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Coherent TO phonon relaxation in GaAs and InP

F. Ganikhanov and F. Valle´e
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~Received 28 January 1997!

Relaxation of coherent TO phonons is investigated in bulk GaAs and InP using an infrared time-resolved
coherent anti-Stokes Raman scattering technique. Measurements were performed as a function of the crystal
temperature in the range 10–300 K permitting determination of the dominant TO phonon relaxation channels.
The experimental results are consistent with TO phonon decay into a TA and a LA phonon in GaAs while in
InP decay into two identical energy LA phonons dominates at low temperatures.@S0163-1829~97!06124-9#
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I. INTRODUCTION

Interactions of optical phonons with other degrees of fr
dom of the lattice and the related vibrational energy trans
are of both fundamental and technological interest in se
conductors. In particular, the optical phonon relaxation
namics deeply influences carrier-lattice thermalization sin
for not too low temperatures, optical phonons medi
carrier-lattice energy exchanges.1–3 In polar systems, LO
phonon damping has been investigated both in the freque
domain using spontaneous Raman spectroscopy,4–8 and in
the time domain using incoherent anti-Stokes Ram
scattering1,9 and time-resolved coherent anti-Stokes Ram
scattering~CARS!.10–12A good description of the dominan
LO phonon relaxation channels has thus been obtained.10–12

Relaxation of TO phonons has been much less stud
probably because of their weaker coupling with the carri
and consequently their smaller importance in carrier therm
ization. They can however play an important role in high
doped semiconductors where the efficiency of carrier-
phonon polar interactions is strongly reduced by screenin13

Furthermore, investigation of the TO phonon relaxati
channels yields additional information on anharmonic p
non interactions and thus on energy redistribution proce
in polar semiconductors.

Time-resolved spectroscopy has been seldom applie
the investigation of TO phonon relaxation in solids, with t
exception of the small wave vector modes.14–19 The strong
mixing of these modes with photons~polariton effect20!,
however, deeply alters their dynamical properties, mak
them propagating modes and changing their relaxation.15–17

We have investigated the intrinsic TO phonon relaxation
namics in GaAs and InP using an infrared time-resolved
herent anti-Stokes Raman scattering~CARS! technique in a
configuration where large wave vector transverse modes
excited and probed, making the polariton effect negligible21

II. EXPERIMENTAL SYSTEM

In a time-resolved CARS experiment, a coherent Ram
excitation of a phonon population is first performed in t
bulk of the sample using synchronized picosecond pul
vL andvS , in the transparency region of the crystal. Th
frequency difference matches the frequency,vex, of the in-
550163-1829/97/55~23!/15614~5!/$10.00
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vestigated excitation:vex5vL2vS . The temporal evolution
of the coherence of the excitation is then followed by coh
ent anti-Stokes Raman scattering atvP1vex of a time de-
layed picosecond probe pulse,vP , yielding access to the
excited mode dephasing timeT2.

22,23

In the excitation process, the wave vector of the mate
excitation is imposed by momentum conservatio
kex5kL2kS and, in forward geometry, small momentu
states are thus investigated. Here, to limit the importance
the polariton effect, we have used a large angle between
excitation pulses~about 5° in the crystal! corresponding to
excitation of relatively large wave vector modes (kTO>3k0
wherek05A«`vTO/c, insets of Figs. 1 and 3!. Their hybrid-
ization with photons is thus very weak and, in particul
their group velocity has been calculated to be smaller t
231023c, making propagation effect during the time sca
of the experiment negligible.

In near infrared gap compound as GaAs or InP, infra
excitation and probe pulses have to be used. The three
dent pulses are created using a passively and actively m
locked cavity dumped Nd:glass laser oscillator delivering
ps pulses at 1.054mm. After amplification to 1 mJ, the initia
pulse is split into three parts to create thevL , vS , andvP
beams. The first one is passed through a variable delay a
used as the probe beam (vP) while the second one is used a
one of the excitation beams (vL). The remaining part is fre-
quency shifted by stimulated Raman scattering in chlo
form. The generated spectrum is frequency filtered to cre
the second excitation beam (vS) with vL2vS;vTO ~;270
cm21 in GaAs and;305 cm21 in InP!. The linear polariza-
tion of the three beams are adjusted and they are focu
~focal spot diameter;300mm! into the sample using a non
collinear geometry to satisfy phase matching requiremen

The intrinsic GaAs and InP samples are;500mm thick
with ~110! surfaces. This crystal orientation precludes ex
tation of the LO phonon mode. The crystal surface is o
ented so that thevS andvP beams are polarized along th
(1 1̄0) direction and thevL beam along a crystallographi
axis ~001!. This geometry maximizes the coupling of the L
phonon mode with the excitation pulses and the genera
of the anti-Stokes signal@polarized along ~001!#. The
samples were placed in a helium or nitrogen cooled cryos

The anti-Stokes signal was detected by a S1 photom
15 614 © 1997 The American Physical Society
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55 15 615COHERENT TO PHONON RELAXATION IN GaAs AND InP
plier after spatial, spectral, and polarization selections. T
system response function was measured in the same cry
after changing the polarization of thevL beams so that the
TO phonon is not excited@i.e., bothvL andvS are polarized
along (1 1̄0)# and detecting the anti-Stokes signal polariz
along (1 1̄0). The temporal resolution has been found to
limited to ;1.2 ps by multiple reflections on the samp
surfaces. This is shown in Fig. 1, where the small hu
around a probe time delaytD of 11 ps is associated to a wea
time delayed excitation~about 100 times weaker than th
main excitation! of the sample after reflection of thevL and
vS pulses on the front and back surfaces of the sample.11,12

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Indium phosphide

The measured temporal dependence of the anti-Sto
signal from the coherently excited TO phonons in InP
shown in Fig. 1 for a sample temperature of 82 K. After
fast transient due to the electronic response of the sample
that closely follows the system response function, the CA
signal decays exponentially indicating a homogene
~Lorentzian! broadening of the TO phonon line with
dephasing timeT2/2512.061.5 ps.

A similar behavior has been observed for all the inve
gated temperatures in the range 10–300 K. The meas
dephasing rates are reported in Fig. 2 together with the ro
temperature TO phonon Raman linewidth measured
Bairamovet al.: G52.2 cm21 ~FWHM!,7,24 in good agree-
ment with our time resolved dataT2/252.660.4 ps ~i.e.,
G52.160.4 cm21). The measured dephasing times are ab
three times smaller than those previously reported for

FIG. 1. Normalized coherent anti-Stokes signal from the
phonon mode in InP on a logarithmic scale as a function of
probe delay for a crystal temperature of 82 K~full circles!. The
measured dephasing time isT2/2;12 ps. The system respons
function measured in the same crystal~see text! is also shown~open
squares!. The inset shows the small momentum dispersion of
polariton mode associated with the optical phonon in InP~with
k05A«`vTO /c). The investigated mode is indicated by the fu
square.
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phonons.12 This is consistent with the room temperatu
spontaneous Raman measurements that show a larger
width for the TO than for the LO phonon mode: 2.2 and 0
cm21, respectively.6,7,24

In good quality crystals, the loss of coherence of a phon
is due to its anharmonic interactions with other phon
modes.25,26 Three particle interactions are the most proba
processes as they are induced by the lowest order~third or-
der! anharmonicity. The corresponding relaxation chann
can be divided into up-conversion processes where the in
phonon is scattering by a thermal phonon@v i

1(q)# into a
phonon of higher energy@v j

1(2q)# and down-conversion
processes where it splits into two lower energy phono
v i

2(q) andv j
2(2q) ~overtone channels fori5 j and com-

bination channels foriÞ j ). In both cases, the initial phono
is destructed and the lifetime and dephasing time are rel
by T15T2/2.

The relative importance of the different processes
pends strongly on the symmetry and density of states~at
k50! of the associated two phonon bands (v i

21v j
2 band

for down-conversion andv j
12v i

1 band for up-conver-
sion!.12,25,26 For both up- and down-conversion process
the temperature dependence of the associated relaxation
is related to the occupation number of the final phonons
thus to their energies. This temperature signature permits
crimination between the different channels and, in particu
as up-conversion processes necessitate thermal activa
only down-conversion processes contribute at low tempe
tures.

In InP, the measured and computed phonon dispers
curves27–29 show that no combination relaxation channel
allowed by energy and momentum conservation. The o
possible third-order down-conversion mechanism is TO p
non decay into two LA phonons (vLA5vTO/2) of opposite
wave vectors close to theX andL critical points of the Bril-
louin zone. This overtone channel corresponds to a la
density of final states but its efficiency is limited by symm

e

e

FIG. 2. Temperature dependence of the TO phonon m
dephasing rate,GTO

InP52/T2, in InP. The square corresponds to th
room temperature Raman measurements of Bairamovet al. ~Ref.
7!. The full line is calculated taking into account both the overto
and the up-conversion processes~2!, while the dashed line corre
sponds to only the overtone process~1!.
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15 616 55F. GANIKHANOV AND F. VALLÉ E
try requirements.11,12 The temperature dependence of t
corresponding decay rate,Gov, is given by

Gov~T!5g0
ov@112n~vTO/2,T!#, ~1!

whereg0
ov is an effective anharmonic coupling constant a

n(v,T) is thev phonon occupation number. Assuming th
the overtone channel dominates the TO phonon relaxa
~i.e., Gov52/T2), g0

ov is fixed by the low temperature mea
surements@n(v,10 K!!1#: g0

ov50.06 ps21. The predicted
temperature dependence of the dephasing rate~dashed line in
Fig. 2! is clearly too slow to reproduce the measured d
indicating intervention of other relaxation channels.

The only other third-order process is up-conversion of
TO phonon into a LO phonon with absorption of a low e
ergy longitudinal or transverse acoustical phonon (vA;45
cm21). This channel, which is the counterpart of the dow
conversion mechanism invoked for LO phonon relaxat
~decay into a TO phonon and an acoustic phonon12!, involves
low density of states~small wave vector! phonons but is
symmetry permitted. Its efficiency is thus expected to
comparable to that of the overtone process. The relaxa
rate,GTO

InP52/T2, can then be written

GTO
InP~T!5g0

ov@112n~vTO/2,T!#

1g0
up@n~vA ,T!2n~vLO ,T!#. ~2!

A good description of the experimental temperature dep
dence is obtained forg0

up50.025 ps21 ~full line in Fig. 2!
with however a significant deviation for the higher tempe
ture data (T>250 K!. This together with the nonlinear be
havior of the dephasing rate with temperature, suggest
higher order~four phonons! processes become important
high temperatures as proposed for optical phonons
group-IV semiconductors.30–32

The TO phonon decay routes are similar to those invo
for LO phonons with contributions from both an overto
process and interoptical phonon band scattering assiste
an acoustical phonon. The origin of the faster TO phon
than LO phonon dephasing is attributed to the larger e
ciency ~about five times! of the overtone channel for TO
phonons. This is consistent with the larger computed
observed one phonon density of states at half the TO pho
energy than at half the LO phonon energy.27–29,33The larger
efficiency of the interoptical phonon band scattering for
TO phonons than for the LO phonons12 is also in agreemen
with the larger density of states calculated for the differen
than for the sum two-phonon band at, respectively, the
and LO phonon energy.27

B. Gallium arsenide

The time behavior of the anti-Stokes signal measured
GaAs is very similar to that observed in InP as shown in F
3 for a lattice temperature of 10 K. The measured TO p
non dephasing times are about 30% smaller than reporte
LO phonons11,12and significantly shorter than in InP, with
low temperature value ofT2/256.261 ps.

Measurements were also performed in ann-doped sample
with a carrier density of 231017 cm23. Within experimental
accuracy, the observed signal is identical to that measure
t
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the intrinsic system~Fig. 3!, exhibiting, in particular, the
same long-term exponential decay. This shows that nei
the presence of a moderate density electron plasma no
impurities and spatial disorder introduced by doping sign
cantly alter coherent TO phonon dephasing. It has to
noted that, in contrast, LO phonons exhibit a strongly
duced dephasing time for doping densities larger than 116

cm23, due to their hybridization with the plasmon mode.34,35

The temperature dependence of the TO phonon depha
rateGTO

GaAs52/T2 is shown in Fig. 4. In GaAs, examination o
the phonon dispersion curves36 shows that energy and mo
mentum conservation permit decay of the TO phonon int
LA (vLA;210 cm21) and a TA (vTA;60 cm21) phonon
close to theL point of the Brillouin zone. The correspondin
temperature dependence is given by

FIG. 3. Coherent anti-Stokes signal from the TO phonon mo
in a semi-insulating~full circles! andn-doped~open squares! GaAs
sample. The measured dephasing time isT2/2;6.2 ps at a crystal
temperature of 10 K. The inset shows the small momentum dis
sion of the polariton mode associated with the optical phonon
GaAs. The investigated mode is indicated by the full square.

FIG. 4. Measured temperature dependence of the TO pho
dephasing rate,GTO

GaAs52/T2, in a semi-insulating~circles! and
n-doped~triangles! GaAs sample. The full line is computed for TO
phonon decay into a TA and a LA phonon~3!.



a
ta
e

to
n
n
o
a
ed
rv

na
ha

he

es
is
hi

h

o
n

tio

T
a
o

we
m

K.
sic
mo-
lit-
n

the

LO
her-
ay.
r TO
nts

of a
tro-

sis-
se
t
the

rre-
LO
x-

ese

D.
ng
for
us
ique

55 15 617COHERENT TO PHONON RELAXATION IN GaAs AND InP
GTO
GaAs~T!5g0

cb@11n~vLA ,T!1n~vTA ,T!#, ~3!

whereg0
cb is an effective coupling constant. Assuming th

this combination process dominates the relaxation, we ob
the full line in Fig. 4 that gives a good description of th
experimental data~with g0

cb50.145 ps21).
The large efficiency of this combination channel is due

the fact that it is both symmetry permitted and involves zo
edge phonons, i.e., corresponds to a high density of fi
states. It is thus very likely, leading to a faster TO phon
dephasing than in InP. It is similar to the LO phonon dec
route in GaAs and, although different phonons are involv
is expected to lead to comparable decay rates, as obse
experimentally.

Our results are also compatible with a small additio
contribution from an up-conversion process similar to t
invoked in InP with a coupling efficiencyg0

up<0.01 ps21.
This smaller efficiency than in InP is consistent with t
smaller energy of the involved acoustic phonons (vA;20
cm21) and, consequently, the lower density of final stat
due to the smaller LO-TO energy splitting in GaAs. Th
process is much less important in GaAs because of the
efficiency of the combination channel (g0

cb@g0
up here!.

Our results might also be reproduced assuming a TO p
non decay due only to splitting into two LA phonons~over-
tone process!. This has however been ruled out because
the required large value of the coupling consta
(g0

ov;0.15 ps21), in contradiction with the minor role of the
overtone process demonstrated for LO phonon relaxa
(g0

ov,0.015 ps21 for the LO phonon mode12!. This mecha-
nism is actually expected to be even less efficient for the
phonon mode as the one phonon density of states is sm
at half the TO phonon energy than at half the LO phon
energy in GaAs.33,37

IV. CONCLUSION

Using an infrared time-resolved CARS technique,
have investigated TO phonon dephasing in bulk se
.
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insulating GaAs and InP in the temperature range 10–300
The results permit determination of the dominant intrin
TO phonon relaxation channels due to the lattice anhar
nicity. In GaAs, the loss of coherence is dominated by sp
ting of the initial TO phonon into a LA and a TA phono
close to theL point of the Brillouin zone. This combination
mechanism is not energy permitted in InP and splitting of
TO phonon into two identical energy LA phonons~overtone
process! dominates at low temperature (T,80 K!. For
higher temperatures, TO phonon up-conversion into a
phonon assisted by absorption of an acoustic phonon is t
mally activated and significantly contributes to the dec
These two processes are less probable and lead to longe
phonon relaxation times in InP than in GaAs. Measureme
performed in the same conditions inn-doped GaAs show
that TO phonon dephasing is insensitive to the presence
moderation carrier density plasma and to the disorder in
duced by doping.

The dominant TO phonon relaxation channels are con
tent with those previously reported for LO phonons in the
two semiconductors.11,12 As for LO phonons, the dominan
channels and their amplitude are essentially imposed by
phonon band structure~i.e., density of the final states! and
the symmetry selection. The invoked mechanisms co
spond to decay of the TO phonon population and, as for
phonons, the lifetime,T1, and dephasing time are thus e
pected to be identical:T15T2/2. To our knowledge, the TO
phonon lifetime has however not been measured in th
semiconductors.
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