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Femtosecond investigation of the hot-phonon effect in GaAs at room temperature
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Slowing down of the hot electron-lattice thermalization by generation of nonequilibrium phahotis
phonon effect is investigated in GaAs at room temperature using high-sensitivity femtosecond single- and
double-wavelength absorption saturation techniques. Measurements were performed for different amplitudes of
the hot-phonon effect by changing either the individual excess energy of the photoexcited carriers or their
density in the range ¥10'°-4x 10" cm™3. After an initial regime dominated by nonequilibrium LO-phonon
k-space redistribution, the long-time delgy3 p9 electron thermalization is found to occur with a character-
istic time of ~1.9 ps, independent of the total energy initially injected into the carriers and essentially reflecting
the LO-phonon energy relaxation. This is in agreement with numerical simulations of the coupled carrier-
phonon relaxation dynamics, indicating that energy transfers to holes are responsible for this slight reduction
of the thermalization time compared to the LO-phonon lifetifidentified with the dephasing time,/2~2.1
ps). [S0163-182806)02244-3

[. INTRODUCTION by these effects, and a direct observation has been reported
only recently in low-temperature grown Ga#s.

Carrier-lattice energy exchanges are essentially mediated We have studied the hot-phonon effect in GaAs at room
by LO phonons in polar semiconductors. In these systemdemperature by precisely measuring hot electron cooling on a
the excess energy of carriers out of equilibrium with thepicosecond time scale using femtosecond one- and two-
lattice is first transferred to small momentum LO phononsWavelength absorption saturation techniques. Although the
which subsequently decay into large wave-vector phonons absolute transient carrier temperature cannot be determined,
the edge of the Brillouin zone via the crystal potential anhardts relative changes can be very precisely measured permit-
monicity. The intrinsic lifetime of the LO phonons being ting an accurate analysis of carrier thermalization with the
generally much longer than their interaction time with carri-attice. We demonstrate that in the weak perturbation regime
ers, they can be driven out of equilibrium during electron(i-€., for carrier density<4x10' cm™® and initial electron
relaxation:™ This bottleneck effect slows down the €xcess energy<3fiw o) the long-term(t=1 ps electron
electron-lattice thermalization, the nonequilibrium phononsthermalization is directly related to the LO-phonon relax-
acting as an energy reservdhot- or cold-phonon effegt ~ ation dynamics. . _

This effect isa priori strongly dependent on the LO-phonon  Numerical simulations of the coupled carrier-phonon re-
relaxation dynamics, which is thus expected to eventuallyaxation dynamics and a simple rate equation model are pre-
govern the electron thermalization’ sented in Sec. Il and compared to experiments in Sec. IV

The hot_phonon effect has been extensive'y investigateafter deSCI’iptiOI’l Of our h|gh repetition rate femtosecond two-
in bulk and low-dimensionality semiconductors, by measur-color system in Sec. lil.
ing either the density dependence of the thermalization rate
of hot carriers by time-resolved luminesceh&e or by de-
tecting the induced phonon overpopulation using time-
resolved spontaneous Raman scatteting> However, most A. Numerical simulations
?;r::s dcgtmlizvﬁ?;r;rgzlrlzﬁlrznar:gatjlgﬁgﬁnsttizzvtehgrerﬁgliggf— In th_ese studies we are in_terested in the carrier relaxatiqn
R i e dynamics after many scattering events. Coherent effects will
tion timest, largely exceeding the phonon lifetimgy have

been measured. This absence of direct correlation between thus be neglected and the carrier system will be simply de-
and can be. artly ascribed to the influence of aévééusticscribed by the wave-vector-dependent occupation numbers,

Lo partly -f; , of the different bands. The time evolution of the nonequi-
phonons and to the fact that a large part of the energy

IS P :
. ’_“Tibrium distributions can then be calculated by numerically
stored into _the electron_gés!.:urthermore, because of their solving the coupled carrier-phonon Boltzmann equations:
low equilibrium occupation number, the zone edge phonons

into which the nonequilibrium LO phonons relax can also be

significantly driven out of equilibrium, resulting in a second df;(k) df;(k) df,(k)

bottleneck effect by slowing down the LO-phonon energy dt =2 ( dt )+( dt ) +ai(k,0),
relaxation’®2° For high carrier densities, intervalley . J phonons
scatteringt®?1?? screening of the Fidich interaction and (1)

plasmon-phonon hybridizati6fr2° further complicate inter- dno(Q) (dnLO(Q)) (dnLo(Q)) n%—nio(Q)
+
el Ih

pretation of the measurements. Investigation of the hot- TR T T

Il. THEORETICAL MODELS

phonon effect on electron thermalization has been hampered Lo
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wherei,j stand for the electroitel), heavy-hole(hh), and
light-hole (Ih) bands, n o is the transient wave-vector-
dependent LO-phonon occupation humber gni a photo-
injection function determined by the pump pulse. Coupling
of the LO phonons with the other lattice modes via the crys-
tal potential anharmonicity is described in the relaxation time
approximation(n®,, is the equilibrium value ofi 5 at room
temperaturg As the LO phonons are perturbed over a small
central part of the Brillouin zone, dispersion of the crystal
anharmonicity and of the density of the phonon states into
which they relax are negligible and a constant LO-phonon
lifetime 7 o has thus been used.

The carrier-carrier df;/dt); and carrier-phonon

g(E) £(E) (10 meV!em™)

(df/dt) snonons SCattering rates are identical to those exten- 00 30 100 150 200 250
sively discussed by many authors for isotropic parabolic con-

duction and valence bantfs ~*°and will not be given here. ENERGY (meV)

All carrier-carrier scattering processes have been included ) o )
(except those inducing intervalence band scattgrirmjng FIG. 1. Calculated transient electron distributibg(E) times

static screening by carriers of identical or smallerthe density of electron stateg(E) for different time delays after
massl.o'29'3lDynamic screening in the plasmon pole approxi- carrier photoexcitation in GaAs at 295 K. The temporal origin is the
mation has been used for screening of the LO-phonon poldpaximum of the 100-fs pump pulse. The pump ghotgg energy is
interactions with electron and light holésNonpolar TO-  1-53 €V(Ap;~810 nm and the carrier density>10"7 cm ™,

and LO-phonon-hole interactions and statically screened po-

lar LO-phonon—hole scattering have been considered for higmperaturel, is _expected to fO.HOW their quasitempergture.
intraband processes and intervalence band processes The electron-lattice thermalization can then be described by

The transient modification of the phonon distribution has? SIMPIe rate equation model for energy exchanges of the

been taken into account only for LO phonons interactingCOUpled electron—LO-phonon system with the lattice and the

with electrons and light-holes but has been neglected in comroles:
puting the heavy-hole—LO-phonon scattering rates and for

TO phonons. This is justified by the fact that because of their ~ “(AEeTAEi0) B0
larger mass, hh interact with large momentune., large ot TLO
density of stat@soptical phonons over k-space domain that .

is strongly broadened by the hh band anisotropy. In contra vtvhere AEe and AE,o are the lransient excess energy

- _ ih - -
to electrons and Ih, hh thus interact with a high heat capacit AEevLOb_ Ee,tLO(t)gEEe,Lo] dStgleed in the eIectrortl_ ar:d F;EO
phonon reservoir. Furthermore, for a pump wavelengt on Subsystemsote., an Lo-h aré, respectively, the

App=780 nm, holes are photoexcited with an average energ mer;d:aperxientrsilr?ct{rc]) nt?r?d LOr;p:E) n donrﬁnﬁ rr%y rlr?sﬁtr?:nef (30
smaller than the thermal or{g&,,). They thermalize with, on € holes. Assuming that the perturbed small momentu

the average, absorption of less than one phonon per hole,
which only weakly depletes the phonon distribution, in -
. . 300fs -2\

agreement with the absence of any phonon underpopulation 0.6 {0
effect on hole heating in GaAS 3 ]
The electron distributions calculated for different time de-

—O0Ben— 0B 0.n, 2

lays after photoexcitation with a 100-fs Gaussian pulse at 05k
App=810 Nnm(fwp,~1.53 e} are shown in Fig. 1 for a car- =

rier density of X10'" cm™3. The electron distribution inter- <

nally thermalizes in a few hundred femtosecolidsd sub- 04l

sequently cools down to the lattice temperature on a
picosecond time scale. The corresponding time evolution of

the LO-phonon distribution is shown in Fig. 2 exhibiting a 03F

large overpopulation built up with a dynamics strongly de-

pendent on the phonon wave vectpr, .>?! Multiple LO- 0 0 > 3 n s ;
phonon absorption and emission by the electrons redistribute .

the excess energy in the phonon system tending to internally WAVE VECTOR (10 cm™)

thermalize it®?* For long time delay(t=4 ps, the occupa-
tion numbers of the smatj, o phonons are comparablee.,
a quasitemperature is establisheohd they return to their
equilibrium value with a time constant close 1@, (Fig. 2,
insed.

FIG. 2. Calculated occupation numbeyrg of the LO phonons
as a function of their wave vectaj o for different time delays after
carrier photoexcitatior(the excitation conditions are identical to
those of Fig. 1. The horizontal line represents the equilibrium pho-
non occupation humber at room temperai@n®,). The inset shows
the time dependence of the excess occupation numpgrnly,
on a logarithmic scale, fog o=1.1x10° cm™* (full line), 2x10°

In this regime, as the electron gas strongly interacts withlem™! (dashed ling 3x10° cm™! (dotted ling, and 4<10® cm™*
the smallq, o phonons(0.7x10°<q o<2x10° cm™}), its  (dash-dotted ling

B. Simplified rate equation model
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phonons are internally thermalized and in equilibrium with 3o
the electron gas, the evolution of their common excess tem- a(tiwp,p)=ao> nd?C,(hwy.p)Vhwy—Eq(p)
peratureAT,=T,— T, (T,=295 K) is given by ’

X[1—fe(kp) = Fu(kpo 1, 4
where the summation is performed on the hh and Ih bands.

whereC, andC, o are, respectively the heat capacity of the"f’ s _the reduced electron-hole mass, —ankl,
electron gas and of the LO phonons coupled with it. For_ \/zl‘*v[ﬁ‘“pf_ Eq(p) 1/t the wave vector of the probed
nonzero temperatures, momentum and energy conservatichtes: Change of the sample absorption after carrier photo-

do not impose a precise cutoff for the LO-phonon wave vecExcitation results from band fillingBF) and modification of

tor and C,, is thus not precisely definddHowever, for tEe (t:)oulcti)mb enhgggement factog , and renormalization of

moderate carrier densitie§, 5 is much larger tha€,, (Ref. the band gapE,.”" In our expenment_al conditions, BF

20) [CLo/Co>10 for p=1x10"" cm 3, limiting g, to the dominates and Fhe transient absorption is related to the time-
dependent carrier distributions and hence to their tempera-

agreement with numerical computation AE, o and AE, ture when the carrier subsystems are internally thermalized.

showing that most of the total transient excess energy, Because of the high stability and high repetition rate of

AE.+AE, o is stored in the LO-phonon subsystem for time U system, noise levels faxT/T measurement as low as a
Ionaer thelig~1 ps(~90% after 3pp}5 y few 10°® can be achieved with different pump and probe

Neglecting interactions with holed T, is thus expected wayelengths. qu single_—wavellength measurements, the pulse
to decay exponentially with a time constant train from the Ti:sapphire oscillator is directly sent into the
r.=70(1+CJ/C_o), close tor o in our experimental condi- same pump-7probe setup and the_n0|se level is then reduced
tions. This is in contrast with the high-density and low- toa few 10 : The carrier dynamics can thus be followed
temperature measurements for whiel/C, o can be much with a very high precision, an eleqtron temperature change
larger than one, leading to large deviationsrpffrom 7. AT, of ~0.5 K corresponding for instance to a change of

6 _ 7 3 _
We have demonstrated this correlation between the intrinsi hT/T of 5x10°° for p=1x10'"" cm™* and A,=810 nm
LO-phonon lifetime and the long-term electron-lattice ther- wpr~1.53 eV).

malization time by performing two-wavelength femtosecond . Meas_ure_ments were performed for electrons photoexcited
absorption saturation measurements. with an initial energy smaller than the threshold fowalley

scattering. Even in these conditions, for large carrier densi-
ties, fast electron-electron collision can strongly broaden the
initial distribution, leading to a significant intervalley trans-
The two pulses are created by frequency conversion of fer that can modify electron relaxatiéh??> Moderate densi-
Kerr-lens mode-locked Ti:AD; laser. The laser is operated ties and initial electron energies were thus used here to limit
at 800 nm with an average power of 1.6 W and a pulsdhat effect. For instance, for a carrier density of 110" and
duration of~50 fs. The pulse train is coupled into a 5.5-cm- & pump wavelength of 780 nm our numerical model shows
long, 3.9um core diameter single mode optical fiber wherethat during electron relaxation, less than 0.6% of the elec-
self-phase modulation strongly broadens the original spedrons can reach an energy larger than the threshold for scat-
trum from ~14 to ~130 nm full width at half maximum. tering into theL valley.
The output of the fiber is split into two parts, which are
temporally compressed and spectrally filtered using two IV. RESULTS AND DISCUSSION
identical systems consisting of two diffraction gratings sepa-
rated by a unity magnification telescope. Wavelength selec- The measured normalized transmission chadgesT are
tion of nearly Gaussian pulses is achieved by means of slitshown in Fig. 3 for identical pump and probe wavelengths
placed out of the Fourier planés® Their widths are adjusted App=Ap~810 nm (fiw,,=fiw,~1.53 V) corresponding to
to produce 100-fs transformed limited pulses with a maxi-excitation of electrongnoles with an initial average energy
mum power of~20 mW. The two beams are cross polarizedEg,~ E+43 meV(E2X~ E— 14 meV). The measured tem-
and are sent into a standard pump-probe arrangement. Th@ral behavior is similar to that previously reported with a
pump beam was focused to a focal spot/a@ in diameter fast transient peak arounig=0, which has been attributed to
and the probe beam to a smaller focal spot of5to limit  a hole burning effect®3® As the small-time delay dynamics
the effect of excitation inhomogeneity. The pump beam wasty<1 ps has been extensively studigd;*® it will not be
chopped at 1.5 kHz and a standard lock-in differential detecdiscussed here and we will focus on the long-time delay
tion technique was utilized. Experiments were performed asignal thata priori reflects both electron- and hole-lattice
room temperature in a 0,2m-thick intrinsic GaAs sample thermalizations. In our experimental conditions, the electron
with Al (Ga, JAs cladding layers and antireflection coating. contribution dominates the long delay signal, since the band
In absorption saturation measurements, the relaxation dyfilling (BF) effect is about two times larger for electrons than
namics of the photoexcited carriers is investigated by monifor holes forfiw,=1.53 eV and hole-lattice thermalization
toring the transmission chang®T/T=[T(p)—T(0)]/T(0),  (hole heating hefeis completed in less than 1 p&.
of a time delayed probe pulde is the carrier densiy For The electron and hole contributions can be further sepa-
the probe photon energiéso, used hereAT/T is propor-  rated by performing measurements for the same probe wave-
tional to the change\a of the free carrier related sample length (810 nm and carrier density but for different pump
absorption: wavelengths, to change the initial energy content of the car-

IAT, AT, SEen+ 0E oo

dt  (1+Co/Co)T.o  CetClo ' ®)

momentum space region 0x40° cm ™! (Fig. 2)]. This is in

Ill. EXPERIMENTAL SYSTEM
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FIG. 3. Measured transient differential transmissidi/T in E
GaAs at 295 K for a probe wavelength of 810 nm and a carrier <03
density of 2x10'” cm™3. The pump wavelength is 810 nifull
line), 780 nm(dotted ling, and 835 nm(dashed ling TIME DELAY (ps)

FIG. 4. Measureda) and calculatedb) transient transmission

iers. ~ ~1. onequilibrium :
riers. Forkp,~835 nm(ficy;~1.485 eV the nonequilibri difference DT=AT/T—(AT/T)ge on a logarithmic scale

. e
eAECtgons alre photoexr(]:-lltethIﬂﬁqx- lEth+8 meV close tfo,[he[(AT/T)QE is the long delayAT/T measured foit=15 pg. The
the thermal energy while the initial average energy o carrier density is ¥10'" cm™ and the pump wavelength 810 nm

holes s reduced of-10 meV compared to that foq,;~810 ¢ jine) and 780 nm(dotted ling. The probe wavelength is 810
nm (Eg,~ En— 24 meV). However, the transient transmissiv- .,
ity reaches its equilibrium value on a much shorter time scale
as shown in Fig. 3 consistent with the smaller initial excessshort time delay(t<3 p9 a faster decay time is observed
energy of the electrorf.In contrast, when holes are photo- pecause of nonequilibrium LO-phonon momentum space dif-
excited with an initial energy close ®y, (i.e., A\p,~780 nm,  fusion [internal thermalization of the LO-phonon system
fwpy~1.59 eV) a slowly decaying signal is observed with a (Fig. 2] which is equivalent to increasing,,, with time in
larger amplitude than fok,;~810 nm (Fig. 3), consistent our simple model.
with higher energy injection into the electron systeBg, The DT amplitudes measured for different pump wave-
~Ew+89 meV). This large dependence of tAel/T tempo-  lengths are directly comparable for the same probe wave-
ral behavior on the initial excess energy of the electrons contength and photoexcited carrier densfAT/T) g is thus
firms that the measured slow thermalization can be ascribecbnstant permitting us to compare the electron excess tem-
to hot-electron cooling and that hole thermalization dynam-perature for different excitation conditions. As the pump
ics plays a minor role in the measured transient response. wavelength decreases from 810 to 780 nm, the long-time

When electrons are photoexcited with a significant excesdelayDT amplitude(and thusAT,) is measured to increase
energy relative toEy, (i.e., A\py~780 or 810 nmy AT/T by a factor of 2.1(Fig. 4). As the heat capacity of the
slowly reaches a plateau, indicating that the electrons are stiloupled electron and phonon system is almost unchanged,
hotter than the lattice for times as long as 8B®. 3. This  this AT, rise simply reflects the increase of the energy in-
slow thermalization is evidenced in Fig. 4 where the differ-jected into the system by more than a factor ¢ftfz average
ence, DT=[(AT/T)—(AT/T)qel, betweenAT/T and its excess energhE, of the photoexcited electrons increases
quasiequilibriumQE) value (AT/T) e has been plotted on a from 43 to 89 meV. The measured decay times for3 ps
logarithmic scale as a function of the probe time delay forare, however, identicalr,=1.9+0.1 p9 as they are mainly
Ap~810 Nnm[(AT/T)qe, which corresponds to carrier-lattice determined by the LO-phonon anharmonic decay and thus
thermal equilibrium, has been measured ferl5 pg. The independent of the excess energy stored in the electron and
amplitude of DT is related to the excess occupancy of theLO-phonon coupled systent8).
probed electron state$,(T.) —f.(295 K) and hence for The experimental results are in very good agreement with
small system perturbations is proportional to the excess tenthe transient transmission changes calculated from the com-
peratureAT, of the electron gas when it is internally ther- puted carrier distributions usingo=2.1 ps[Fig. 4b)]. The
malized (i.e., for t=500 fg. The DT decay thus directly computedAT/T neglecting the hot-phonon effefite., ne-
reflects the electron cooling dynamics. glecting modifications oh, o by imposingn,o(q)=n?s in

A slow DT decay is observed fdr>1 ps with an almost the simulation$ shows a fast decay, which is only weakly
monoexponential behavior for-3 ps with a time constant of sensitive to the screening modelotted line in Fig. %. Our
7.~1.9 ps comparable with the LO-phonon dephasing timecalculations show that for intermediate time delays
in GaAs at room temperatufe-2.1 p9. This slow thermal- (1<t<3 p9, the electron thermalization dynamics is
ization, with a time constant close to that observed for colddominated by momentum space diffusion of the nonequilib-
electron heating,is in good agreement with that predicted rium LO phonons(Fig. 2). As the electron gas strongly in-
by the rate equation modéB). It has to be noted that for teracts with the smalfj, o phonons(0.7x10P<q, o=<2x10°
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FIG. 5. Calculated differential transmission difference  FIG. 6. Normalized transient differential transmissidii/T in
DT=AT/T—(AT/T)ge on a logarithmic scal¢(AT/T)qe is the  GaAs at 295 K for pump and probe wavelengths of, respectively,
long delay AT/T]. The carrier density is 210" cm™2 and the 780 and 850 nm. The carrier density i ¥0'> cm~2 (full line),
pump and probe wavelengths 810 nm. The full lines are calculate8x10'® cm™ (dotted ling, and 4x10'" cm3 (dash-dotted ling
with the full numerical model withr, 5=2.1 ps(lower curvg and  The inset shows the time dependence of the corresponding normal-
3.5 ps(upper curvgé The dashed and dotted lines are computedized transient transmission differencd(AT/T)ge— AT/T]/
neglecting, respectively, energy exchanges with h@tasn o=2.1 (AT/T)qe on a logarithmic scale for the two higher densities
ps and the hot-phonon effect. [(AT/T)qe is the long delayAT/T measured fot=15 pg.

cm 1), its temperature decreases with the energy stored iing is also very well reproduced as is its dependence on the
these phonon modes. The importance of this effect dimininitial energy of the photoexcited electroriBig. 4). The
ishes with time as the nonequilibrium phonon distributioncomputedDT increases by a factor of 2 as the pump wave-
tends to thermalize and the decay is eventually governed bigngth is reduced from 810 to 780 nm, in close agreement
the LO-phonon lifetime. with the measured change. Note that the electron excess tem-
The calculated and measured long-term decay times afgeratureA T, is computed to be only 14 K for a time delay of
identical (Fig. 4 and close to the long-time decay of the 3 ps and\,,=810 nm.
LO-phonon overpopulatior{Fig. 2. The computedr, is Measurements were also performed for probing small en-
smaller thanr o because of energy exchanges of the couplergy electronic stateE®<50 me\). The occupation number
electron-phonon system with the holes. Switching off theof these states increases with decreasing the electron gas
electron-hole and nonequilibrium phonon-hole interactiongemperature and hendeT/T due to BF increases as the sys-
in the numerical simulations results in a long-term relaxationtem thermalizegFig. 1). This is exemplified in Fig. 6 for
time of 2.2 ps, slightly longer than 5 (Fig. 5) in agreement  \,,=780 nm and\,=850 nm and three carrier densities
with the prediction of the rate equation model f6E o.,  (7Xx10% 3x10', and 4x10"” cm ). The signal rise time
=0 andSE.,=0[Eg. (3)]. Energy transfer to the holes thus strongly increases with density as a consequence of a larger
compensates for the increase gfcompared tor o due to  hot-phonon effect. The long-term thermalization shows a
the heat capacity effe¢8), introducing additional relaxation similar exponential behavior with the same characteristic
channels for the nonequilibrium LO phonons by indirectly time of ~1.9 ps(inset of Fig. §. Note that for this probe
coupling them with zone center TO phonons and with largevavelength, the contribution due to filling of the conduction
wave vector LO phonons. band is about 10 times larger than for the valence Band,
In our simulations, the intrinsic LO-phonon lifetime has further confirming that the observed behavior is dominated
been identified with the dephasing timg/2, which has been by the electron thermalization dynamics.
precisely determined in GaAs using time-resolved coherent The various measurements performed in the carrier den-
anti-Stokes Raman scatteri@ARS) (Ref. 41) (1 o=T,/2).  sity range ¥X10"°-4x10" cm™ for \,,=810 and 780 nm
Although pure dephasing processes can lead to a dephasisgow the same behavior with no variation Qfwith carrier
time significantly shorter than the lifetime, these are unlikelydensity within experimental accurady,=1.85+0.15 ps.
in good quality crystals and the dephasing time has beeifhis is in agreement with the numerically computed weak
interpreted in terms of population relaxation in G&Aghe  modification ofz, from 1.85 ps forp=3x10' cm ° to 1.95
dephasing time has been used rather than the lifetime meps for p=4x10'" cm3. The increase of the elec-
sured using time-resolved spontaneous Raman scatteringn heat capacity might result in an increaserofEq. (3)].
[~3.5 ps(Ref. 13] because of the possible influence of the This effect is actually compensated by the increase of the
photoexcited carriers on the measurgg, and the higher energy loss rate of the coupled electron-phonon system to the
precision of the room-temperature determinatiolef Fur-  holes.
thermore, the results of similar calculations performed using The amplitude of the slow component decreases with car-
a larger value forr o (3.5 p9 exhibit a much longer decay rier density(Fig. 6), which is consistent with injection of less
time as shown in Fig. 5. energy into the system, similarly to what has been observed
The amplitude of the hot-phonon effect on electron cool-by changing the initial energy of the individual carrier for a
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fixed density(Fig. 4). A simple quantitative comparison of from 2x10 cm™ to 4x10*" cm™3), with the amplitude of
the transient electron temperatures is difficult here since ithe long-term component directly related to the excess en-
requires normalization of the measured dBtAT/T)qe is  ergy initially injected into the electrons. The long-term ther-
different for the different densitiésThe measured reduction malization time has, however, been found to be almost inde-
by a factor~3.1 of the normalized differential transmission pendent of the excitation conditios,=1.85+0.15 p3, as it
[=[(4T/T)QE—AT/I]/(AT/T)gE] for decreasing the carrier  essentially reflects the LO-phonon energy decay.
density from 4<10'" to 3x10"® cm™® is consistent with the  These experimental results are in very good agreement
computed one of 2.3. with numerical simulations of the coupled carrier-phonon
dynamics when the LO-phonon lifetime is identified with the
previously measured dephasing titt21 p9. In our experi-
The thermalization of hot electrons with the lattice hasmental conditiongroom temperature and moderate carrier
been precisely investigated in bulk GaAs at room temperadensities(<5x10")] most of the excess energgelative to
ture in a regime where the heat capacity of the LO phonon#€e thermal energyinjected into the photoexcited electrons
coupled with the electrons largely exceeds that of the eledis quickly transferred to small wave vector LO phonons
tron gas. Measurements were performed using a highwhose relaxation governs the system cooling for time longer
sensitivity single- or double-wavelength absorption saturathan ~1 ps. The measured dynamics is first dominated by
tion techniques that permit observation of relativenonequilibrium LO-phonon redistribution in momentum
temperature changes of less than 1 K. After internal thermalspace and thetfor t=3 p9 by the anharmonic LO-phonon
ization of the electron gas, a slow decay of the electron temédecay as the nonequilibrium LO phonons approach a thermal
perature is observed=1 p9 with a quasiexponential long- distribution. Energy transfers to holes are responsible for the
term (t=3 p9 evolution with a time constant,~1.9 ps, observation of a reduced thermalization tifrel.9 pg com-
close to the room temperature LO-phonon dephasing timpared to the LO-phonon lifetime. Lattice-temperature-
(~2.1 p9. Similar results were obtained by varying the dependent measurements should give additional insight into
pump photon energy and the carrier dengity the range the energy redistribution processes in polar semiconductors.
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