. akibas e
K€Ky tragonal symmetry with point groummyé, with thec axis
In Egs.(2) and(3), £, can be substituted witti,=0 for a paral!el 'Fo the ferroelectric polarigation. The pieztknﬁlectric
transverse polarizatiofiperpendicular tok) and with £,, ~ contribution is expected to be particularly strong g,
= — 84p/ €pp for a longitudinal polarization(parallel tok)  i.e., for the contribution of the optical rectification grating
oriented along the axis. with wave vectok, when thec axis of the crystal is parallel
Piezoelectric effects become important when the propato k,. Numerical values are given below. They were all
gation time of an acoustic elastic wave over a distance equalalculated using the material parameters in Refs. 8 and 9 at a
to the modulation period of the rectified polarizatiph wavelength of 1.06um.
=2mlk, for Eqg. (1)] is shorter than the laser pulse length The DFWM experiments were realized with a
used. In this case a strain pattern can be established in tl@-switched laser producing 7-ns-long pulses at a wavelength
crystal while the interacting pulses are still present, and ibf 1.064 um and the experimental setup shown in Fig. 2.
leads to additional contributions to the DFWM signal. TheseThis setup has been especially constructed to allow a rela-
additional contributions can be included in the limit of long tively easy adjustment of the angle between the beams while
wave vectors by using, in Eq$2)—(4), effective electro- keeping the path lengths of all beams, and therefore, the
optic and dielectric tensors that take into account that theelative coherence of the interacting pulses, constant. To
crystal—because of the sinusoidal spatial modulation of theneasure the effective susceptibiligi>45™", beams 1 and 2
rectified polarizations—is neither in a completely strain-freewere polarized in the plane of incidence, while beams 3 and
case, nor in a completely stress-free case. These effectivewere polarized perpendicular to(lty the half-wave plate

tensors can be calculated“by marked “HW” in Fig. 2).
non A For the BaTiQ crystal oriented as in Fig. 2, with its
Fik(K) =T 5+ Piimn€iuRnku(A™ i, 5 . Q. y kqllc 9
axis in the beam incidence plang,j.; contributes to the
1 signal, and it is proportional tor(z)%/(e;+2) [see Eq.
(K= €S+ Kk ke e -1 ' it
eij(K)=eif+ € Kniimi€iin(AJmi, ©) (2)]. It can be calculated to bexﬁ”agz(224i45)

. . . X 10~ ??m?/V? when the strain-free tensor components are
wherek is the wave vector of the corresponding optical rec- . LT .
used® When elastic relaxation is allowed, the effective

tification gratmg[_seeSE-q(l)], Fij 1S thg electro-optic tensor electro-optic and dielectric coefficients of Ed5) and (6)
at constant straing;; is the dielectric tensor at constant ke T o2
must be used, resulting ig,2,.=(355+ 70)X 10" ““m/V~.

strain, k;=k; /K, pjj« is the elasto-optic tensog;j, is the > 1133 _ ) _
piezoelectric tenSOVAiFCEH k%, and CiEjkI is the elastic  The errors are estimated on the basis of B0% uncertainty

stiffness tensor. For short wave vectors the crystal has ni the dielectric and electro-optic tensérhe inclusion of
time to elastically relax anduk(k)zfﬁk Gij(k)=6ﬁ. piezoelectric effects does not lead to larger uncertainties
This leads to a dependence of the third-order susceptR€cause—in this particular case in BakiConly a shear
bility determined in DFWM on the length of the wave vector deformation can be induced, and the effective tensors calcu-
of the rectified polarization grating, a fact that influenceslated from Eqs(5) and(6) correspond to the stress-free val-
DFWM measurements in various ways. As an example, ires, which can be taken directly from Ref. 9. The magnitude
the arrangement of Fig. 1 the wave veclgy is generally of the total piezoelectric contribution in this case is thus
quite long, and piezoelectric relaxation can already becom@xpected to be (13060)x 10~ **m?/V? (the error takes into
possible in some picoseconds. Thkgcontribution will thus ~ account that this value is calculated from a difference, but
be different for experiments performed, e.g., with 100 psalso that any errors in the strain-free and stress-free values of
pulses and for experiments performed with 1 ps pulsesthe material tensors are not necessarily uncorrelafEide

However, to directly observe such an effect, one would neegontribution from the rectification grating with wave vector
kbLC_

to tune, {he.prse ength. Whish 4s JMRRACHCAL ibuion subject 1o SorS SXEE AL ran kR4 AR ADan LAY fhecause there
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B [mrad] phonons for longer wave vectors can clearly be seen as the
200 100 50 20 increase of the third-order susceptibility when the angle be-
2H 'i' " i' =TT T ' ] tween the beams increases. The transition from a lower to a
o i ! i higher susceptibility value does indeed take place for a pe-
} — | i | riod of the rectified polarization grating around 20n, as
aa s iiii i expected from the estimation above. The ratio between the
= two susceptibility values at short and long wave vectors is
>~ iy 7] higher than the value calculated above, but is within the ex-
Foen pected uncertainties. The value Pﬁ‘;{x:iﬁ measured at
& E’ - 1 short wave vectors is somewhat lower than what is expected
= from the calculated values of the second-order
ol + 4 11 . . L contributions, but this small discrepancy is also within the
5 678 10 20 30 40 5060 experimental error.

A [um] The piezoelectric effect whose signature is visible in Fig.
FIG. 3. Effective third-order susceptibility vs the angB between the 3 is peculiar to DFWM in noncentrosymmemc mate”als'. In
beams, or vs the spatial period of the rectified polarization grating/( contrast to the example of thermal gratings, where—given
=27/k,=\[2 sin8/2)]). short enough pulses—acoustic phonons can be induced and

detected(as an oscillation of the signal intensity as a func-
_ _ o _ tion of the delay time of the probe pulseo matter what the

any piezoelectric contrlbutlon_ vanishes by symmetry, as fOI'magnitude of the wave vectér, is, in the process observed
lows from Eq.(5). The experimental value of the effective oo acoustic phonons only contribute to the signal if their
DFWM third-order susceptibility should thus increase by ap-.paracteristic frequencygiven by the the speed of sound

pro>§|mately (25-13)% over its (566:80)<10 szzNz divided by the spatial period of the rectification grajing
strain-free valuéwhen the wave vector of the rectified po- higher than the frequency content of the laser pulses. Their
larization increases to a magnitude that allows for elastiGtact can only be seen as a dependence of the DFWM signal
relaxation during the pulse duration. o from the pulse length, or from the angle between the beams.
The beam intersection angle when this increase takes i should be noted that in this experiment the beams
place is given by the modulation perioii=2m/k, of the  inq,,cing the rectified polarization gratings are always polar-
rectified polarization grating for which the propagation time,eq perpendicular to each other, so that there is no light
of a transverse acoustic wave is similar to the pulse d“ratiofhtensity modulation with wave vectde, or k,. A genera-
of 7 ns. From the relevant speeq of sound of a transversgy of acoustic phonons by transient temperature gratings
wave,v = \Cr;dp=3.18um/ns(p is the mass densityone  can therefore, be excluded, together with any other effects
gets A=20um. This corresponds to a beam |ntersectlonre|ying on spatially inhomogeneous energy deposition.
angle between 50 and 60 mrad. _ In conclusion, the measurements presented above give a
An important fact that can be exploited for the measure-jear demonstration of the existence of piezoelectric contri-
ments is that when the BaTi@rystal is orlentedkvlncth '€ putions to pulsed DFWM, which must be taken into account
axis perpendicular to the beam incidence plang,; van-  in order to determine reliable values of third-order suscepti-
ishes almost completefyFor this crystal orientation no de- pilities in noncentrosymmetric materials, and to be able to
pendence of the DFWM signal from the beam intersectiorcompare DFWM experiments performed with different pulse

angle B is expected. In addition, for botbllk, andcl k,, lengths or experimental setups.
Xﬁég is the same and independent of the angle between the
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