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Frequency and temperature dependence of the TO phonon-polariton decay in GaP
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The temperature and frequency dependence of the decay time of the transversg Dpjigdionon polar-
iton in GaP has been measured by impulsive stimulated Raman scattering with 25-fs optical pulses. Tuning of
the polariton frequency from 365 to 361 chreveals drastic changes of the polariton decay time with
temperature. This result is explainable by third-order anharmonic decay of polaritons into two acoustic
phonons taking into account the temperature-dependent shift of the van Hove singularity in the two-phonon
density of states of the acoustic phonons at the edge of the Brillouin zone. The frequency dependence of the
TO phonon-polariton decay times measured at different temperatures allows one to directly observe the shift of
this singularity with temperature.
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. INTRODUCTION four phonon interaction proces$gsr sample disordef: In
this paper, we present investigations of the TO phonon-
Unusual properties of the TO phonon in GaP have atpolariton decay timél,(w,T) in GaP as a function of tem-
tracted attention for a long time* The TO phonon line PeratureT and polariton frequency measured directly in
measured in Raman backscattering geometry is very brod€ time domain by impulsive stimulated Raman scattering
compared to the LO phonon line of GaP and optical phonor!SRS- T2(w,T) as a function ofl’ changes drastically ib
lines in many other I1I-V semiconductors, the line shape is'S tuned from 361 to 365 cnt. The experimental data

asymmetric and deviates remarkably from an ordinarf'ﬁarly Sgg‘g a shift of 3‘ Va? Hove stﬁngl;]Iarity inf the t3véc5)_t
Lorentzian profile, and the TO Raman linewidth reveals onIyp onon corresponding to acoustic pnonons rom 0

very little change with temperature. Early on Bafkéas 361 cm if T is raised from_lO to 250 K. If this shift is
suggested that the frequency dependence of the phon ken wg)to accl:lodunt, t'rgedpl;zzllnﬁ_ tgm%eraturﬁ dependznce of
damping et acaincdence of e TO pronon energy w21 0 el Se<cien b o e order aniaront decey
the sum of TAK) +LA(X) phonon energies is the origin of i t d 9 d £ th 'IID'O R i idth i
the TO phonon line asymmetry. Weinstein found that hydro-emper"fl ureé dependence of the aman finewl Sug
static pressure leads to a pronounced line narrowing and dg_ested in Ref. 6.

creasing asymmetryHe proposed that this results from tun- IIl. EXPERIMENTAL TECHNIQUE

ing of the TO phonon frequency relatively to the van Hove

singularity in the acoustic two-phonon density of states The experimental setup utilized a forward-folded boxcar
(DOSY) at the edge of the Brillouin zone. Recently F. Widulle four-wave mixing geometry with two pump pulses and one
et al. have investigated Raman spectra of isotopically enprobe pulse delivered by a Kerr-lens mode-locked Ti:sap-
riched samples enabling fine tuning of the phononphire laser. The pulses had a duration of 25 fs corresponding
frequency® They have resolved a double peak structure into a spectral bandwidth of 500 crh, a central wavelength of
the TO Raman phonon line of natural GaP at low tempera810 nm, and a repetition rate of 76 MHz. The diffracted
ture which could be reproduced by first-principles probe was detected by a standard photodiode as a function of
calculations’ Additionally they have shown that the phonon the delayA = between the pump and probe pulses. The delay
line shape distinctly varies with isotope composition of thewas periodically varied at a frequency of 70 Hz by a rapid
sample. The authctexplained their findings by a kink in the scan system. The photodiode output was fed via a fast
two-phonon density of states in the vicinity of the TO pho- analog-to-digitalAD) converter into a computer for efficient
non frequency which is shifting with isotope substitution signal averaging. This detection scheme provided a signal-
thus strongly influencing the third-order anharmonic phonorto-noise ratio of approximately £0The measurements were
decay. Whereas the measufrédtemperature dependence of performed on a high-purity(unintentional doping <3

the TO phonon Raman linewidth in GaP does not agree with 10" cm™3) (110 oriented GaP bulk crystals. The sample
ab initio calculations based on the simple anharmonic decayas wedge shaped with a wedge angle of 10° between front
into two acoustic phonorfsTO phonon-polariton lifetimes and back surface and approximately 206+ thickness at the
for modes with frequencies (345 crh in Ref. 9 and measurement spot.

354 cm! in Ref. 10 which are significantly detuned Coherent TO phonon-polaritons were excited by
against the phonon frequency (366 cip are well de- difference-frequency mixing of appropriately separated spec-
scribed by the temperature dependence theoretically preral components of the pump pulses. The polariton’s wave
dicted for that third-order anharmonic dec&y?In previous  vector and concomitantly its central frequency were tuned in
papers, deviations between measured phonon linewidths ande  range from gq=16000-45800 cm* and o

the theoretical temperature dependence predicted for the 357.3-365.1 cm?, respectively, by varying the angle be-
third-order anharmonic decay have been attributed to eithetwveen the pump pulsenmeasured outside of the crystal
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FIG. 1. Experimental signal for 41100 GaP crystal at room Frequency (THz)

temperature as a function of the delay time between the probe pulse FIG. 2. Normalized Fourier power spectrum of the time domain

and the pump pulses. The angle between the pump beams in fr%%ta presented in the inset of Fig. 1. TO labels the phonon-polariton

space is 14°. The inset shows the oscillatory part of the signal on %he. CA is a line attributed to a coherent artifact originating from

enhanced scale and for a baseline straightened by Fourier fiItering[]he interaction of the probe with the pump pulses reflected at the
back surface of the sample. The 2T&K) line (shown in the inset

from 10.5 to 32°. The pump pulses were polarized parallel tn an enhanced scalis due to excitation of a two-phonon state in

each other and perpendicular to the probe pulse and the sig-second-order Raman process.

nal was detected for polarization parallel to the probe. The

sample which was mounted on the cold finger of a variablavhere k; and kg are the wave vectors of the two pump

temperature cryostat was oriented so that{thiel] direction  beams an® is the angle between these beams in the crystal.

is perpendicular to the pump pulse polarization since LOThe approximation

phonon contributions to the signal which would render the ) ,

data analysis more difficult are suppressed in this configura- q=4msin(O/2)\ 2

tion. (N is the center wavelength of the pulsashich has been
applied by many groups and worked satisfactorily for low-
IIl. EXPERIMENTAL RESULTS frequ_ency polaritons_ Iea_ds to_unacceptable errors in our case.
The line at 4.1 THz in Fig. 2 is a coherent artifact due to the
Figure 1 illustrates a typical experimental signal as ainteraction of the probe pulse with counter propagating pump
function of the time delay between the two pump and thepulses created via reflection of the incident pump pulses at
probe pulses recorded at room temperature. The strong oscthe back surface of the sample. The interaction has to be
lation near zero delay time is due to interaction of the threeattributed to coupling of the reflected pump pulses with the
overlapping pulses via the electronic Kerr nonlinearity ofprobe pulse via the strong third-order electronic susceptibil-
GaP. This peak has been rejected before the analysis of tlitg. If the sample is wedge-shapddr if a plane parallel
experimental data. The inset of Fig. 1 depicts the signal osample is tilted with respect to the incident pu)stss sec-
an enhanced scale and for a baseline straightened by Fouriend pair of pump pulses propagates under some angle with
transform filtering. respect to the probe pulse direction as illustrated in Fig. 3.
The normalized Fourier power spectrum of the time do-Variation of the delayA 7 between pump and probe pulses
main data(inset of Fig. 1 is presented in Fig. 2. The spec- modulates the phase of the grating since the interference pat-
trum consists of two main lines at 4.1 and 10.9 THz labeledern of the two reflected pump beams is continuously shifted
by CA and TO. The line at 10.9 THz presents the coherent

TO phonon-polariton line of GaP. As shown in Refs. 15 and sample

16 phonon-polariton oscillations appear in the time-domain AT

signal due to heterodyne detection obtained by interference P detenios

of Raman and Rayleigh scattered parts of the probe pulse. li ' e

this case, the decay time of the oscillation amplitude is equal probe ZEL--WL&
—

to T,. Since the finite resolution of the Fourier spectrum in P

Fig. 2 inhibits an accurate determination of the polariton PUMPT ==&
mode frequency, we have first calculated the polariton wavepymp2 AR
vectorg from the beam configuration and then the frequency

was determined using the temperature-dependent polariton

dispersion relation in GaP. It is important to mention that FIG. 3. Schematic illustration of the origin of the coherent arti-
determination ofg for high-frequency polaritons as studied fact (CA). A7 is the delay time between punigashed linesand

in our experiments necessitates use of the accurate formul@robe pulsesdotted lines. L(A ) is the distance of the interaction
region of the probe and the pump beams reflected by the back
surface of the sample measured from the front surface. The solid
lines are the phonon signal and the CA.

q=(k?+k3— 2k _kgcos0)*?, (1)
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=45800 cm?® (squarey 25000 cm?! (crosses and
10l aq=20500cm’ I‘ 20500 cm! (triangleg vs T. The curves demonstrate that
b q = 25,000 om” l slight. tuning of w near the TO phonon frequency leads to
08k A drastic changes of the temperature dependencE. cfhe
' A b solid and dashed line in Fig. 4 represent theoretical curves

for the modes at 20500 and 25 000 cthrespectively, ob-
tained from the usual expression for the third-order anhar-
monic decay of an optical phonon into two acoustic phonons:

Dephasing rate (ps™)
=3 o
H »

I'(0,T)=|Val’p(0)[1+n(01, T)+n(w D], (3

0 ' 50 100 150 200 250 300 wherel'(w,T) is the inverse lifetime of the initially excited
optical phonon|V| is the effective third-order anharmonic
coupling constant,n(a>1,2,T)=[expmw112/kBT—1]‘1 are

FIG. 4. Temperature dependence of the TO phonon-polaritoin€ Bose-Einstein occupation numbers of the acoustic
dephasing rate in pure GaP a&=20500 cm® (triangles,  Phonons with frequencie®,, (0= w1+ w,), p(w) is the
25000 cm! (crosses and 45,800 cm' (squares The solid and  two-phonon DOS aby= w1+ w,. The term|V;|?- p(w) was
dashed lines are fits using the usual expression for third-order arsed as a temperature-independent fitting parameter. Re-
harmonic decaydetails are given in the text cently we have shown that the TO phonon polariton in the

investigated frequency range decays into a Tdépper

perpendicularly to the probe beam direction. This effect crebranch plus a LA phonon at th& point of the Brillouin
ates a phase modulation of the diffracted signal with increaszone?® Accordingly the values of; andw, were chosen to
ing A 7 which is converted into amplitude modulations by thebe 153 and 212 cit', respectively. The experimental data
heterodyne detection process. The low-frequency modulatiofpr the g=20500-cnmi* and the 25 000-cm' mode exhibit
suddenly vanishes when the delay is equal to twice theither a systematically higher (20500 cH or lower
sample thickness since the reflected pump beams and t§@5500 cm') dephasing rate than calculated by E8).
probe pulse do no longer overlap inside the sample. Thiginally the decay time of the polariton mode af
explanation for the origin of the CA is corroborated by the =45800 cm! exhibits no significant temperature depen-
experimentally observed dependence of its frequency on thédence between 4 and 300 K in accordance with previous data
angle between the probe beam and the reflected pump bearfes the TO-phonon lifetime in GaP derived from Raman line-
(which can be easily varied by tilting of the sampées well ~ width measurements>’ [The Raman linewidthr,, is equal
as on the angle between the pump pulses. In the experiments, (7- T,) 1] This extraordinary behavior can be attributed
the frequency of the CA line could be tuned between 1 and 8o a temperature-dependent shift of a narrow p@eklth of
THz. Finally it should be mentioned that this artificial signal a few cm 1) in the two-phonon DOS. For natural GaP, a
was detectable even when the probe pulse was shifted witkink at 366 cmi ! has been detected at 10(Ref. 4. If this
respect to the focal spot of the pump pulses by 50-260  kink shifts to lower frequencies with rising temperature more

The weak line at 6.3 THshown on an enhanced scale in strongly than the TO phonon, as supposed in Refs. 1, 6, and
the inset of Fig. 2 presents a two-phonon state excited by7, p(wto) in EQ. (3) becomes considerably temperature de-
second-order Raman scatteriid® This nonclassical state pendent. A plot of the frequency dependence of the dephas-
involves a continuum of TO modes that leads to oscillationsng rate I'=(T,) ! experimentally determined for various
associated with the frequency of a van Hove singularity intemperatures in the range between 10 and 250 K and de-
the phonon DOS. In our case, the frequency of the two phopicted in Fig. 5 shows a pronounced peakldfw) which
non oscillation is equal to twice the TA phonon at the moves from 365 to 361 cit with increasing temperature.
X-K (lower branch points of the Brillouin zoné? This peak inl' () has to be attributed tp(w) if we assume
that the frequency dependence |bf;]% and [1+n(w;,T)
+n(w,,T)] is negligible in the region 357—-366 crh

Figure 5 clearly demonstrates that the shift of the peak in

The polariton decay time can be evaluated from our exp(w) with T can result in a dramatically different tempera-
perimental data by fitting of the time-domain ddfdg. 1)  ture dependence of the dephasing time of polaritons with
with exponentially decaying oscillatory functions. Direct fit- only slightly different frequenciessee Fig. 4 Let us con-
ting of the raw data is complicated due to the presence of theider for example the polariton at 365 tf At low tem-
CA modulation which obviously decays nonexponentially.perature the peak of(w) appears at this frequency. For
Therefore the CA oscillations are reduced by Fourier transincreasing temperature the phonon occupation numbers in-
form filtering and then the oscillation maxima and minima of crease. According to E@3) this should imply an increase of
the filtered curves are fitted. The TO phonon-polariton decay'(w). However, this increase is compensated by a decrease
time has been measured for several modes in the frequenof p(w) associated with the shift of the peak to lower fre-
range from 357 to 365 cht at various temperatures be- quency. This leads to an almost temperature-independent
tween 10 and 250 K. Figure 4 presents as examples plots alephasing rat¢see Fig. 4. The peak ofp(w) moves below
the dephasing rate I'=(T,)"! measured at q 363 cmi'! only for temperatures higher than 150 K. As a

o
N

Temperature (K)

IV. ANALYSIS AND DISCUSSION
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ergy measured by second-order Raman scattering. Squares repre-
FIG. 5. Frequency dependence of the TO phonon-polaritorf€nt experimental points, the solid line is a guide to the eye.
dephasing rate in GaP measured at 10, 100, 150, 200, and 250 K.
I'(w) for 250 K agrees fairly well with previous dat@ef. 20 temperature-dependent measurements of theXT®) line
obtained at room temperature. Two points in the dashed square @tijg. 6) demonstrate that the TA(X) frequency decreases
the bottom-right corner have been determined by analysis of thgith rising temperature. The relative shift of the TA phonon

TO-phonon linewidth measured by spontaneous Raman scatterirl%/ approximately 1% between 10 and 250 K agrees very
(Ref. 7). The lines are guides to the eye. The inset shows the shift of

. . _ : well with the shift ofp(w,T) in the inset of Fig. 5. It should
the maximum in the dephasing rdtelated to the peak ip(«,T)] be noticed, however, that this measurement concerns TA
with temperature. ’ '

phonons on the lower branch at the point whereas TA
result (see Fig. 4 the decay rate of the polariton at phonons on the upper branch are involved in the decay of the
363 cm ! approximately follows Eq(3) in the 10—150-K TO phonon-polariton in the studied wave-vector range.
range, but deviates to values smaller than predicted for tem-
peratures above 150 K. Finally, the mode at 361 &rax- V. CONCLUSION
hibits a minimum in the dephasing rateee Fig. % and ac-
cordingly in p(w) at low temperature. The shift of the peak ~ The temperature and frequency dependence of( Tl
in p(w) to this position causes a considerably strorgerto ~ Phonon-polariton decay time, in GaP has been measured
50% rise of the dephasing rate than expected for the chang@y ISRS spectroscopy. Tuning of the polariton frequency
in the occupation numbersee solid line in Fig. # from 361 to 365 cm! has been shown to create drastic
Thus we believe that the puzzling temperature depenchanges of the temperature dependence&,ofThese obser-
dence ofl'(w) for polariton modes with slightly different Vations can be explained in terms of anharmonic decay of the
frequenciegsee Fig. 4 can be satisfactorily explained if the TO phonon polariton into two acoustic phonons taking into
temperature dependence of both the acoustic phonon occ@ccount a variation of the two-phonon DOS with tempera-
pation numbers and the position of the peak()(m),T) are ture. The unusual temperature dependencé'zofound for
taken into account. There is no need to consider higher-orddnodes with energies between 365 and 361 tris caused
anharmonic decay process. The inset of Fig. 5 displays they @ shift of a van Hove singularity in the two phonon DOS
measured temperature dependence of the relative maximu@t (TA+LA)g with temperature. Measurements of the tem-
of the dephasing rate caused by a shift of the peak operature and frequency dependence of the TO phonon-
p(w,T). The data confirm the behavior suggested in Ref. 4polariton decay time allowed us to observe the shift of the
The shift of 4 cm?! (equivalent to approximately 1% singularity directly. The temperature dependence of the
changg is at least two times larger than measured values fol A(X-K) two-phonon energy has been measured by second-
the shift of the TO frequenéf in the same temperature order ISRS.
range. This stronger shift of the peak in the two-phonon DOS
as compared to the TO-phonon frequency is the origin of the
extraordinary variation of' (w) with T. To the best of our
knowledge, there exist no reliable literature data for the tem- We thank M. Cardona and F. Widulle for stimulating dis-
perature dependence of the acoustic phonon frequency itussions and critical reading of the manuscript. A.G.S. and
GaP. Our technique allows observation of 2TKAK) oscil-  J.H. acknowledge funding of their research stay by the Max-
lations due to second-order Raman scattefifig. 2), and  Planck-Institute.
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