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Cascaded coherent Raman scattering by
phonon polaritons

G. Kh. Kitaeva,* K. A. Kuznetsov, A. A. Mikhailovsky and A. N. Penin
Department of Physics, Moscow State University, 119899 Moscow, Russia

We consider the cascaded part of coherent four-wave Raman scattering in crystals without inversion
symmetry as a method of spectroscopy of phonon polaritons. The theory of this effect is developed accounting
for the limited dimensions of the scattering area and imaginary character of the non-linear susceptibilities.
The experimental results for four-wave cascaded scattering by polaritons in crystals of Lil@, LiNbO ;: Mg
and LiNbO3: Mg : Nd are presented. The effect of narrowing of the polariton lineshape is observed in doped
LiNbO 3 in the region of strong polariton absorption. The probable nature of the narrowing, connected with
the excitation of the electronic states during the four-wave mixing, is discussed. Copyrig® 2000 John
Wiley & Sons, Ltd.

polariton, and the dispersion characteristics of all other
waves are known, this effect can be used as a method for
polariton investigation.

The dispersion characteristics of phonon polaritons are The first work on coherent four-wave scattering by
directly related to phonon parameters, such as frequen-polaritons in a medium without inversion symmetry was
cies, damping constants and oscillator strengths. Owing toperformed in the 1960%;in the 1970s, most studies
the strong dependence on the phonon oscillator strengthwere dedicated to the analysis of the interference of
polariton dispersion is extremely sensitive to various small direct and cascaded four-wave mixing processes and the
changes in the medium composition or structure. Weak investigation of the cubic non-linear susceptibilig®
second-order or impurity polar phonon resonance can dispersior’.*°Now the effect of cascaded four-wave scat-
be observed in polariton spectra rather than in Ramantering has been successfully used in time- and space-
spectra. Usually polariton dispersion in crystals without resolved studies of polaritons!? In this paper, we con-
inversion symmetry is studied in the scheme of the near- Sider stationary coherent four-wave Raman scattefitg.
forward Raman scattering. Most of the scattered light In the case of the frequency—wavevector domain scheme,
intensity is provided by the second-order susceptibility the dependence of the signal intensity on the wave mis-
x@ in this scheme. As distinct from IR spectroscopy, this matches contains information about polariton dispersion
method does not require an IR technique and enables toand absorption characteristics. In all previous theoretical
exclude surface effects. However, its application is often studies, the scattering medium was regarded as homo-
limited because of the low intensity of the scattered radi- 9eneous and large enough to satisfy the condition when
ation, especially when small-sized crystal areas are stud-the linear dimensions of the scattering object are much
ied. The time-resolved study of the dynamics of phonon larger than the polariton free pathy, > 1, «, being
polaritons turns out to be a very good probe of polariton the polariton absorption coefficient. Also, it was implied
propertie However, in the impulsive stimulated Raman that the scattered element could be regarded as an infinite
scattering technique, low-frequency% THz) polaritons plane layer? In this work, first, we extend the conven-
can only be studied with an appropriate signal-to-noise tional theoretical model for the cases when the sizes of the

ratio® This problem can be solved by means of active Scattering area are not very large in comparison with the

four-wave mixing spectroscogy. polariton free path and are bounded in all three directions.
In a medium without inversion symmetry, in addition Second, we depict the procedure of receiving and process-

to the well-known direct coherent scattering, cascaded ing of experimental results, and finally discuss the results

scattering can take place in the same optical scheme.Obtained for a crystal of Lil@ and crystals of LiNb@

The direct coherent scattering arises due to the third- doped with Mg and Nd.

order susceptibilityy® of a medium, and the cascaded

wave interaction consists of the two subsequent frequency:

conversion processes, so that its efficiency is proportional THEORY

to the square of the second-order susceptibji#y. When

and their fields are expressed as
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crystal ' In the second stage, the fieH(r, »p) described by
exciting beams - Eqgn (6) and the probe pumping watg are mixed. As
: . a result, the expression for the polarization oscillating at
Culrlmpl-lod e} 1 . the Stokes frequency
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Figure 1. Scheme for coherent four-wave scattering in a crystal X /dke Gk, we) / dre
without inversion symmetry. v

frequency: whereAk® = k_—ks—k. Effective values of the second-
order susceptibility at the first stage of the cascaded

PO, @1 — ) = X2(1)E (1 )Ejo(r)e i ormeartitakor interaction \”] and at the second stagg:{] can differ
) owing to dispersion and anisotropy. To obtain the total
which can be in resonance with the phonon polariton at polarization at frequencys, one has to account for direct
the frequencyw, when interaction due t¢®. Finally, the general expression for
the signal intensity dependence from the mismatches takes
o — W = W, 3) the form
X2 @
x? is the effective value of the second-order susceptibil- Is~ |x® f"(Ak) + =22 /G*(k, wp)
ity of the medium for this process. The spatial Fourier (2m)
componentsP®(k, wp) and E(r, wp) of the polarization 2
PO (r, wp) and fieldE(r, wp), generated by this polariza- ey vy
tion, are related through the polariton Green'’s function X f7A = 0@ — kodk ©)
G(k, a)p):15
where
Ek, wp) = G(k, wP)P(l)(k, wp) 4

Q=ki—Kz, 2=k —ks, Ak=0g,—-0q: (10
A general expression for the polariton Green’s func-
tion G(k, wp) was derived by Klyshk8,accounting for  and f (k) is a function dependent on the shape and sizes

anisotropy of the crystal medium. In the case of ordinary of the scattering area; for any given vector
polariton waves, the Green’s function is equal to

4 &= [ expizran ay

w,
Gk =L - 5
(K, wp) = —7-5— Ka(or) () v
) ) For example, when the scattering element has the shape of
where Kp(wp) = kp + iap/2 IS the complex wavevector g rectangular parallelopiped with sidess ande, f(Ak)

of the polariton state at frequeney,, k, = nywy/c, n, is given by
is an ordinary refractive index ang, is the absorption
coefficient of a crystal at the polariton frequenay. ‘ Sin(Ak,a/2) Sin(Ak,b/2) sin(Ak.c/2)
Hence we derive fak)y=v Aka)2 Ak.b)2 Akc)2
(2)E E* efiwpt (12)
E(r, wp) = X Laobo® = /de(k, wp)eX /dreiAk‘“r whereAk,, Ak, and Ak, are the coordinates of the vector
(2m)? J mismatchAk. For a spherical element of the radiysit

(6) is given by
where Ak® = k; — k, — k. The domain of integration )
over the wavevectork contains all possible magnitudes F(AK) = 3V SIN(AkI) — Akl COSAkL) 13)
and alignments ok. The space integration is made over (Akl)?
the volumeV’, where wave amplitudes and non-linear
susceptibility are non-zero (Fig. 1). The sizes of this area To be precise, one must calculate functigti&y; — k) and
can be limited owing to the small dimensions of the non- f”(q,—Kk) in Egn (9) according to Eqn (11) by integrating
linear medium itself, or owing to the finite dimensions of over different regionsV’ and V”. The last regionV”
that region inside the crystal, where the pumping beamsis the part of V' where the probe pumping wave exists
intersect each other. Here and in what follows we neglect (Fig. 1).
the spatial profiles of pumping beams and distribution of  Now let us consider the most common case when the
x(r) inside the ared&". scattering element¥’ and V" have complex shapes but

Copyrightd 2000 John Wiley & Sons, Ltd. J. Raman Spectros81, 767—773 (2000)



CASCADED COHERENT RAMAN SCATTERING BY PHONON POLARITONS

their linear dimensions (of order &f are sufficiently large
to satisfy the condition

apl > 1 (14

Then the polariton Green'’s function can be taken outside

the integration sign in Egn (9), since it changes slowly
in comparison with thef” and f” functions. Integration
of the residualf’ and f” functions for cubic scattering
elementsV’ ~ V" gives

/f'*(ql —K)f"(@ —k)dk = (27)°f"(d2 —d1)  (15)

This seems to be valid for more complicated shapes of the spectral dependence gf. However, wheny?
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The first term in braces describes the direct four-wave
interaction, the last term the pure cascaded part of scat-
tering and the intermediate term the interference between
the direct and cascaded processes. When the second-order
susceptibilitiesy® are zero or vanishingly small, the scat-
tering has a pure direct character add~ |x® 77 (Ak)|?,
as follows from Eqgn (16). It remains the same even if
x? are sufficiently large, but the polariton wave mis-
match is also largetf > «,) and the last two terms
in braces in Eqgn (18) are negligible. The intensity of
the direct scattering does not depend gnit is neces-
sary to provide the four-wave phase matching condition
Ak = 0 to obtain the peak signal intensity at a given fre-
guency. Tuning the signal frequency synchronously with
the frequency of any one pumping wave, one can measure
are

i

scattering elements also. Actually, the shape of scatter-ngn-zero and the polariton wave mismatch is small, the

ing element should not affect strongly the signal intensity
distribution when conditions in Eqn (14) are true. Substi-
tuting Eqgn (15) into the general expression of Eqn (9) we
obtain for the case of a large scattering element

Is ~ xS PIf(AK)?,

Xq(e:f? =x%+ X;Z)*XEZ)G* (01, wp)

(16)

The same calculation scheme is valid in the case of anti-

Stokes coherent scatterings(= @ + w;), or when the

presence of cascaded scattering changes the total angular
and spectral distribution of the scattered light according to
Eqgn (18). Thus, a separation between direct, cascaded and
interference parts can be done by analyzing the intensity
dependence on, at constantAk. The optimal condi-
tions are whem\k = 0 and the signal frequency remains
constant. Then the direct scattering gives a constant back-
ground which does not change witly, and it can be
easily measured at largg. When the contribution of the
direct four-wave interaction is much smaller than that of
cascaded processég(r,) has a Lorentzian form. By mea-

cascade process proceeds due to an intermediate resonang@ring the position of its peak one can estimate the real

with the certain exciton-like medium state at sum fre-
guencyw; + w, = w, [obviously, Egns (10) have to be
verified according to frequency relationships].

The generalized third-order susceptibilig§} in Eqn (16)

contains the cascaded paft..= G*(qy, wp)x>* x5 . This

parts of the polariton wavevector and the crystal dielec-
tric constant;k, and ¢, at the polariton frequency,.
The polariton absorption coefficieat and the imaginary
part of the dielectric constarnE can be determined by
measuring the half-width of a Lorentzian peak. When the

term describes the polariton properties. The information on direct and cascaded contributions are comparable, their

polariton properties at a given frequeneyis included in
the x5 dependence on the wave mismaigh= g; — K.
To obtain it one has to measure the dependédn@ag) of
the scattered intensity on the polariton phase mismagch
under the conditiom\k = 0, i.e. when the direct four-wave
interaction is mismatched. Ferpolarized polaritons the
Green'’s functionG(k; — k,, wp) is described by Eqgn (5).
G(k; — k2, wp) depends on the scalar mismateh =
|k1—K,| —kp and polariton absorptiag,. Under the realistic
conditionsk, > ay, k, >> 13, thus,

27Ta)p e+ iap/2
npc 13+ (ap/2)?

Gk, wp) = an

Substituting Eqn (17) into Egn (16), we obtain the line-
shape ofl(t,, AK) in the case of large coincident scat-
tering elementse-polarized polaritons and reg?, x2,

3).
¥

Is ~ Ay +2nx(12)>(£2)x(3>fp D2 %612 AR
s (@p/22+ 18 (ap/2)*+T3

(18)
wheren = npc/2nwp. The last expression describes the
frequency dependence @f through dispersion charac-
teristics of second- and third-order susceptibilities, coef-
ficient » and wave mismatches,, Ak. The last ones
assign the pure angle dependencé,aft a fixed polariton
frequency.

Copyrightd 2000 John Wiley & Sons, Ltd.

interference forms an intensity distributidg(z,) similar
to a Fano-type pattern. Analysis of tligz,) distribution
provides the measurement of the rati®/ x\* x¥’ and the
sign of y®%-8

Equation (18) was obtained earfiefor coincident scat-
tering elements in the form of an infinite plane layer.
However, in this case the value gfis not the samey
depends on the angl between the polariton wavevec-
tor k, and the normal to a layer through the addi-
tional multiplier factor co$,. This difference between the
cases of infinite and finite dimensions of the scattering
elements is important in the measurement of the rela-
tive values of the third- and second-order susceptibilities
through the ratio of the direct and cascaded parts of the
coherent four-wave scattering. Derived above, Eqn (18)
is valid for scattering elements when these are large
[Egn (14)], but finite. They are more appropriate for the
interpretation of data obtained under realistic experimental
conditions.

The assumption of real susceptibilitiag”, x5, x
is valid when all frequencies are far from resonances of
the scattering medium. Otherwise, the imaginary parts of
the susceptibilities should be taken into account. It is
impossible, for example, when the interval between the
polariton w, and a phonon frequency is of the order of
the phonon damping constant. Now suppose that

3)

x? =x? +ix®, for i=1,
3 3y - (3
X = x@ 4 iy®
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If all other assumptions remain valid, we obtain instead signal under registratioms were set up as constant. To

of Eqn (18)
(@12 + 20xi” x5 x¥' e
(op/2)% + 2
[0a” x5
Is~ —8ys) + — 55— "(AK)|?
s (r2 ¥3) (ap/2)? + 12 | f7(AK)]
2 g2 x®
Vs + 6 —apn—gr—a (2vs +96)
X1 X2
(20)

where the following symbols are introduced for short:

@

X

=@
X1

(2)//
A2
(2)/ 9
X2

@

AL
2y
1

.

A2
(2)/ b
2

3"
)

V3=

=1+ o

(21)
Apparently, the main structure of Eqn (18) is preserved
in Egn (19). All the coefficients before the background,

obtain thel(r,) dependence, we first measured the two-
dimensional angle distribution of the signal intensity
According to Eqn (18) or (20)/s depends on the direct
four-wave mismatchnk and polariton wave mismatch.

In turn, Ak and t, change with the angles of incidence
of the three pumping beams. For changing and t,
over the whole necessary range, one has to scan any two
angles of incidence of the pumping beams, or any two
linear combinations of them. Our two-dimensional depen-
dences consisted of series of cur/e&r)|,;. Each curve
was measured under crystal rotation for the anglat dif-
ferent constant angles between the first exciting pump
and probe pump (Figs 1 and 2). The an@ldetween the
second exciting pump and the probe pump was fixed. We
then determined the cross-section of the two-dimensional
15(61, @) dependence by the surface, where the mismatch
for the direct four-wave interactiomk(6;, @) is equal

interference and cascaded terms are modified. However[© 2€ro. In full agreement with the model predictions,

not all of them depend on the wave mismatches. Thus,

the angular lineshape df, measured at a constant fre-

each experimental curvk(a)|,; had a narrow maximum
on this surface. The dependence @f.(6;) followed

quency, should retain the same character. In terms of thethe condition Ak(6;, ama) = 0. Thus, comparing the-

dependence om, at a fixedAk, this consists of the con-

oretical predictions and experiment, we concluded from

stant background, the cascaded peak and the interferenc€dn (17) thatls(amadle, ~ |f"(0)1*/5(rp). In the second
between them. Although the weighting factors of these Step, we calculated the polariton mismatgHor eacht,
three terms are changed, the position and width of the @nd correspondingma.(6.). Finally, the desired lineshape
cascaded peak remain the same: the former is determineds(7p) Was plotted vials = Is(ama)les @s a function of

by the conditionk; — Kk,| = k, = nywp/c and the latter is
equal to the polariton absorptiar.

The cascaded peak loses its Lorentzian form when
op becomes comparable to or greater thignor when
Eqgn (14) is disturbed. Numerical calculations on the basis

T = Tp[el’ amax(gl)]'

We did not observe any constant background, caused
by the direct scattering, in any of our experimental curves
I(t,). This indicated that the effective components of
third-order susceptibility were relatively small. The inten-

of Eqn (9) show that in these cases the bandwidth of the Sity dependencess(z,) obtained experimentally and by

cascaded peak increases.

EXPERIMENTAL

We studied polaritons in a homogeneous crystal of LilO
and crystals of LiNb@ doped with Mg and Nd. The dis-
persion properties of polaritons (the values of the real
and imaginary polariton wavevectors, complex dielec-
tric constants, refractive indices and polariton absorp-
tion coefficients) at the frequencies under consideration
(corresponding wavenumbers were 741-€nm the case

of LilO; and 530-570 cnt in the case of the doped
LiNbO;) were known from the near-forward spontaneous
Raman scattering datdThe exciting pump waves 1 and

2 were generated by an Nd: YAG laser with a 20 ns pulse
duration and a tunable LiF 3F laser. The wavelength of
the LiF : K~ laser can be tuned in the range 1.08—in?

The second harmonic of the Nd: YAG laser was used as
the probe pump. Three pumping beams were incident to
the crystal at various angles (Fig. 1). The Stokes com-
ponent of the scattered radiation was measured. Exciting
pump 1 and the probe pump wergolarized and exciting
pump 2 waso-polarized in a crystal. Under these condi-
tions the polarization of the polariton and signal waves in
the crystals under investigation was ordinary. The linear
dimensions of the scattering elements were of the order of
1 mm. All the conditions, taking into account the deriva-
tion of Eqn (20), were satisfied.

fitting the model expression given by Eqn (17) for LilO
are shown in Fig. 3. Good agreement between the exper-
iment and theoretical predictions was obtained. Both the
position and the linewidth of the observed Lorentzian peak
correspond to the values of the crystal parameters at the
given polariton frequency.

However, in case of the crystals of LINGOMg and
LiNbO;: Mg : Nd the experimental curves are much nar-
rower than expected. It seems that their linewidths do

-
=)

Foeeeeden

-
R &

—
3

Signal intensity I / arb.units
0

For each given polariton frequency, the CorreSponding Figure 2. Signal intensity /; as a function of polariton mismatch

frequencies of the tunable laser generatignand of the
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Intensity I /arb.units

0

-3000 -1500 0 1500 3000
Polariton phase mismatch/cm-!

Figure 3. Signal intensity /; as a function of polariton mismatch
(dots, experiment; dashed curves, calculation) in a crystal of
LilO; (polariton wavenumber v, = 741 cm™', refractive index
n, = 3.61, absorption o, = 1300 cm").

not depend(or weakly depend)on the polariton absorp-

tion coeficient. Figure 4 shows examplesof intensity
dependenceg (r,) for LiNbO;: Mg with different Mg
concentration€ . In the caseof the crystalwith Cyg =
7.1 mol%, the datawere obtainedfor the polariton fre-
quencyinside the region wherethe dispersionof ¢, has

an anomalouscharacter.The correspondingtransverse
phonon wavenumberis near 582 cm™t. The expected

valuesof the real and imaginary parts of the dielectric
constantwere calculatedaccordingto the datafor near-
forward scattering® and dynamic parametersof E-type
phonong’ (Fig. 5). Although the imaginary parts of the
dielectric constantand polariton absorptioncoeficients
arevery high in this region,we observecd narrowpolari-
ton line with a well pronouncednaximum.

At the sametime, the positionsof all observedmax-
ima in LINbO;: Mg and in LiINbO;: Mg:Nd were in
good agreementwith the expectedvalues of the real
part of the dielectric constantand polariton wavevec-
tor. The frequencydependencesf the ordinary polariton
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0
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Figure 5. Dispersion of real (dashed curve) and imaginary
(dotted curve, obtained by Burlakov et al.'®) parts of the dielectric
constant for ordinary waves in LiNbO3;: Mg (Cyg = 7.1 mol%).
Squares, experimental data for spontaneous near-forward
Raman scattering; circle, coherent cascaded scattering by the
real part of the dielectric constant.

refractiveindex, measuredy spontaneouscatteringand
by coherentfour-wave scatteringfor one of the stud-
ied LiNbO; : Mg, aregivenin Fig. 6.2 High coincidence
can be seen.Note that the absoluteerror of the three-
wave scatteringdata on refractive indices was approxi-
mately+0.2-0.5, andthe absoluteerror of the four-wave

scatteringdata was smaller by an order of magnitude:
+0.02-0.03.

DISCUSSION

The theoreticalconsideratiorof four-wavecoherentscat-
tering was madeon the basisof the conventionalmodel.
This model explainedsuccessfullydifferent previousex-
perimentswith crystalsof GaP? GaAs? LilO;® and oth-
ers. The only distinction betweenour descriptionandthe

1 .2 T T T T T T T T

2 0.9 .
<
=
g
[

S o6 .
=
0N
c
[0]
-

£0.3- ]

0.0 | i

-3000 -1500 0 1500 3000

(b) Polariton phase mismatch/cm™

Figure 4. Signal intensity as a function of polariton mismatch (dots, experiment; dashed curves, calculation) in a crystal of LiNbO; : Mg.
(a) Cug = 4.4 mol%, polariton wavenumber v, = 541 cm~", &, = 5000 cm~": (b) Cyg = 7.1 mol%, v, = 575 cm~", o, = 23000 cm~".
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EN (&) [
1 1 1

Refractive index n,

w
1

500 520 540 560
Wavenumber/cm™

Figure 6. Dispersion of the ordinary refractive index of
LiNbO;: Mg (Cug = 4.4 mol%) in the polariton range, obtained
by spontaneous near-forward Raman scattering (squares) and
coherent cascaded scattering (circles).

previousonesis the accountfor confineddimensionsof
the scatteringelementand the accountof the imaginary
partsof crystalnon-linearsusceptibilitiesn thevicinity of
intrinsic resonancesWith regardto the crystal of LilO3,
our experimentalresultsconfirm the validity of the the-
oretical model. However, the unusualnarrowing of the
intensity dependence$s(t,) in the dopedLiNbO; can-
not be explainedin the frame of the theoreticalresults
obtainedin this paperor earlier.

Unfortunately we cannotgive any convincingexplana-
tion of the observedangulardependencesf the cascaded
scatteringin the dopedLiNbO;. We cannotexplainthem
by photorefractivepropertiesof thesecrystalssince the
samenarrowingeffect existsin crystalswith differentMg
contents,before and after the photorefractivethreshold
at Cyg &~ 5 mol%. It seemsprobablethat the reasonis
connectedvith the resonance-typexcitationof the crys-
tal electronic statesduring the four-wave interactionin
LiINbO,. First, the width of the electronicband gap in
LiNbO; (near 3.8 eV*) is much smallerthanin LilO,
and less than the summary enegy of two photons of
the probe pump. The population of the electronic con-
ductivity bandcanincreasedueto two-photonabsorption
effects. Next, the frequencyw, of the secondexciting
pump wave turns out to be in resonancewith the pola-
ronic statesthe self-localizedelectronsat Nb ions of the
crystallattice 2° Excitationof the electronicsubsystentan
lead to an increasein the effective value of x{” andto
a changein the probableinteractionmechanismlf the

second-ordesusceptibilitybecomesufficiently large, the
procesof stimulatedgeneratiorof the polaritonwavecan
occur.The necessargonditionstakeplacewhenthe para-
metric enhancemenof the polariton wave prevails over
the polariton damping relaxation. There can be another
type of polariton generation,due to coherentrelaxation
of the electronicstateshroughthe simultaneouslyexcited
polaritons.In anycasethe proces®f polaritongeneration
can lead to narrowing of the polariton lineshape.How-
ever, the observedevels of I in LiINbO; are not much
greaterthanthatin LilO 3, whereno generatiomarrowing
exists. Neverthelessthe idea of the interactionbetween
the certainelectronicstatesand coherentlyexcitedpolari-
ton statesseemdo beinterestingfor furtherconsideration.
Owingto the narrowingeffect we losethe possibility of
measuringhefreepolaritonabsorptiorin LiINbO3, butwe
candeterminghepolaritonrefractiveindexanddispersion
of the real part of the wavevectorwith high accuracy.
Figure5 illustratesthe ability to determinethe dispersion
characteristicén the vicinity of the phononresonance.

CONCLUSION

The four-wavecoherentcascadedcatteringoy polaritons
provesto be a sensitivespectroscopynethod.Owing to
the high intensity of the coherentscattering,the signal-
to-noise ratio can be much more than in caseof the
spontaneousear-forwardRamantechnique.This canbe
usedin studyingpolaritonsin small-sizedobjects,or for
the measuremendf the spatial distribution of polariton
propertiesin inhomogeneousnedia. The descriptivethe-
oreticaltreatmentof this effect, madeon the basisof the
conventionalmodel, accountingfor the finite dimension
of the scatteringvolume and the imaginary characterof
thenon-linearsusceptibilitiesis appropriatdor the explo-
ration of polaritonsin many non-linearcrystals.

The questionstill remainsof how to explain the nar-
rowing of theangulardistributionof the signalintensityin
the Mg-dopedcrystalsof LiNbO;. Owing to the narrow-
ing effect, we losethe possibility of measuringf the free
polariton absorption.However, we probably obtain the
possibility of determiningthe polariton refractive index
and dispersionof the real part of the wavevectorwith
higher accuracy.Figure 5 illustratesthe amazingability
to determinethe dispersioncharacteristican the direct
vicinity of the phononresonance.
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