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Experimental evidence for the effect of nonequilibrium acoustic plasmons
on carrier relaxation in bulk semiconductors
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We demonstrate experimentally the role of preexisting populations on the relaxation of nonequilibrium
carriers in bulk semiconductors: A substantial acceleration is observed for cold preexcited carriers and a
slowing down for hot equilibrium carriers. Experiments in doped samples show that holes are predominantly
responsible for the acceleration of the thermalization. The observed acceleration~slowing down! is readily
explained by favorable~unfavorable! conditions for the excitation of weakly damped nonequilibrium acoustic
plasmons.@S0163-1829~99!51336-2#
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Fast charged carriers propagating in a solid state or
plasma may lose a substantial part of their energy due
excitation of plasma oscillations~plasmons!. This is well
known for three-dimensional~3D! equilibrium plasmas
where only the optical plasmon is excited~acoustic modes
with linear dispersion are usually strongly damped!. In con-
trast, in nonequilibrium plasmas, additional undamped
even unstable plasmons are possible which may strongly
hance carrier relaxation and transport. This is known fr
gas plasmas~see, e.g., Ref. 1!, however, very little informa-
tion is available about nonequilibrium plasmons in co
densed matter systems. The excitation of coherent op
plasmons has been studied in semiconductors2 in situations
involving nonequilibrium carriers but no experimental ev
dence for nonequilibrium plasmons has been reported. T
oretical investigations3,4 have predicted the existence
weakly dampednonequilibrium acoustic plasmonsin opti-
cally excited electron-hole~e-h! plasmas and their impor
tance in accelerating the relaxation. In particular, a dra
dependence on the temperature ofequilibrium carriers exist-
ing prior to the injection of a nonequilibrium e-h plasmawas
predicted:3 an acceleration of the relaxation, if the equili
rium population is cold, and a slowing down if it is hot.

A few experimentalists have studied the relaxation d
namics of a nonequilibrium population in the presence
equilibrium carriers,5–8 which is a situation frequently en
countered in devices. However, a comparison between
experimental data is hampered by the fact that they are
formed under very different conditions and, to our know
edge, no nonequilibrium plasmon effects have been found
to now.

We here present the first experimental evidence for
existence of nonequilibrium acoustic plasmons in solids
their role in carrier relaxation. We demonstrate the theor
cally predicted temperature dependence3 by measuring the
PRB 600163-1829/99/60~12!/8453~4!/$15.00
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relaxation in the presence of hot and cold equilibrium ca
ers injected by a prepump under identical conditions, a
show that this dependence is directly related to favorable
unfavorable conditions for the excitation of nonequilibriu
acoustic plasmons.

In contrast to previous studies, we use a nondegene
pump-probe configuration9 that makes it possible to selec
tively follow the thermalization of the nonequilibriumelec-
tron distribution: The pump excites electrons from th
heavy-hole~HH! and light-hole~LH! valence bands while
the probe measures the absorption saturation of the trans
from the split-off-hole~SO! valence band~empty of holes! to
the conduction band (C). Thus, the effect of the equilibrium
populations can be assessed unambiguously without
complications coming from the simultaneous measurem
of electron and hole dynamics as in usual experiments.

Recently, considerable progress has been made in the
croscopic modelling of carrier relaxation through Coulom
collisions, including dynamic screening3,10 and femtosecond
screening build up.11 However, with preexcited carriers
screening is largely built up, so simpler Markovian screen
models are expected to work well. Indeed, our experime
observations can be fully explained by the plasmon spect
computed from the Lindhard dielectric function. A very ge
eral and intuitive picture is presented which is based on
total velocity distribution functionof the electron-hole
plasma.

The laser setup consists of a Ti:sapphire fs oscillator
a 200-kHz regenerative amplifier~Coherent RegA! followed
by an optical parametric amplifier~OPA!.12 For the three-
pulse experiments, we use part of the 800-nm amplifi
beam and the OPA output as pump and prepump. Pump
prepump~probe! durations were 150 fs~30 fs!, respectively.
The samples consist of a GaAs layer (d50.65mm) sand-
wiched between two 0.22mm Ga0.35Al0.65As layers grown
R8453 ©1999 The American Physical Society
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by molecular-beam epitaxy and antireflection-coated on b
sides. The GaAs layer was either undoped or Be-doped.
samples are held at 15 K on the cold finger of a H
compressor cryostat or at room temperature. Hall meas
ments yielded~after corrections for the depletion layer!, for
the p-type sample,p5731016 cm23 at 15 K and p55
31017 cm23 at 300 K.

In order to elucidate the role of the temperature of eq
librium carriers on the nonequilibrium carrier relaxation, w
performed experiments with a low-excess-energy prepu
in a room temperature lattice. The cold carriers created
the prepump heat up by phonon absorption and eventu
reach the lattice temperature within 2 ps.13 We can thus fol-
low the evolution of nonequilibrium electrons in the pre
ence ofcold or hot preinjected electron-hole pairs, the rest
the experimental conditions being identical. If the noneq
librium carriers are injected immediately after the carrie
created by the prepump, the latter will still be ‘‘cold.’’ Afte
300 fs, the prepump-injected electrons have already therm
ized and can be described with a Fermi-Dirac distribut
with a temperature of about 200 K. On the other hand, if
nonequilibrium carriers are injected at a later time~2 ps
later!, the carriers created by the prepump will have reac
the lattice temperature~300 K!.

The differential absorption spectra are shown in Fig. 1
a pump-prepump delay of 2 ps in~b!, and of 300 fs in~c!,
and compared to the spectra in the absence of prepump~a!. A
shutter is placed in the optical path of the pump, and
quantity measured is2Dad52(ap,pp2app)d whereap,pp
is the absorption in the presence of the pump and
prepump andapp the absorption in the presence of th
prepump only. Thus, this experiment monitors the evolut
of the pump-injected electrons while the signal due to
prepump-injected electrons is subtracted away.14 The density
of prepump-excited carriers remains constant during and
ter the pump pulse.

FIG. 1. Differential absorption spectra in undoped GaAs at 3
K in the presence@~b! and~c!# and in the absence of a prepump~a!
for a pump energy of 1.544 eV~120 meV excess energy with re
spect to the band gap!, and a prepump energy of 1.43 eV and f
delay times:280, 0, 80, and 2 ps. The prepump and pump-indu
carrier density was estimated to be 831016 cm23 and 3
31017 cm23, respectively. The pump-prepump delay was 2 ps
~b! and 300 fs in~c!. The shaded areas are meant as a guide to
eye, helping to identify the differences between the three cases
are related to the electron populations.
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While the peaked structure on the low-energy side~1.76
eV! corresponds to the modifications of the SO2C exciton
due to many-body effects, the broad structure around 1
eV reflects the nonequilibrium electron populations photo
cited from the HH and LH valence bands. The two popu
tions are not distinguished at room temperature. The co
parison between Figs. 1~a! and 1~c! shows that cold
preinjected carriers accelerate the relaxation: while in Fig.
1~a! for pump-probe delays of 80 fs, the peaked structure
to the pump-injected electrons is still visible, in Fig. 1~c! the
nonequilibrium electrons have already completely redistr
uted. On the contrary, when the preinjected carriers are
@Fig. 1~b!#, the relaxation is somewhat slowed down: t
structure due to the nonequilibrium carriers is more prom
nent for the same delay time of 80 fs~see shaded areas!. To
provide a more quantitative estimate of this effect, we ha
normalized the areas of the spectra and taken the differe
between the spectra at 80 fs and those at 2 ps, where
distributions have thermalized, for the three different cas
We then squared and spectrally integrated this differenc
obtain the mean square deviation from the thermalized sp
tral shape. Indeed, cold~hot! prepump carriers induce a mea
square deviation from the spectral shape at 2 ps that is 2
smaller~5% larger! than without the prepump.

In order to determine whether cold electrons or holes
predominantly responsible for the acceleration of the th
malization, we carried out experiments inp-doped GaAs at
15 K where only cold holes are present@Fig. 2~c!# and in the
presence of a prepump where both cold holes and elect
@Fig. 2~b!# preexist when the pump arrives.~In this case, the
prepump carriers are injected 600 ps before the pump
have already reached the lattice temperature.! In both cases,
the thermalization of the pump-excited electrons is dra
cally accelerated with respect to the undoped and not pre
cited sample@Fig. 2~a!#. The differential absorption spectr
for a pump-probe delay of 40 fs correspond to practica
thermalized electron populations in Figs. 2~b! and 2~c! while
for the same delay time the electrons in Fig. 2~a! are still far
from equilibrium. A thermalized electron distribution (T

0

d

e
at

FIG. 2. Differential absorption spectra at 15 K in undoped Ga
in the absence~a! and in the presence of a prepump~b!, and in
p-doped GaAsp5731016 cm23 ~c! for a pump energy of 1.607 eV
~88 meV excess energy! and for delay times:2120,240 fs, and 40
fs. The pump-induced~prepump! carrier density was 1017 cm23(5
31016 cm23).
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5500 K) is reached for the delay time of 80 fs~not shown!
in the presence of cold carriers, whereas in their absence
thermalized distribution is reached much later: at 200 fs.
40 fs, the mean square deviation from the spectral shap
the thermalized distribution is four times smaller in the pr
ence of the cold carriers. The effect is similar whether c
electrons are present or not, which means thatcold holes are
predominantly responsible for accelerating the thermaliz
tion of nonequilibrium electrons. On the other hand, mea
surements on thep-type sample at room temperature sho
only a small effect of the preexisting holes on the noneq
librium electron relaxation.

All these experimental observations are readily explain
by considering the dynamically screened interaction pot
tial between two carriersVS(q,v)5V(q)/ue(q,v)u, where
V(q) is the bare Coulomb potential ande(q,v) the retarded
dielectric function. Obviously, strong scattering is observ
for frequenciesV(q) for which Ree@q,V(q)#50 and
Im e@q,V(q)#'0, i.e., when plasma oscillations are excite
The first equality governs the plasmon dispersionV(q),
whereas the second guarantees low dampingG of the plas-
mon~s!, @G(q)'Im e/@dRee/dv#uv5V(q)#, e.g., Ref. 16. For
bulk e-h plasmas in equilibrium only one weakly damp
~optical! plasmon exists. For nonequilibrium distributionsf
with several maxima, additional undamped plasmons h
been predicted which have a phase velocityvph'V/q, cor-
responding to acoustic modes.3,4 To estimate their damping
we computee in the random-phase approximation,e(q,v)
512V(q)(aPa(q,v), wherePa is the Lindhard polariza-
tion function (a5e,h) the imaginary part of which is10

ImPa~q,v!52
1

2p\2

ma

q E
ka

2

ka
1

dkk fa~k!, ~1!

where ka
65(ma /\2q)u\v6Ea(q)u, Ea(q)5\2q2/(2ma),

and the distributions are normalized according tona

5(1/p2)*0
`dkk2f a(k). The investigation of plasmons i

multicomponent nonequilibrium systems is greatly simplifi
by considering the velocity distributions Fa(v)
[ma

2v f a(mav/\). Expanding, in Eq.~1!, Fa around v
5v/q, yields, to orderO(q2),

ImPa~q,v!52
1

2p\3 H FaS v

q D1
\2q2

4ma
2

d2

dv2
FaS v

q D J .

This equation allows for a simple interpretation: The dam
ing G of a plasmon with frequencyv and wave numberq is
essentially governed by thetotal number of carriers Nmov-
ing with a velocity equal to its phase velocity,N;F(v/q)
[(aFa(v/q), ~cf. the first term in parentheses; the rema
ing terms become important only for largeq). Thus, weakly
damped acoustic plasmons are expected when the tota
locity distributionF(v) ~i! has a minimum, and~ii ! the mini-
mum is deep. The analysis shows that the maximum num
of acoustic modes is given by the number of minima ofF,
and their phase velocities fall into these minima.

Let us now consider the velocity distributionsFa(v) for
the experimental conditions. The nonequilibrium distributi
functions f e(k)5 f h(k) ~one average hole distribution func
tion is used!, were modeled as Gaussians with excess ene
his
t
of
-
d

-

i-

d
-

d

.

e

-

-

e-

er

y,

spectral width and height determined by the pump pu
Figures 3~a!–3~c! show the velocity distributions in the
prepump experiments. Already the pump alone~a! generates
a total distribution with a minimum, since, due to the diffe
ent masses, the maxima ofFe and Fh are displaced with
respect to each other. The addition of room temperature
riers ~b! alters F only weakly. However, cold prepump
excited carriers~c! give rise to a second minimum betwee
the cold thermal holes and the nonequilibrium holes. Ba
on the above analysis, we expect that, without prepump
well as with hot prepump carriers, there exists one wea
damped acoustic plasmon, while cold prepump carriers m
allow for a second acoustic modeat lower phase velocity.
Indeed, the numerical solution of the dispersion relati
Ree@q,V(q)#50, confirms that, in all three cases, an acou
tic plasmon is excited@see Fig. 4~a!#. Furthermore, room

FIG. 3. Electron and hole velocity distributions corresponding
the prepump experiments~parameters as in Fig. 1;ER54.2 meV,
aB5132 Å, me /mr51.284, mh /mr54.5, with mr being the re-
duced mass!.

FIG. 4. Spectrum of acoustic plasmons in the presence/abs
of preexisting thermal carriers. Part~a! shows the effect of a
prepump~parameters as in Fig. 3! and ~b! the influence ofp- and
n-doping ~parameters as in Fig. 2,n5p5531016cm23). In both
figures, the lowest curve corresponds to the second acou
plasmon.
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temperature pre-excited carriers cause an increased dam
due to thermal electrons ‘‘leaking’’ into the minimum ofF,
cf. Fig. 3~b!, whereas, in contrast, low-temperature therm
carriers@Fig. 3~c!# allow for asecond acoustic plasmon, thus
yielding an additional efficient energy loss mechanism
the pump-excited carriers. With growing temperature of
prepump-induced carriers, the second minimum ofF(v) and,
with it the second plasmon, gradually vanish.

In the experiments on the effect of doping, cold therm
holes and electrons both have a tendency to create a se
minimum of the total distributionF(v). However, thermal
holes are much more favorable for acoustic plasmon
damping than electrons, since the low-velocity minimum
F(v) is always broader and deeper in the case of holes@see
Fig. 3~c!#. This is clearly confirmed from the analysis of th
acoustic plasmon dispersion, Fig. 4~b!. It turns out that
n-doping leads to increased damping of the acoustic p
mon, whereasp-doping reduces the damping and, at lo
temperatures, gives rise to a second acoustic plasmon
lowest curve in Fig. 4~b!.17 This directly explains the accel
erated thermalization in samples containing cold therm
holes~see Fig. 2!.

To further confirm our interpretation, we computed t
carrier-carrier scattering rates, comparing static screening
dynamic screening, see, e.g., Ref. 10. In a static treatm
cold preexcited carriers tend to even slow down the therm
ization due to increased Pauli blocking effects, whereas
namic screening fully confirms the above predictions. T
ing
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increased scattering rates found for dynamic screening in
presence of cold preexcited carriers lead to a faster redi
bution of the pump-excited carriers as well as to a fas
dephasing of the pump polarization and thus to a broa
initial carrier distribution,15 both resulting in faster thermal
ization. The reason why our explanation works, even with
taking the excitation and relaxation dynamics into accoun
that the acoustic plasmon spectrumV(q) is essentially de-
termined by thelocation of the pump peaks of the distribu
tion F, but only weakly depends on the peak width a
pump-excited density~and hence on details of its time evo
lution and of the dephasing!. Of course, to achieve quantita
tive agreement with the experiments, a full non-Markovi
interband calculation will be required.

In conclusion, we have performed experiments wh
show evidence of nonequilibrium acoustic plasmons in
e-h plasmas. We demonstrated that preexisting cold ther
carriers~most importantly holes! may give rise to a second
acoustic plasmon mode which strongly accelerates the t
malization of nonequilibrium carriers in bulk
semiconductors.18 Furthermore, we have shown that the e
perimental findings are well explained using a very sim
and intuitive analysis of the shape of the total velocity d
tribution.

We are grateful to J.-P. Likforman and G. Rey for he
with the OPA. M.B. acknowledges support from the DF
~Schwerpunkt ‘‘Quantenkoha¨renz in Halbleitern’’!.
.

-

e

.
,

an
to

,
n-
*Present address: IEMN-Dpt. ISEN, BP 69, 59652 Villeneuve
d’Ascq Cedex, France.

1L. Chen, Waves and Instabilities in Plasmas~World Scientific
Publishing Co. Pte. Ltd., Singapore, 1987!.

2W. Sha, A.L. Smirl, and W.F. Tseng, Phys. Rev. Lett.74, 4273
~1995!; G.C. Cho, T. Dekorsy, H.J. Bakker, R. Ho¨vel, and H.
Kurz, ibid. 77, 4062~1996!.

3D.C. Scott, R. Binder, and S.W. Koch, Phys. Rev. Lett.69, 347
~1992!.

4K. ElSayed, R. Binder, D.C. Scott, and S.W. Koch, Phys. Rev. B
47, 10 210~1993!; D.C. Scott, R. Binder, M. Bonitz, and S.W.
Koch, ibid. 49, 2174~1994!.

5W.H. Knox, D.S. Chemla, G. Livescu, J.E. Cunningham, and J.E
Henry, Phys. Rev. Lett.61, 1290~1988!.

6L.H. Acioli, M. Ulman, F. Vallée, and J.G. Fujimoto, Appl. Phys.
Lett. 63, 666 ~1993!.

7U. Hohenester, P. Supancic, P. Kocevar, X.Q. Zhou, W. Ku¨tt, and
H. Kurz, Phys. Rev. B47, 13 233~1993!.

8J.A. Kash, Phys. Rev. B51, 4680~1995!.
9F.X. Camescasse, A. Alexandrou, D. Hulin, L. Ba´nyai, D.B. Tran

Thoai, and H. Haug, Phys. Rev. Lett.77, 5429 ~1996!; F.X.
Camescasse, A. Alexandrou, and D. Hulin, Phys. Status Solidi
204, 293 ~1997!.

10R. Binder, D. Scott, A.E. Paul, M. Lindberg, K. Henneberger, and
S.W. Koch, Phys. Rev. B45, 1107~1992!.
.

B
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