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We report far-infrared transient-grating measurements inn-type GaAs in which we observe that nonequi-
librium longitudinal-optical ~LO! phonons, emitted by hot electrons, directly couple in the infrared
(;17mm) intraband absorption process. We find that a few picoseconds after the far-infrared optical excita-
tion, the time evolution of the induced intraband absorption change is in fact completely dominated by these
nonequilibrium phonons. This observation is possible becauseintraband absorption, contrary to opticalinter-
band absorption, is a second-orderLO-phonon-assistedprocess, which is directly affected by changes in both
the electron distributionand the LO-phonon distribution.@S0163-1829~98!51408-7#

Intraband absorption of light inn-type doped polar semi-
conductors such as GaAs is the net difference between
photon-induced electronic transitions from lower to higher,
or from higher to lower conduction-band states under the
simultaneous emission or absorption of longitudinal-optical
~LO! phonons@Fig. 1~a!#.1,2 Very little is known about intra-
band absorption under conditions when the electron gas, the
LO phonons, and the other lattice modes are not equilibrated
with each other. Experiments in the past have shown that
such a nonequilibrium situation can arise ininterband ex-
periments when an ultrashort visible laser pulse excites
electron-hole pairs across the band gap of a semiconductor.
This gives rise to a hot-electron distribution in the conduc-
tion band of the semiconductor, which cools mainly by emit-
ting LO phonons. These changes in the electron distribution
can be studied by monitoring, for example, luminescence
from interband recombination of electron-hole pairs.3

Changes in the LO-phonon distribution have been observed
directly with time-resolved Raman-scattering measure-
ments,4 or indirectly by the effect they have on the electron
distribution, such as a reduction of the electron-gas cooling
rate.5–9

At present little is known about the effect of hot electrons
and nonequilibrium phonons on the intraband absorption
process due to the lack of suitable mid/far-infrared laser
sources. Such a source is necessary to excite electrons within
the conduction band without creating additional electron-
hole pairs through single- or multi-photon interband excita-
tion. In the past, time-resolved intraband pump-probe mea-
surements in highly dopedn-type InAs showed some
evidence for the presence of nonequilibrium phonons influ-
encing the intraband absorption dynamics.10,11 That experi-
ment demonstrated how nonequilibrium phonons are reab-
sorbed by the electron gas, the so-called hot-phonon effect,
thus reducing the electron cooling rate and the decay of the
corresponding intraband absorption change. These experi-
ments, however, had a time resolution determined by the
relatively long laser pulses of 8 ps duration and were limited
to wavelengths below 9.5mm.

Here, using subpicosecond pulses with a wavelength
around 17mm, we show the dramatic effect that hot elec-
trons and nonequilibrium phonons have on the intraband ab-
sorption dynamics in GaAs. In the experiment, a far-IR
pump pair creates a hot-electron distribution inn-type GaAs
that gives rise to an initial intraband-absorption change. The

FIG. 1. ~a! Schematic picture of the conduction band with en-
ergy vs wave vector of the electrons. The four possible LO-phonon
assisted intraband transitions are shown. The vertical arrows corre-
spond to the optical wave vectors of the mid/far-infrared light.~b!
Geometry of the three-pulse transient-grating setup. The polariza-
tion of the probe beam is rotated 90° with respect to that of the
pump pair. The diffracted probe beam is spatially separated from
the pump pair after the focus.
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decay of this change is monitored by diffracting a third de-
layed probe pulse off the grating. From a comparison with
model calculations we find that nonequilibrium phonons,
generated by the cooling electron gas, are reabsorbed by the
electrons and thus reduce the cooling rate and, consequently,
stretch the time evolution of the absorption change. More
importantly, at the wavelengths used in our experiment
(;17mm), nonequilibrium LO phononsdirectly couple in
the LO-phonon-assisted absorption processand induce an
additional, large, absorption change. This mechanism
greatly enhances the pump-induced absorption change and is
essential in explaining the dynamics of the intraband absorp-
tion coefficient. This is even true when, at low excitation
intensities, the cooling of the electron gas gives rise to rela-
tively small changes of the LO-phonon occupation number.
Our measurements clearly show that long-wavelength mid/
far-IR pulses aredirectly sensitive to the nonequilibrium LO-
phonon dynamics, even though LO phonons themselves are
not infrared active.

Our sample is a~100!-oriented GaAs wafer with an elec-
tron concentration of 3.331017 cm23. The sample is pol-
ished on both sides, has a thickness of 0.12 mm, and is kept
at a temperature of 300 K. The experimental setup uses
pulses from the free-electron laser FELIX in the
Netherlands.12 This laser generates trains of pulses of 5ms
duration, in which the time separation between the pulses is
40 ns. The pulse trains emerge from the laser at a 5 Hz
repetition rate. The laser is tunable from 5 to 110mm and
delivers pulse energies of up to 50mJ. Pulse durations range
from 0.35 ps at 9mm to 0.55 ps at 17mm and 0.7 ps at 20.5
mm as measured by standard second-harmonic autocorrela-
tion measurements in CdTe. The pulses pass through an ad-
justable wire-grid attenuator that can attenuate the beam in
discrete steps. Using a paraboloidal mirror, two intense
pump pulses with spatial and temporal overlap are focused
onto the sample and form an excitation grating. Using mir-
rors, we rotate the polarization of a third split-off pulse by
90° with respect to the pump-pair polarization, to minimize
coherent coupling between the probe beam and the pump
pair in the sample. After passing through another wire-grid
attenuator, the probe pulse then undergoes a variable delay
and is focused onto the same spot on the sample as the pump
pair @Fig. 1~b!#. In the experiment, we detect the first-order
diffracted probe beam as a function of the time delay be-
tween the pump pair and the probe, using a liquid-nitrogen
cooled Hg12xCdxTe detector.

The main results of our measurements are shown in Fig. 2
~solid lines!, where we plot the normalized first-order dif-
fracted probe signal vs pump-pair/probe time delay for seven
different excitation intensities, when the laser is tuned to a
wavelength of 17mm. Normalization is obtained when the
points that make up each curve are divided by the maximum
value reached in that curve. For low excitation intensities,
the diffracted signal reaches a maximum around time-delay
zero when the pump pair and the probe have perfect temporal
overlap. For positive time delays, the diffracted signal de-
creases and disappears on a time scale of approximately 4 ps.
Remarkably, however, when we increase the excitation in-
tensity, the diffracted signal no longer peaks at delay zero.
Instead, the maximum in the diffracted signal shifts to longer
delays and only a small shoulder remains around delay zero.

In addition to this, the apparent decay becomes somewhat
slower and the diffraction now disappears after approxi-
mately 8 ps. We stress that these results were obtained in
dopedn-type GaAs samples with a constant carrier density
and that we were unable to measure these effects in undoped
samples. The highest diffraction efficiency that we observed
is approximately;1022.

The origin of the diffracted probe signals cannot be ex-
plained on the basis of changes in the electron distribution
alone. In fact, as we will discuss below, excitation of the
n-type GaAs sample with an infrared pump pulse induces
changes in the electron distributionand the LO-phonon dis-
tribution andboth give rise to changes in the intraband ab-
sorption coefficient. To confirm that this interpretation is cor-

FIG. 2. Measured and calculated diffracted probe signals in
n-type GaAs for seven different intensities. The intensity is indi-
cated by the factor relative to the intensity used in the topmost
picture. Three numerically calculated curves are shown in each plot.
The intensity used in the calculations is indicated by a factor~in
parentheses! relative to the intensity used in the calculation of the
topmost figure. The dash-dotted curve is a calculation using identi-
cal parameters as in the full calculation but with the coupling of the
nonequilibrium phonons in the optical intraband transitions turned
off. The dashed curve represents the full calculation as described in
the text. The dotted line is a calculation using identical parameters
but with all nonequilibrium phonon effects turned off.
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rect and to elucidate the effect that nonequilibrium phonons
have on the intraband absorption, we have calculated the
time-dependent intraband absorption coefficienta(t) taking
the dynamics of the electrons and the LO phonons, generated
by the cooling electrons, into account. From the absorption
coefficient, we can calculate the diffraction efficiency, which
is proportional toua(t)2a(t52`)u2. We then convolute
this with the probe-pulse shape to obtain the diffracted sig-
nal. In our calculations,13 shown as the dashed lines in Fig. 2,
we adjust the excitation intensity until good agreement is
obtained with one of the measured curves. For the top mea-
surement in Fig. 2, the best agreement is obtained forI 0
514 MW/cm2, which compares well with the experimen-
tally estimated intensity. It is important to realize that the
value of the intensity thus obtained also determines the in-
tensities that correspond with the remaining curves in Fig. 2.
This is because in the experiment, the calibration of the at-
tenuation factor is good even though the accuracy of the
absolute intensity measurements is poor. Using this same
attenuation factor in our calculations, we now find that we
reproduce most of the remaining probe diffraction curves
shown in Fig. 2, obtained at different pump intensities. An
exception is formed by the fifth and the seventh curve, for
which we had to assume a somewhat higher intensity, 11
3I 0 , instead of 103I 0 , and a somewhat lower intensity,
263I 0 , instead of 323I 0 , respectively, withI 0 the lowest
intensity used. The former difference could be traced back to
a temporary increase in the average output power of the laser
during this particular measurement. The latter difference has
another explanation as we will discuss below.

It is important to realize that the diffraction efficiencies
h5I Diffr /I in5(Dad/4)2,14 obtained using the calculated
values of the absorption changesDa, with d the thickness of
the sample, are not large enough to explain the measured
maximum efficiencies ofh;1022. This discrepancy is
caused by the fact that the observed diffraction is in fact
dominated by refractive-index changes instead of absorption
changes. This is supported by calculations of the refractive-
index change using a Kramers-Kronig transformation of the
calculated absorption for a broad wavelength range. These
calculations show that the induced absorption and refractive-
index change are linearly proportional at 17mm ~to within a
few percent!. As both the experimental and the calculated
curves in Fig. 2 are normalized, it therefore suffices to plot
the calculated curves using the calculated absorption changes
at this particular wavelength only.

The good agreement between the experimental results and
the calculations allows us to use our calculations to selec-
tively study the various contributions to the intraband ab-
sorption change. First, to emphasize that nonequilibrium LO
phonons dominate the dynamics of the intraband absorption,
we show in Fig. 2 calculations~dotted lines! of the diffracted
signal in which the LO-phonon dynamics is turned off. It is
clear that these calculations completely fail in reproducing
both the shape of the measured diffraction and the time scale
at which the diffracted signal disappears. This is because
nonequilibrium phonons, generated by the cooling of the
electron gas, profoundly influence the intraband absorption
process in two ways. First, they can be reabsorbed by the
electrons, thus reducing the cooling speed of the electron gas
and the corresponding decay of the pump-induced absorption

change. Second, they directly couple in the intraband absorp-
tion process, which is a LO-phonon-assisted process. The
reduction in the cooling speed of an electron gas has been
observed in the past in studies using visible pulses, and is
known as the hot-phonon effect.4–9,15In Fig. 2 we have plot-
ted the calculated diffracted signal~dash-dotted lines! when
this hot-phonon effect is taken into account. Although the
time decay thus calculated is slower than the time decay
calculated when the LO-phonon dynamics is completely
turned off, the calculations still fail in reproducing the mea-
surements. This is because the largest nonequilibrium pho-
non contribution to the intraband absorption change is not
the hot-phonon effect butthe direct coupling of nonequilib-
rium phonons in the intraband absorption process. Only
when we additionally include this effect in the calculations
do we obtain the good agreement with our experimental re-
sults already shown in Fig. 2 by the dashed lines. The effect
on the intraband absorption at 17mm is so strong because the
range of phonon wave vectors generated by the cooling elec-
trons overlaps strongly with the range of wave vectors of the
LO phonons taking part in the intraband absorption. This
remarkable direct dependence of the intraband absorption
change on the presence of nonequilibrium LO phonons con-
trasts strongly withinterband absorption or emission pro-
cesses, which are not LO-phonon assisted processes in GaAs.

Our calculations include the effects of electron scattering
between theG valley and theL valleys. When electrons scat-
ter to the L valley, this decreases theG valley intraband
absorption because fewer carriers are available to absorb
light. This absorption decrease, however, is overwhelmed by
the absorption increase caused by the growing number of
nonequilibrium phonons generated by cooling electrons. Ab-
sorption of light by carriers in theL valley is not included in
the calculations. This is because for most intensities the frac-
tion of electrons present in theL valleys remains small. In
addition, the effective electron mass in theL valley is much
higher than in theG valley, giving rise to a smaller absorp-
tion coefficient. The largest fraction of electrons in theL
valley, 10%, is obtained for the highest excitation intensity
and for a pump-pair/probe delay of approximately 1 ps. It is
probable then that the optical absorption byL-valley elec-
trons can no longer be neglected. This could explain why the
intensity used in the calculation to obtain a good agreement
with the experimentally measured curve obtained at the high-
est excitation intensity is somewhat lower than the experi-
mental value. An approximate calculation, in which we treat
the L-valley absorption as arising from four spherical para-
bolic valleys with identical density-of-states effective elec-
tron masses, shows that this will shift the apparent diffrac-
tion maximum to smaller delays. This is because the largest
contribution of the L-valley electrons to the absorption
change occurs for small delays. The intensity now needed in
the calculations to shift this maximum to longer delays again
will more closely resemble the expected value. Such a cal-
culation gives us a qualitative understanding of the effects of
L-valley electrons on the total intraband absorption signal. A
more realistic model would have to take the ellipsoidal na-
ture of theL valleys into account. For the most part, how-
ever, theL valleys essentially serve as a small reservoir of
electrons that scatter back to theG valley. At high intensities,
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the largest effect of intervalley scattering is then to make the
overall decay of the diffracted curves for delays larger than 3
ps somewhat slower.

When the electron gas cools, the LO-phonon occupation
number increases and reaches a maximum a few picoseconds
after optical excitation with the pump pulse. The time delay
after optical excitation at which this maximum occurs in-
creases when the optical intensity is increased, because it
takes longer for the electron gas to cool down. As outlined
above, at the optical wavelengths employed in our experi-
ment, the nonequilibrium phonons dominate the intraband
absorption change. To a great extent, this explains why the
measured diffracted signals roughly peak for time delays
when the phonon occupation numbers reach a maximum and
not for time delays around zero, as evidenced by the results
shown in Fig. 2.

At low intensities, the changes in the electron temperature
and the LO-phonon distribution are small, but the nonequi-
librium phonons still dominate the absorptionchange. In a

sense, the electrons act as probes to optically detect the pres-
ence of nonequilibrium LO phonons, which are themselves
not infrared active.

In conclusion, we have shown that nonequilibrium
phonons in GaAs generated by cooling electrons completely
dominate the pump-induced infrared intraband absorption
change. First, they reduce the cooling speed of the electron
gas and, second, they directly couple in the intraband absorp-
tion process.
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