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Time-resolved investigation of coherent LO-phonon relaxation in III-V semiconductors
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Relaxation of coherent LO phonons is investigated in InP, GaAs, and GaP by use of an infrared time-

resolved coherent anti-Stokes Raman-scattering technique. Measurements were performed as a function
of crystal temperature in the range 6—320 K. The measured LO-phonon dephasing times are about
four-times longer in InP than in GaAs. This dift'erence is attributed to the closing of the cubic combina-
tion relaxation channel which dominates the decay in GaAs but is energetically forbidden in InP. In this

compound, as in GaP, both a less efficient combination relaxation channel and the overtone decay route
where the initial phonon splits into two isoenergetic longitudinal-acoustic phonons significantly contrib-
ute to the LO-phonon decay.

I. INTRODUCTION

Interaction of optical phonons with their environment
is one of the key parameters in most of the physical prop-
erties of semiconductors. Optical-phonon energy and
phase relaxation has thus been widely investigated in
semiconductors with a special emphasis on polar com-
pounds where the LO phonons mediate energy exchanges
between the hot electrons and the lattice. ' Spontane-
ous Raman spectroscopy has been an important source of
information allowing the determination of the dominant
optical-phonon relaxation mechanisms in various semi-
conductors. " In technologically important polar III-
V compounds such as GaAs and InP, there is, however, a
large discrepancy between the reported Raman
linewidths precluding an unambiguous qualitative and
quantitative determination of the LO-phonon broadening
mechanisms. In these semiconductors additional infor-
mation is clearly required to understand LO-phonon
anharmonic interactions with the other degrees of free-
dom of the lattice.

Time-resolved techniques constitute important and re-
liable tools for the investigation of vibrational relaxation
dynamics in dense systems. ' ' They have been widely
exploited in liquids and in molecular crystals but only
scarcely in semiconductors. ' ' The LO-phonon popula-
tion relaxation time (T, ) has been measured for a few

temperatures in GaAs and Al„Ga, As alloys using
time-resolved incoherent Raman spectroscopy to monitor
the temporal evolution of the nonequilibrium incoherent
phonon population created by cascade hot-electron relax-
ation. ' ' The problem of coherent LO-phonon decay
has recently been addressed in semiconductors by use of
femtosecond transient reAectivity' and of the picosecond
time-resolved coherent anti-Stokes Raman-scattering
(CARS) technique. ' This last technique gives only access
to the temporal evolution of the envelope of the excited
LO-phonon wave packet but has the advantage of a very
high sensitivity and of a high accuracy. In time-resolved
CARS measurements, a coherent phonon population is
first created in the bulk of the sample by coherent Raman

scattering of two synchronized picosecond pulses co~ and

co+ whose frequency difference matches the frequency Np

of the investigated phonon, co~ —~z =cop. The excitation
pulses lie in the transparency region of the sample limit-

ing the modifications of the phonon environment due to
carrier photoexcitation. The temporal evolution of the
coherence of the excitation is followed by coherent anti-
Stokes Raman scattering at co~+cop of a time-delayed pi-

cosecond probe pulse ~z yielding access to the phonon
dephasing time (Tz ). ' LO phonons are associated to an

electromagnetic field and their coupling with the laser
beams occurs through both their mechanical and elec-
tromagnetical component. However, the general descrip-
tion developed for nonpolar excitation can be applied us-

ing an effective Raman tensor as long as a quantitative
description of the absolute value of the measured intensi-

ty is not required. '

In semiconductors, time-resolved CARS has first been
used to investigate LO-phonon dephasing in visible gap
compounds (GaP and ZnSe) (Ref. 20) and recently in in-

frared gap compounds (GaAs). ' In this last investiga-

tion, an infrared version of the time-resolved CARS tech-
nique has been used to determine the LO-phonon dephas-

ing time in GaAs for crystal temperature ranging from 6
to 215 K. In this temperature range, coherent decay has
been shown to be dominated by an intraband population
relaxation channel similar to the optical-phonon decay
route in group-IV semiconductors. ' '

To further test the relevance of the proposed relaxation
mechanism in GaAs we have performed temperature-
dependent measurements of the LO-phonon dephasing in

the range 215—320 K by use of an improved version of
our infrared time-resolved CARS setup. ' The same
technique has been applied to study LO-phonon dephas-

ing in InP where the modifications of the phonon band
structure compared to GaAs are expected to deeply alter
the LO-phonon relaxation channels. To our knowledge,
this constitutes the first accurate determination of the
LO-phonon relaxation time in InP where the linewidths
inferred by our dephasing time measurements are much
smaller than those previously reported using spontaneous
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Raman scattering. Additional measurements performed
in GaP are also reported and compared to the results of
Kuhl and Bron in order to check a possible sample-
dependent contribution to the measured dephasing rate
and to test the proposed relaxation mechanism in InP.

II. LO-PHONON RELAXATION

Phonon dephasing in crystals is a consequence of both
the intrinsic anharmonicity of the lattice and of spatial
modulation of its order. In good-quality samples, pro-
cesses induced by spatial disorder, such as scattering by
impurities and defects, play a minor role and the finite
phonon dephasing time takes its origin in phonon-
phonon interactions caused by anharmonicity of the crys-
tal potential. Anharmonic phonon relaxation and energy
renormalization have been investigated by many au-
thors and only a brief description of the relevant re-
sults will be given here. The lowest-order anharmonic
term in the crystal potential is the third-order anharmon-
icity H' ',

I (, l2~I3
k), k2, k3

g,k
——(b,k.+b,~ k) is the vibration amplitude of the pho-

non belonging to the i branch with wave vector k and

(b,k, b;k ) the phonon creation and annihilation operators.

V.' .' . (k „k2,k3 ) is a cubic anharmonic coupling
1 I l2l3

coefficient. For LO phonons, the longitudinal electric
field associated with the mechanical motion renorrnalizes
the anharmonic coefficients which include contributions
from both the mechanical and electro-optical anharmoni-
city. ' It has been recently shown that this duality in the
anharmonic interactions of a polar mode plays an impor-
tant role in the damping dispersion of the transverse
mode (polariton mode). ' Separation of the two contri-
butions is, however, not essential for the undispersed lon-

gitudinal mode and the problem can be treated as for a
nonpolar phonon, by considering effective coupling
coefficients.

Using the standard procedure, one can show that for
weak interactions, anharmonicity leads to a Lorentzian
broadening of the phonon lines with a linewidth propor-
tional to the imaginary part of the phonon self-energy.
The broadening, I o

' [full width at half maximum

(FWHM)], of the coa phonon in the center of the Brillouin
zone resulting from cubic anharmonicity is given by

g ~ V,'; '(O, q,
—

q)~ [[1+n(co~)+n (co )]5(coo co; ——co )+2[n(co; ) n(co )]5(co0—+co; co )],—0/J

(2)

where n (co) is the statistical occupation number of the
phonon with frequency co and co,q is the energy of the
phonon belonging to the i branch with wave vector q.
The preceding expression ensures wave-vector and energy
conservation while symmetry conservation is included in
the anharmonic-coupling coefficients. The first term cor-
responds to a down-conversion process where the initial
co0 phonon with wave vector k-0 decays into two
lower-energy phonons, co; and co., with opposite wave
vector. The second term describes phonon up-conversion
where the initial excitation is scattered by a thermal pho-
non (i,q) into a phonon of higher energy (j,q). In zinc-
blende crystal there is no phonon of higher energy than
the zone center LO phonons and hence no up-conversion
mechanism is allowed. To the lowest anharmonic order,
relaxation thus occurs by splitting of the initial phonon
into two lower-energy phonons such that
copq +coj q co+Q This can be realized either for i =j
(overtone channel), or for i' (combination channel), de-
pending on the phonon band structure of the investigated
material. Following the approximation introduced by
Klemens to carry out analytic calculations, the over-
tone channel has been frequently invoked as an efficient
relaxation channel for the optical phonons. As pointed
out by several authors, ' although frequently energeti-
cally possible, this decay route is less likely than the com-
bination channels because of the stringent limitations im-
posed by energy and wave-vector conservation.

If we assume that the anharmonic coefficients are

wave-vector independent and that the dispersion of the
final phonons is small, the LO-phonon linewidth due to
cubic processes in zinc-blende crystal can be written

I 0 '(coto) = g I; (coLo)[1+n (co;)+n (co )]

X de +cu (HLO) &

J

where d + (co) is the density of states of the co;+co.
l J

two-phonon band at the frequency co and at k =0. I;.
are average coupling coefficients. The efficiency of the in-
teraction processes is proportional to the density of state
of the final two-phonon band and, hence, relaxation chan-
nels involving zone-edge phonons are expected to give the
dominant contributions. Discrimination between the
different allowed channels can be realized through their
different behavior with crystal temperature. Neglecting
the temperature dependence of the coupling coefficients,
cubic processes depend on temperature through linear
combinations of the occupation numbers of the final pho-
nons (2), leading to a characteristic linear variation of the
relaxation rate at high temperature. In contrast, higher-
order mechanisms involved nonlinear combinations of
the occupation numbers resulting in a nonlinear tempera-
ture dependence of the relaxation rate. The tempera-
ture variation of the phonon broadening is, thus, the sig-
nature allowing the determination of both the nature of
the dominant interaction mechanisms and of the energy
of the involved phonons.
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The theoretical investigation summarized above has
been carried out in the frequency domain but the results
can be easily extended to the time domain. For the
Lorentzian broadening of a phonon line obtained with
the hypothesis of a weak anharmonic perturbation, the
phonon dephasing time T2 and the phonon linewidth ro
(in cm ') are related by'

ro= 1/ cT2 . (4)

For a weak broadening, time-resolved experiments are
expected to be more accurate especially for crystals with
a transparency domain limited to the infrared. Further-
more, time-resolved CARS being a bulk technique, the
measured dephasing times are free from any surface
effects.

III. EXPERIMENTAL SYSTEM

Creation and probing of coherent phonons in the bulk
of the crystal with the time-resolved CARS technique re-
quires picosecond pulses in the transparency region of the
sample, i.e., in the near infrared for GaAs (E, —1.51
eV at 77 K) and InP (Es,„—1.41 eV at 77 K). These
pulses are produced by a modified version of the passively
mode-locked cavity dumped Nd:glass laser system al-
ready described and utilized for visible CARS experi-
ments. This system generates 5-ps pulses at a wave-

length of 1.054-pm. After arnplification to 2 mJ, the ini-
tial pulse is split into three parts to create the coL, co~,
and cop beams. The first one ( & 10 pJ), is passed through
a variable delay and is used as the probe beam (cop ) while

the second one ( & 30 p J) is utilized as one of the excita-
tion beams (col ). The second excitation pulse at the fre-

quency co& =coL —coLo is created by frequency shifting the
third part by stimulated Raman scattering in a liquid
whose Stokes shift is close to the LO-phonon frequency
of the investigated semiconductor [CHBr2Cl for GaAs
(co„o=295 cm ' at 77 K), SnC1~ for InP (~„o=350
cm ' at 77 K), and GeC1~ for GaP (coLo=405 cm ' at 77
K)]. After frequency filtering, the energy of the cps beam
is of the order of 2 pJ. The linear polarization of the
three beams is adjusted (~s and co~ are vertically polar-
ized and coL is horizontally polarized) and they are slight-

ly focused into the sample using a noncolinear geometry
to satisfy the phase-matching requirement. The focal
spot diameter is measured to be 390 pm for the col and

co& beam and 300 pm for the co+ beam. The focusing and
the energy of the incoming pulses have been limited in or-
der to avoid any perturbation from carriers photoexcited
by two-photon absorption and by residual one-photon
absorption from impurities. For each sample the ener-

gy of the pulses has been set by checking the indepen-
dence of the measured decay on the beam intensities.
This energy is lower in InP than in GaAs, probably be-
cause of its lower band gap. No intensity-dependent
effect has been observed in GaP up to the damage thresh-
old because of its lower two-photon absorption which in-
volves only indirect gap transitions for the photon energy
of our laser (1.177 eV). The anti-Stokes signal is detect-
ed by an S1 photomultiplier after spatial and spectral

filtering. For the geometry used in our experiment, the
anti-Stokes signal is linearly polarized (horizontal) allow-

ing additional polarization selection.
The GaAs sample is a high-quality semi-insulating

crystal (residual concentration & 10' electrons/cm )

with a thickness of 320 pm. The InP sample is 290 pm
thick and has a residual electron concentration of 8 X 10'
cm . The thickness of the samples has been chosen to
permit a sufficient interaction length without degrading
too much the temporal resolution. ' For a large focal
spot, multiple reflections of the excitation beams inside a
sample of intermediate thickness result in a repetitive ex-
citation of the phonon mode that severely limits the tem-
poral resolution, the signal decay being observed over
several orders of magnitude. In the thin GaAs and InP
samples, the resolution of the system has been measured
to be 1.2 ps and has been found to be limited by the
thickness of the samples. Measurements were also per-
formed in a thick GaP crystal (1 mm) with a tighter
focusing of the incoming beams. In these conditions the
multiple reflections are spatially separated and the intrin-
sic temporal resolution of our system for infrared CARS
has been measured under nonresonant conditions
(col —cps=350 cm ') to be better than 1 ps. The three
samples have (100) surfaces and were oriented with their
crystallographic axis in the horizontal and vertical direc-
tion. In zinc-blende crystals, this geometry, with the ex-
citation pulses cross polarized, realizes the optimum cou-
pling of the excitation and probing beams with the LO
phonons. Because of the polariton effect at a small wave
vector' and of the chosen beam polarization and crystal
orientation, the influence of the TO phonons on the mea-
sured signal is negligible. The samples were glued on the
cold finger of a nitrogen- or helium-cooled cryostat allow-

ing temperatures between 6 and 320 K.

IV. EXPERIMENTAL RESULTS

The observed CARS signal measured in InP is plotted
on a logarithmic scale as a function of probe delay in Fig.
1, for two crystal temperatures (78 and 300 K). The tem-

poral shape is similar to the one measured in GaAs. '

The initial transient observed for probe delays shorter
than 5 ps is attributed to the two-photon resonant elec-
tronic nonlinear response of the crystal. Due to the sub-

picosecond carrier relaxation, no free carrier response
occurs on a picosecond time scale and the observed signal
closely follows the system response function (dashed line

in Fig. 1). For probe delay longer than 5 ps, an exponen-
tial decrease of the coherent signal is observed over more
than two orders of magnitude. The slope of the decay
measures the LO-phonon dephasing time T2/2=22+2 ps
at 78 K and T2/2=7. 6+0.6 ps at 300 K, much longer
than in GaAs for the same temperatures (6.4 and 2.1 ps,
respectively). The low-temperature dephasing time
(40+7 ps at 6 K) is more than four times longer than in

GaAs [9.2 ps at 6 K (Ref. 21)] indicating a different ori-

gin of the phonon relaxation. The measured temperature
dependence of the LQ-phonon dephasing rate, 2/T~, in

InP is shown in Fig. 2 for temperatures ranging from
6—300 K.
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FIG. 1. Coherent anti-Stokes signal from the LO phonon in

Inp, plotted on a logarithmic scale as a function of probe delay
in picoseconds. The crystal temperature is 78 K (squares) and
300 K (circles). The slope of the decay for long probe delay
( tD & 5 ps) measures the LO-phonon dephasing time:
T2/2=22+2 and 7.6+0.6 ps respectively. The dashed line is
the system response function.
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Similar measurements were performed in GaAs in the
temperature range 77—320 K. At liquid-nitrogen temper-
ature the results are identical to those previously report-
ed, and we have centered our investigation on the tem-
perature range 200—320 K not covered in Ref. 21. The
dephasing rates measured in the present investigation are

0.6

2/T2

(ps )

0.4—

plotted together with those of Ref. 21 in Fig. 3. Al-

though the wave vectors of the LO phonons accessed in

CARS experiments are much smaller than in techniques
based on spontaneous Raman backscattering, the results
can be compared since in both of these experiments the
phonon wave vector is small compared to the Brillouin
zone and, hence, the modification of the anharmonic in-

teractions and of the phonon energy is negligible. At 300
K the measured dephasing time, T2 l2, is 2. 1+0.2 ps cor-
responding to a FWHM linewidth of 2.55+0.25 cm in

good agreement with recent Raman data (2.6 cm ').s'

This confirms the Lorentzian broadening of the LO-
phonon line. Taking into account experimental accuracy,
the measured dephasing times are identical to the life-
times measured for a few temperatures' indicating a
negligible contribution from pure dephasing effects. The
LO-phonon dephasing times recently measured using
femtosecond transient reflectivity in GaAs are also com-
parable. '

The CARS signal measured in GaP is shown in Fig. 4
for a crystal temperature of 300 K. The phase decay of
the LO phonon is followed over five orders of magnitude
in spite of the use of nonresonant infrared pulses (the
photon energy is about half the indirect gap energy). The
measured dephasing time (6.8+0.6 ps at 300 K) is com-
parable to that determined by Kuhl and Bron using a
time-resolved visible CARS technique and three times
longer than in GaAs. The results are identical over the
whole temperature range studied as shown in Fig. 5.
Some of the linewidths measured using spontaneous Ra-
man scattering '" are also reported for comparison.

The importance of limiting the incoming beam intensi-

ty is illustrated in Fig. 6 where we have plotted the
CARS signal measured in InP at room temperature for a

0.2—
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FIG. 2. Measured dephasing rate, I Lo=2/T2, of the LO
phonon in Inp as a function of crystal temperature. The solid
line is calculated for almost identical contributions from the cu-
bic overtone channel and a cubic combination channel (7) (see
text). The dashed line corresponds to a contribution from only
the cubic overtone channel (6) and the dotted line to contribu-
tions from the third- and fourth-order overtone channels [(6)
and (8)].

TEMPERATURE (K)

FIG. 3. Measured dephasing rate, I «=2/T~, of the LO
phonon in GaAs as a function of crystal temperature. The bars
with a solid circle correspond to the present investigation in a
thin crystal. The other data (bars) are from Ref. 21. The solid
line is calculated taking into account only the cubic intraband
combination channel (5) (see text). The dashed line corresponds
to a contribution from only the cubic overtone channel (6).
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FIG. 4. Coherent anti-Stokes signal from the LO phonon in
GaP as a function of probe delay. The crystal temperature is
300 K. The measured dephasing time is T&/2=6. 8+0.6 ps.
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FIG. 5. Measured dephasing rate, I Lo=2/T2, of the LO
phonon in GaP as a function of crystal temperature. The solid
circles correspond to the present investigation. The open circles
and the crosses correspond, respectively, to the time-resolved
CARS and to the spontaneous Raman measurements of Kuhl
and Bron (Ref. 20). The solid triangles are from the high-
temperature Raman linewidth measured by Bairamov et al.
(Ref. 11).The solid line is calculated for contributions from the
cubic overtone channel and the cubic combination channel (7)
(see text) while the dashed line is calculated for only the cubic
overtone channel (6)~

co& pulse energy of 15 pJ (upper curve) and of 1 pJ (lower
curve). For the higher laser energy the temporal shape of
the signal is deeply modified and the decay is no more ex-
ponential for a probe delay shorter than 25 ps. For a
longer delay, the signal recovers its original exponential
decay with the same characteristic time as measured at
low energy. Because of the very low average power used

FIG. 6. Temporal dependence of the coherent anti-Stokes
signal from the LO phonon in InP at 300 K for a coL pulse ener-

gy of 15 pJ (upper curve) and 1 pJ (lower curve). The upper
curve has been up-shifted for clarity and the actual maximum of
the signal (at tD =0) varies linearly with the intensity of the coL

pulse.

in our experiment ( (20 pW) thermal effects are unlikely
and the origin of the deviation lies in the high peak power
of the laser. A similar nonexponential decay of the
CARS signal has previously been reported in GaP at low
temperature and has been attributed to excitation of a
nonequilibrium phonon state appearing at large phonon
densities. The origin of the deviation is different in our
experiment since we have checked that the shape of the
signal is independent of the coherent phonon density by
varying the co& beam energy for both a high intensity and
a low intensity of the coL beam. The temporal shape of
the signal is also independent of the probe pulse intensity
and its maximum amplitude varies linearly with the ener-

gy of each of the incoming beams. We suggest that the
effect originates from free carrier photoexcitation by
two-photon absorption of the coL pulse (the effect of the
low intensity ~s beam is much smaller). On the base of
the measured picosecond nonlinear absorption in

GaAs, the density of the photoexcited electron-hole
plasma is estimated to be of the order of 5 X 10' cm
for a laser pulse energy of 15 pJ. This density is sufficient
to significantly accelerate the LO-phonon dephasing due
to its coupling with the collective mode of the plas-
ma. ' The photoexcited plasma can be considered
as static on the time scale of our experiment since it al-
most thermalizes during the duration of the pulses and its
decay by recombination and transverse diffusion occurs
on a much longer time scale (a few hundred pi-
coseconds ). The decrease of the plasma density is thus
not the origin of the recovery of the original dephasing
time for long probe delays. We believe that the observed
behavior results from the radial spatial inhomogeneity of
the created plasma which induces a radial variation (with
plasma density) of the effective LO-phonon dephasing
rate over the excited zone. For a sufficiently long time
delay only phonons with the longest decay time (i.e., the
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decay measured at low intensity), on the edges of the fo-
cal spot, are observed. The origin of the deviation has
been confirmed by increasing the probe beam focusing so
that the photoexcited plasma can be considered as homo-
geneous over the probed zone. In these conditions at
high laser energy, an exponential decay of the CARS sig-
nal is measured with a dephasing time much shorter than
at low laser energy.

V. DISCUSSION

The difference in the absolute value of the measured
decay rate of the LO phonons in GaAs, InP, and GaP
can be qualitatively understood on the base of the third-
order anharmonic-interaction model discussed in Sec. II.
In GaAs, it has been shown that the dominant relaxation
channel in the temperature range 6—215 K is intraband
decay into a transverse-acoustic (TA) phonon (vr~-60
cin ') and a LO phonon of opposite wave vector in the
vicinity of the L critical point of the Brillouin zone. '

The corresponding temperature dependence of the damp-
ing rate I i o is given by (2):

I i„o =
1 0[ 1 + n ( v&A ) + n ( vi.o ) ]

where yo is an effective anharmonic constant. If only one
mechanism is considered, the measured low-temperature
relaxation rate fixes the only free parameter yo (the occu-
pation numbers being negligible for T ( 10 K). Using
this expression with the value of the anharmonic
coefficient determined in Ref. 21 (@0=0.11 ps '), the ex-
perimental data measured in the range 6—320 K are very
well reproduced (solid line in Fig. 3) yielding further evi-
dence for the dominance of the intraband combination
relaxation channel in GaAs.

The experimental and calculated phonon dispersion
curves ' show that two other three-phonon down-
conversion processes satisfy energy and wave-vector con-
servation for LO-phonon relaxation in GaAs. ' These
are LO phonon splitting into a TA phonon ( vrA -80
cm ') and a longitudinal-acoustic (LA) phonon
(vi~-215 cm ') near the E and X points of the Bril-
louin zone and splitting into two LA phonons with half
the LO-phonon energy and opposite wave vector along
the X, A, and b directions of the Brillouin zone (cubic
overtone process). Addition of one of these decay chan-
nels to the previous one leads to a slower temperature in-
crease of the relaxation rate and worsens the fit of Fig. 3.
However, within the experimental errors, the experimen-
tal data can still be fairly reproduced by introduction of
small contributions from the (TA+LA) process (up to
30% of the total relaxation rate at T=0) or from the
overtone process (up to 10% of the total relaxation rate
at T =0). As previously discussed, ' the low efficiency of
the overtone channel is due to both the symmetry selec-
tion and to the small density of the final states in a region
of large dispersion of the LA mode, far from the edges of
the Brillouin zone. In fact, inspection of the one-phonon
density of states shows that the LO-phonon energy cor-
responds to a minimum in the density of states of the
acoustical overtones.

As GaAs, InP, and GaP have a zinc-blende structure

and consequently comparable phonon band structures
with a weaker dispersion of the LO-phonon mode due to
the higher mass difference of the constituent atoms.
Intraband relaxation of zone center LO phonons into
zone-edge optical phonons is consequently not allowed by
energy and wave-vector conservation. We believe that
this is the origin of the large increase of the LO-phonon
relaxation time in InP and GaP compared to GaAs. In
both of these semiconductors the overtone channel is the
only three-phonon interaction mechanism involving
zone-edge phonons [around the X and 13: points of the
Brillouin zone in InP (Fig. 7) and the W and L points in
GaP]. The overtone process is thus more probable than
in GaAs and is expected to significantly contribute to the
LO-phonon decay. Although the amplitude of the anhar-
monic interactions can also vary, the dominance of the
combination channel in GaAs and the larger relaxation
time measured in InP and GaP show that the overtone
channel has a lower efficiency than the combination
channels. This is attributed to the fact that the I 15 com-
ponent of the two-phonon spectrum, satisfying symmetry
conservation for relaxation of the LO mode, is mainly
due to combination bands rather than to overtone
modes. ' The symmetry selection thus renders the
overtone channel less likely than the combination chan-
nels.

The role of the cubic overtone channel in InP and GaP
can be tested by comparing the predicted and measured
temperature dependence of the decay rate. This depen-
dence is given by (2):

I QQ QQ[1 +2n (COLO/2)]

LO
4E

300 ~
(cm-i)

0

[110]

REDUCED WAVE VECTOR

FIG. 7. Phonon dispersion curve of InP in the L and X direc-
tions of the Brillouin zone (Ref. 43). The double arrow schema-
tizes the relaxation of the zone center LO phonons into two
isoenergetic LA phonons of opposite wave vector (cubic over-
tone channel) close to the K point. The dashed arrows corre-
spond to the cubic combination relaxation channel into small
wave-vector TO and TA phonons along the 1-L direction.
Note that this process is possible along all the directions of the
Brillouin zone and that LA phonons can also contribute.
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I t".o =(y0 —y)[1+2n (co&o/2)]

+7 [1+n(vTA)+n (vTo)] (7)

where y is a fitting parameter. The calculated depen-
dence is shown by the solid line in Fig. 2 and gives a good
description of the experimental results for comparable
contributions of the two processes (70=0.025 ps

' and

y=0. 013 ps '). Note that such an agreement cannot be
obtained without inclusion of the overtone process.

Although a good description of the measurements is
obtained including only three-particle interactions,
higher-order anharmonic mechanisms might also contrib-
ute to the LO-phonon decay. Fourth-order processes
have frequently been invoked as efficient relaxation chan-
nels in semiconductors. Due to the multiplicity of the
possible decay route no channel can be a priori singled
out and a simplified model based on a generalization of
the cubic overtone channel has been used. ' This
fourth-order overtone channel corresponds to LO pho-
non splitting into three LA phonons of the same energy
(cotA=apto/3) and the temperature dependence of its
contribution, I &&, to the LO-phonon relaxation rate is

given by

I ~()=y' '[1+3n(co„o/3)+3[n(coto/3)] ] .

In contrast to cubic relaxation channels, the resulting de-

cay rate exhibits a nonlinear temperature dependence
characteristic of a higher-order process. Adding this con-
tribution to expression (6) for the cubic overtone process
gives only a poor description of the results (dotted line in

Fig. 2) indicating a small influence of the fourth-order
mechanisms.

where, as pointed out above, y0 is the low temperature
relaxation rate. Using this expression for InP, with
@0=0.025 ps ', the calculated temperature dependence
is too slow to describe the experimental results (dashed
line in Fig. 2) demonstrating the intervention of an addi-
tional phase relaxation process. This second process
might take its origin in both the intrinsic anharmonic
properties of the crystal and in the modification of the
carrier environment by thermal activation. Note that de-
phasing introduced by spatial disorder is essentially tem-
perature independent and is thus not likely to contribute.

The linearity of the temperature dependence of the de-
phasing rate in InP for temperature higher than 50 K
suggests that, as in GaAs, anharmonic relaxation is dom-
inated by cubic processes. In the preceding discussion,
we have neglected three-phonon processes involving pho-
nons with low density of states (i.e., far from the edges of
the Brillouin zone). Taking into account energy and
wave-vector conservation, the measured and calculated
band structures ' show that zone center LO phonons
can be annihilated into small wave-vector TO and TA (or
LA) phonons at different points of the Brillouin zone
with vTA= 30 cm (Fig. 7). This process is similar to the
dominant decay route in GaAs but is less probable be-
cause of the weaker density of states of the final phonons.
Taking into account this second process, the total relaxa-
tion rate can be written

For the long dephasing times measured in InP and
GaP, small modifications of the residual carrier density

by thermal activation might also influence the LO-
phonon phase decay. This effect is, however, expected to
increase linearly with electron concentration and thus
nonlinearly with temperature in contrast with the rnea-

sured linear temperature dependence of I „o for ternpera-
ture higher than 50 K. This linearity and the good repro-
duction of the experimental results by expression (7) thus

suggest that plasma effects and higher-order anharmoni-
city play a minor role and that cubic overtone and com-
bination relaxation channels dominate the decay.

In GaP, using spontaneous Raman technique and visi-

ble time-resolved CARS, it has been shown that the low-

temperature LO-phonon relaxation is dominated by the
cubic overtone channel. " The LO-phonon dephasing
rates we measured for a few temperatures are comparable
to the previous determinations indicating a small

influence of crystal impurities and defects. The relevance
of the overtone process at low temperature is confirmed

by comparison of the measured data with expression (6)
(dashed line in Fig. 5). The deviation observed for tem-

perature higher than 150 K indicates that, as in InP, an

additional relaxation mechanism has to be included. The
results can be fairly reproduced by addition of a cubic
combination mechanism (TO+TA) identical to the one
invoked in InP, with, because of energy conservation,
vT~=50 cm '. Using expression (7) we obtain the full

line in Fig. 5 with @0=0.04 ps
' and y=0. 014 ps ', cor-

responding to a dominant contribution from the overtone
channel. The temperature increase of the dephasing rate
is, however, less linear than in InP and is also compatible
with an additional contribution from a fourth-order pro-
cess. Including both the third- and fourth-order overtone
mechanisms [expressions (6) and (8)], a good description
of the results is obtained but with a large fourth-order
coefficient (y' -0.01 ps ') compared to the cubic one

(y' ' —0.03 ps '). The agreement thus seems to be for-
tuitous and, as in InP, cubic processes are likely to dorn-

inate. Thermally activated carriers might also play a role
close to room temperature as suggested by the smaller re-

laxation rate deduced from the high-resolution Raman
data of Bairamov et al. "

VI. CONCLUSION

LO-phonon dephasing has been investigated in three
III-V semiconductors (InP, GaAs, and GaP) by use of an

infrared time-resolved CARS technique. Measurements
were performed as a function of crystal temperature from
6 K to room temperature and the results are interpreted
in terms of anharmonic interaction of the LO phonon
with its phonon environment. The relative simplicity of
the phonon band structure of the zinc-blende compounds
results in a limited number of energetically allowed relax-

ation channels which can be discriminated through their
behavior with crystal temperature. Up to room tempera-

ture, the LO-phonon relaxation in bulk GaAs is dorninat-

ed by intraband decay into a TA phonon and a LO pho-
non (combination channel) in the vicinity of the L critical
point of the Brillouin zone while the contribution of the
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decay channel into two LA phonons (cubic overtone
channel) is found to be negligible. '

The measured LO-phonon dephasing times are much
larger in InP and in GaP than in GaAs (about four and
three times larger, respectively). This difference is attri-
buted to the fact that in contrast to GaAs no combina-
tion relaxation channel involving zone-edge phonons is
allowed by energy and wave-vector conservation. The in-
traband combination channel prevailing in GaAs is thus
inefI'ective in InP and GaP and the cubic overtone chan-
nel significantly contributes to the LO-phonon relaxation.
Moreover, in both of these semiconductors, the overtone
channel is more probable than in GaAs since it involves
LA phonons of high density of states, close to the edge of
the Brillouin zone. The major role played by the com-
bination channel in GaAs and the smaller decay rate
measured in InP and GaP indicate a weak anharmonic
coupling of the LO phonons with the acoustic overtones,
probably because of symmetry selection.

The temperature dependence of the measured dephas-
ing rate demonstrates that although associated with a
large density of final states, the overtone channel does not
dominate the LO-phonon decay in InP. A good descrip-
tion of the results is obtained by including almost identi-
cal contributions from the cubic overtone channel and
from a cubic combination channel where the LO phonon
splits into a pair of small wave-vector phonons
(TO+TA). This last process is, in essence, identical to

the dominant LO-phonon decay route in GaAs and to the
optical-phonon relaxation channel in group-IV semicon-
ductors. In InP (and in GaP) it, however, involves final

phonons close to the center of the Brillouin zone and is
thus less probable than in GaAs because of the low densi-

ty of the final states. The measured decay rate in GaP
can be reproduced on the base of the same model with,
however, a larger contribution of the overtone channel,
confirming the central role played by the combination
channel, optical-phonon+TA phonon, in III-V semicon-
ductors.

The sensitivity of the measured LO-phonon dynamics
to the presence of a photoexcited electron-hole plasma
has also been demonstrated in InP. Coherent investiga-
tions of the LO-phonon-plasmon hybrid modes together
with incoherent lifetime measurements could bring new
insights into the dynamical properties of the collective
plasma mode in semiconductors.
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