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Determination of the momentum of impulsively generated phonon polaritons
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It is proved experimentally that the momentum of phonon polaritons generated by impulsive excitation has
to be calculated using the same formula as for the case of long-pulse coherent anti-Stokes Raman scattering
experiments. Attention is also drawn to the fact that, contrary to the common belief, the generated phonon
polaritons are not exactly counterpropagating.
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Coherent anti-Stokes Raman scatterf@@RS) has been mentum of the excited phonon is determined by the crossing
used for a long time for investigation of the dynamics ofangle and the wave vector of the exciting beams. Most
Raman-active lattice and molecular vibrations. In the CARSgroups ™~ use the following formula:
experiment two light beams having frequency«gf and wg
crossing each other at an angle@fare used to excite vi- 47 sin(© ,/2) )
brations having a frequency of = - 2kcsin(0/2), ()

Q=0 ~ws. (1) where®, and ®; are the crossing angle of the two beams
outside and inside the investigated material, respectixely,
is the central wavelength, akd=2mn/\. is the magnitude
of the wave vector inside the material having an index of
refraction ofn. Using this formula, Ref. 5 is usually cited,

It is well established that the wave vector of the generated
vibration (phonon is determined by the crossing anghke
and thek, andkg wave vectors of the two beams according
to the vector d_lagram dgplcted in Figlal Since the wave whereq is given as the magnitude of the grating vector in
vectors multiplied byA give the vector of momentum, the laser-induced dynamic gratings

vector diagram expresses the momentum conservation prin- Another group used Eq ('2) in their first ISRS

ciple. According to the figure, the magnitudemfs given as experiment$.’ Later they arguetithat Eq.(3) has to be used

— to calculate the wave vector of phonons generated in ISRS
q= vk +ks— 2k kscog©). (2 experiments, since the two crossing beams have the same
. ) _ central frequency and play an equivalent role in the excita-
In the middle of the 1980s the pulse duration available;gp of phonons. Drawings similar to Fig(t) are usually
from lasers became much shorter than the phonon oscillatiogyer$:3in order to display this equivalent role of the beams.
period in most semiconductors and dielectrics. In the spectralijng the double arrow for the indication of the created pho-
domain this means that the_lr spectrum contains significantgn expresses the idea that counterpropagating phonons are
components with a separation equal to typical phonon freaycited. Recently the same group propdsedch equations
quencies. This makes it possible to excite phonons impulior the q vector of phonons generated by ISRS in anisotropic
sively by crossing two beams split from the same beam. Inyaterials, which is equivalent to Eq2) for the isotropic
the impulsive stimulated Raman scatteringSRS  case. However, they did not conclude that E2).has to be
exper|mer_1t%the scattering of photons of a delayed beam is,se( for the isotropic case as well, and they published draw-
Qetected in order to follow the decay of the excited V'bra'ings suggesting that counterpropagating phonons are created.
tions. _ o , , It seems that the application of E®) and belief in counter-
Since impulsive excitation is applied there is an uncerpropagating phonons remained comfdn the ISRS litera-
tainty in the literature about how the wave vector mo- e
The aim of this paper is to demonstrate experimentally
(a) (b) that Eq.(2) gives the right magnitude of the momentum of
k , k phonons created in ISRS experiments and the drawing of
5 Fig. 1(a) gives the right direction of the phonons. This con-
@ q clusion should follow simply from the conservation of mo-
mentum and energy for the quantum process of Raman scat-
k —~ ) k tering [the process illustrated in Fig.(d does not satisfy
s ¢ conservation of enerdyHowever, an experimental demon-
FIG. 1. Wave vector diagram of phonon generatianby long ~ Stration seems to be useful because of the above-indicated
pulses(see only arrows with solid lingsand (b) by impulsive ex- ~ confusion. Besides the obvious fundamental significance, it
citation according to the literature(@ including both solid IS important to point out what the right formula is because
and dashed arrows depicts the wave vector diagram of phonotSRS experiments are used®*°to determine the dispersion
generation by impulsive excitation in accordance to the presengurve of phonon polaritons and the application of a wrong
observations. formula naturally results in inaccurate dispersion curves.
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FIG. 3. Measured frequency of polariton in GaP vs the wave
vector calculated according to E) (solid symbol$ and Eq.(3)
(open symboly respectively. Circles and triangles are for measured
values using =100 mm andf =200 mm focal length lenses, re-
?rpectively. The solid line is the theoretical dispersion curve of the
S

FIG. 2. ISRS tracddiffracted intensity vs delay of the probe
pulse measured forl®=15.4° angle of intersection of the pump
beams and its Fourier transforimse?.

In order to be able to decide between E@.and(3) we
performed an ISRS experiment to measure the dispersion
phonon polaritons excited in GaP. GaP was chosen since i
dispersion is well knowt and theq values calculated ac- o . ]
cording to Egs.(2) and (3) differ strongly because of the by the coherent phonon oscillations. Figure 2 depicts the
relatively high @=367 cml) TO phonon frequency. temporal evolution of only the modulated part of the signal.
Light pulses of a Ti:s laser having 25 fs pulse duration and! e inset of Fig. 2 shows the spectrum of the oscillations
810 nm central wavelength were used as the two pump angptained by Fourier transformation of the time domain trace.
probe pulses. A spherical lens focused the correspondin}he sharp peak at 10.9 THz (363 cf) corresponds to the

three beams. A transmission boxcar geometry was applied;© phonon polariton. _
that is, the three light spots on the lens were situated at the A Similar measurement was performed for crossing angles

three corners of a rectangle. Before the incidence on th@n the ®,=4.3°-15.4° range. The obtained phonon polar-
focusing lens the probe beam was reflected on a shakdfon frequencies versus thgvalue of the excited phonons
which introduced a scanned delay. The probe beam diffracteglculated according to Eq2) (solid symbolg and Eq.(3)
(scatterell on the transient gratingphonon polaritop cre-  (0pen symbols respectively, are displayed in Fig. 3. Since
ated by the two pump beams was detected by a photodiod#! the ISRS experiments the two crossing beams are identi-
Its signal was fed into a computer through a fast analog-to¢al, fork, andks the wave number of the spectral compo-
digital (AD) converter, and the averaged signal was refents having frequency Iarger and smaller than the_ mean
corded. Phonon polaritons were excited impulsively in affequency by half the polariton frequency was used in Eq.
slightly wedged (10°) high-purity<3x 10~ ° cm~3) GaP (2). The solid curve was calculated using the well-kndwn
sample having 4110 front surface. The electric field of the

pump and probe beams was set along [thEl] and[112] Q(q)

direction of the GaP sample. For this orientation strong TO

O phonon polariton in GaP calculated according to .

phonon-polariton signal is expected, while LO phonon gen- q° q? 2 4q%wig
eration is not allowed. wio+ oot -
The ®, crossing angle of the pump beams was set by 4rle 4me 4m’e
adjusting theb separation of the beam spots on the focusing ~ ~ 2 B 2
lens and it was calculated according to 5)
O,=2tan! ﬁ) 4 theoretical dispersion curve of TO phonon polaritons using

0 0=403 cm!, wro=366 cm!, ande=9.09. The cor-
The ISRS traces measured fop=15.4° are displayed in rectness of this curve was experimentally verified using
Fig. 2. The original signal consists of a strong peak at zer@pontaneous Raman scattering measurenfeisFig. 3 the
delay, because of the electronic Kerr nonlinearity of GaPcircles and triangles correspond to measured frequencies us-
This peak is followed by a long-living backgrourdttrib-  ing a lens having 100 mm and 200 mm focal lengths, respec-
uted to refractive index grating created by the two excitatiortively, for focusing the beams. Because of the larger spot, for
beams via two-photon absorptioweakly modulated on top using lens having longer focal length the amplitude of the
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ISRS signal was smaller, but at the same time the uncertainty ' o '
of the g value was also smaller. GaP e
Without any doubt, the measured polariton frequencies fit 300 . a -
to the well-known polariton dispersion curve of GaP when
the g magnitude of the polariton wave vector is calculated
from Eg. (2), but they definitively do not fit whew is cal-
culated from Eq(3). That is we proved experimentally that
the wave vector of the polariton is determined by [E2).
even if it is excited impulsively. This result is in agreement
with the principle of conservation of energy and momentum.
One consequence of our result is that E2). has to be
used not only in spectral domain CARS measureméuns 0 50'00 10(')00 1 5(')00
ing long light pulses but also in temporal domaiiSRS p
measuremenfusing shorter pulses than the temporal period g(cm’)
of the phonon oscillation when the two exciting beams are - - -
identical. This means that the polariton curves obtained from )
ISRS measurement and using E8) for the calculation of v" 150l LITa03 b |
the polariton wave vector are not accurate. The inaccuracy is ?
less significant for the smaller frequency of the created po-
lariton relative to the central frequency of the exciting light
pulse and for the lower dispersion of the investigated mate-
rial at the central frequency. This is illustrated in Fig. 4,
which shows for GaP and for LiTalthe simulated disper-
sion curves obtainable from time domain measurements us-
ing Eq. (3) (solid lineg and Eq.(3) (dashed lines respec-
tively, for calculation of the momentum of the polariton. The 0
A; TO phonon considered for LiTaChas a frequency of
201 cm'!, while the TO phonon frequency in GaP is q (cm'1)
403 cm 1. Furthermore, the central wavelengths of the ex-
citing light pulses were supposed to be 610 nm and 810 nm. FIG. 4. Simulated dispersion curves fa GaP andb) LiTaOs,
The smaller(polariton frequency(exciting frequencyratio ~ ©obtainable from time domain measurements using @&.(solid
is the main reason for the significantly smaller differencelines) and Eq.(3) (dashed lines respectively, for the calculation of

between the curves supposing the application of(Bgand the momentum of the polariton. In the simulation 810 nm and 610
Eq. (3) for LiTaOs. nm central wavelengths were supposed in the case of GaP and

iTaO;, respectively.
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Our experimental result also proves that the wave-vector

diagram corresponding to E) and shown in Fig. 8 i f the investigated materiallt is interesting to notice that
the right one. Actually, since the two beams used in an ISR$,¢ projection of the correctly calculated wave vectors gives

experiment have identical spectral distributions a diagrampe same wave vectors that are given by the incorrect calcu-
mirrored to the horizontal axis of Fig.(@ indicated by  |4ti0n connected to Eq(3). That is, the direction of dif-
dashed arrows is also correct. The result is two wave Vector§, ction (scattering is the same irrespective of the calcu-

of the polariton directed not exactly oppositely. It is impor- |5tiqn of 9.

tant to take this fact into account in the calculation of the

expected intensity of the polariton generated for a given ge- The author is grateful to A. Stepanov for taking part in the
ometry (polarization of the excitation beams and orientationmeasurements.
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