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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 acceldsitimmg down is readily
explained by favorabléunfavorablg conditions for the excitation of weakly damped nonequilibrium acoustic
plasmons[S0163-18219)51336-4

Fast charged carriers propagating in a solid state or ga®laxation in the presence of hot and cold equilibrium carri-
plasma may lose a substantial part of their energy due ters injected by a prepump under identical conditions, and
excitation of plasma oscillation§plasmong This is well  show that this dependence is directly related to favorable or
known for three-dimensional3D) equilibrium plasmas unfavorable conditions for the excitation of nonequilibrium
where only the optical plasmon is excitéalcoustic modes acoustic plasmons.
with linear dispersion are usually strongly damped con- In contrast to previous studies, we use a nondegenerate
trast, in nonequilibrium plasmas, additional undamped opump-probe configuratinthat makes it possible to selec-
even unstable plasmons are possible which may strongly ettively follow the thermalization of the nonequilibriulec-
hance carrier relaxation and transport. This is known frontron distribution: The pump excites electrons from the
gas plasmassee, e.g., Ref.)1however, very little informa- heavy-hole(HH) and light-hole(LH) valence bands while
tion is available about nonequilibrium plasmons in con-the probe measures the absorption saturation of the transition
densed matter systems. The excitation of coherent opticdfom the split-off-hole(SO) valence bandempty of holesto
plasmons has been studied in semiconduttiorsituations  the conduction bandQ). Thus, the effect of the equilibrium
involving nonequilibrium carriers but no experimental evi- populations can be assessed unambiguously without any
dence for nonequilibrium plasmons has been reported. Thesomplications coming from the simultaneous measurement
oretical investigations' have predicted the existence of of electron and hole dynamics as in usual experiments.
weakly dampedhonequilibrium acoustic plasmoria opti- Recently, considerable progress has been made in the mi-
cally excited electron-holgée-h) plasmas and their impor- croscopic modelling of carrier relaxation through Coulomb
tance in accelerating the relaxation. In particular, a drasticollisions, including dynamic screenittf and femtosecond
dependence on the temperatureeqfiilibrium carriers exist-  screening build up® However, with preexcited carriers,
ing prior to the injection of a nonequilibrium e-h plasmes  screening is largely built up, so simpler Markovian screening
predicted® an acceleration of the relaxation, if the equilib- models are expected to work well. Indeed, our experimental
rium population is cold, and a slowing down if it is hot. observations can be fully explained by the plasmon spectrum

A few experimentalists have studied the relaxation dy-computed from the Lindhard dielectric function. A very gen-
namics of a nonequilibrium population in the presence oferal and intuitive picture is presented which is based on the
equilibrium carriers® which is a situation frequently en- total velocity distribution functionof the electron-hole
countered in devices. However, a comparison between thelasma.
experimental data is hampered by the fact that they are per- The laser setup consists of a Ti:sapphire fs oscillator and
formed under very different conditions and, to our knowl- a 200-kHz regenerative amplifié€€oherent RegAfollowed
edge, no nonequilibrium plasmon effects have been found upy an optical parametric amplifiglOPA).}? For the three-
to now. pulse experiments, we use part of the 800-nm amplified

We here present the first experimental evidence for thébeam and the OPA output as pump and prepump. Pump and
existence of nonequilibrium acoustic plasmons in solids anghrepump(probe durations were 150 630 fg), respectively.
their role in carrier relaxation. We demonstrate the theoretiThe samples consist of a GaAs layel=(0.65 um) sand-
cally predicted temperature dependehbg measuring the wiched between two 0:2um Ga, 357l gsAS layers grown
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FIG. 1. Differential absorption spectra in undoped GaAs at 300 FIG. 2. Differential absorption spectra at 15 K in undoped GaAs
K in the presencé(b) and(c)] and in the absence of a prepurta in the absencéa) and in the presence of a prepurip, and in
for a pump energy of 1.544 e\120 meV excess energy with re- P-doped GaAp=7x10'® cm™2 (c) for a pump energy of 1.607 eV
spect to the band gapand a prepump energy of 1.43 eV and for (88 meV excess energgnd for delay times:= 120, —40 fs, and 40
delay times:—80, 0, 80, and 2 ps. The prepump and pump-induceds- The pump-inducedprepump carrier density was £0 cm™=3(5
carrier density was estimated to bex80fcm 3 and 3  X10°cm™d).
X 10t cm~ 3, respectively. The pump-prepump delay was 2 ps in
(b) and 300 fs in(c). The shaded areas are meant as a guide to the While the peaked structure on the low-energy Sitl§6
eye, helping to identify the differences between the three cases thatV) corresponds to the modifications of the SO exciton
are related to the electron populations. due to many-body effects, the broad structure around 1.87
ﬁv reflects the nonequilibrium electron populations photoex-
sides. The GaAs layer was either undoped or Be-doped. T %ted from the HH anql LH valence bands. The two popula-

jons are not distinguished at room temperature. The com-

samples are held at 15 K on the cold finger of a He-"—. b : d h h I
compressor cryostat or at room temperature. Hall measurd@rison between Figs. (@ and Xc) shows thatco

ments yieldedafter corrections for the depletion laygfor preinjected carriers accelerate the relaxationhile in Fig.
the p-type sample,p=7x10%cm 3 at 15 K andp=5  1(a) for pump-probe delays of 80 fs, the peaked structure due
% 10t ecm~2 at 300 K. to the pump-injected electrons is still visible, in Figcithe

In order to elucidate the role of the temperature of equi-nonequilibrium electrons have already completely redistrib-
librium carriers on the nonequilibrium carrier relaxation, we uted. On the contrary, when the preinjected carriers are hot
performed experiments with a low-excess-energy prepumpFig. 1(b)], the relaxation is somewhat slowed down: the
in a room temperature lattice. The cold carriers created bgtructure due to the nonequilibrium carriers is more promi-
the prepump heat up by phonon absorption and eventuallgent for the same delay time of 80 (see shaded areago
reach the lattice temperature within 2'93/e can thus fol-  provide a more quantitative estimate of this effect, we have
low the evolution of nonequilibrium electrons in the pres-normalized the areas of the spectra and taken the difference
ence ofcold or hot preinjected electron-hole pairs, the rest of between the spectra at 80 fs and those at 2 ps, where the
the experimental conditions being identical. If the nonequi-distributions have thermalized, for the three different cases.
librium carriers are injected immediately after the carriersWe then squared and spectrally integrated this difference to
created by the prepump, the latter will still be “cold.” After obtain the mean square deviation from the thermalized spec-
300 fs, the prepump-injected electrons have already thermatral shape. Indeed, colghot) prepump carriers induce a mean
ized and can be described with a Fermi-Dirac distributionsquare deviation from the spectral shape at 2 ps that is 27%
with a temperature of about 200 K. On the other hand, if thesmaller(5% largej than without the prepump.

by molecular-beam epitaxy and antireflection-coated on bot

nonequilibrium carriers are injected at a later tif® ps In order to determine whether cold electrons or holes are
laten), the carriers created by the prepump will have reachegiredominantly responsible for the acceleration of the ther-
the lattice temperature800 K). malization, we carried out experiments prdoped GaAs at

The differential absorption spectra are shown in Fig. 1 forl5 K where only cold holes are pres¢ftg. 2(c)] and in the
a pump-prepump delay of 2 ps {b), and of 300 fs in(c), presence of a prepump where both cold holes and electrons
and compared to the spectra in the absence of prepgamfg  [Fig. 2(b)] preexist when the pump arrive@n this case, the
shutter is placed in the optical path of the pump, and therepump carriers are injected 600 ps before the pump and
quantity measured is Aad= —(ay pp— @,p)d Wherea, ,,  have already reached the lattice temperatureboth cases,
is the absorption in the presence of the pump and théhe thermalization of the pump-excited electrons is drasti-
prepump anda,, the absorption in the presence of the cally accelerated with respect to the undoped and not preex-
prepump only. Thus, this experiment monitors the evolutiorcited samplgFig. 2(@)]. The differential absorption spectra
of the pump-injected electrons while the signal due to thefor a pump-probe delay of 40 fs correspond to practically
prepump-injected electrons is subtracted aWahe density thermalized electron populations in FiggbRand Zc) while
of prepump-excited carriers remains constant during and affor the same delay time the electrons in Fige)2are still far
ter the pump pulse. from equilibrium. A thermalized electron distributionT (
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=500 K) is reached for the delay time of 80 (fsot shown

in the presence of cold carriers, whereas in their absence this

thermalized distribution is reached much later: at 200 fs. At

40 fs, the mean square deviation from the spectral shape of

the thermalized distribution is four times smaller in the pres-
ence of the cold carriers. The effect is similar whether cold
electrons are present or not, which means tioéd holes are
predominantly responsible for accelerating the thermaliza-
tion of nonequilibrium electronsOn the other hand, mea-
surements on the-type sample at room temperature show
only a small effect of the preexisting holes on the nonequi-
librium electron relaxation.

All these experimental observations are readily explained
by considering the dynamically screened interaction poten-
tial between two carrier¥/g(q,w)=V(q)/|e(q,»)|, where
V(q) is the bare Coulomb potential ardq, ) the retarded
dielectric function. Obviously, strong scattering is observed
for frequenciesQ(q) for which Ree[q,Q2(q)]=0 and

The first equality governs the plasmon dispersiafiq),
whereas the second guarantees low dampingf the plas-
mon(s), [T'(q)~Im e/[dRee/dw]| - (g]: €.9., Ref. 16. For

Velocity distributions F(v)
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! 4,35 . FIG. 3. Electron and hole velocity distributions corresponding to
Im €[q,€(q) =0, i.e., when plasma oscillations are excited.the prepump experimentparameters as in Fig. Ex=4.2 meV,

ag=132 A, m,/m,=1.284, m,/m,=4.5, with m, being the re-
duced mass

bulk e-h plasmas in equilibrium only one weakly dampedspectral width and height determined by the pump pulse.
(optica) plasmon exists. For nonequilibrium distributiohs Figures 3a)—3(c) show the velocity distributions in the
with several maxima, additional undamped plasmons havprepump experiments. Already the pump aldaegenerates

been predicted which have a phase velogity~()/q, cor-
responding to acoustic mod&$To estimate their damping,
we computee in the random-phase approximatios(,q, )
=1-V(q)Z,l1,(q,w), wherell, is the Lindhard polariza-
tion function @=e,h) the imaginary part of which 1§

a total distribution with a minimum, since, due to the differ-
ent masses, the maxima &f, and F,, are displaced with
respect to each other. The addition of room temperature car-
riers (b) alters F only weakly. However, cold prepump-
excited carriergc) give rise to a second minimum between

the cold thermal holes and the nonequilibrium holes. Based

1
2ah2

my [k
ImIl(q,w)=— kaf‘dkkfa(k), (1)
where k;::(ma/hZQ)mwiEa(Q)L Ea(q)IﬁZqZ/(Zma),
and the distributions are normalized according g
=(Un?) [5dkkf (k). The investigation of plasmons in
multicomponent nonequilibrium systems is greatly simplified
by considering the velocity distributions E(v)
=mavf,(m,v/#). Expanding, in Eq.(1), F, around v

= wl/q, yields, to orderO(qg?),
w
a + Fa

K

This equation allows for a simple interpretation: The damp-
ing I' of a plasmon with frequency and wave numbeq is
essentially governed by thetal number of carriers Nmov-
ing with a velocity equal to its phase velocity~F(w/q)
=3>,F.(w/q), (cf. the first term in parentheses; the remain-
ing terms become important only for largg. Thus, weakly
damped acoustic plasmons are expected when the total ve
locity distributionF(v) (i) has a minimum, andi) the mini-
mum is deep. The analysis shows that the maximum numbe
of acoustic modes is given by the number of minimaFof
and their phase velocities fall into these minima.

Let us now consider the velocity distributiofg(v) for

thZ d2

-
amZ dv?

w

_)}

q

ImIl,(q,w)=— P

QE/h)

Q(E,/h)

on the above analysis, we expect that, without prepump as
well as with hot prepump carriers, there exists one weakly
damped acoustic plasmon, while cold prepump carriers may
allow for a second acoustic modat lower phase velocity.
Indeed, the numerical solution of the dispersion relation,
Ree[q,€Q2(q)]=0, confirms that, in all three cases, an acous-
tic plasmon is excitedsee Fig. 4a)]. Furthermore, room
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FIG. 4. Spectrum of acoustic plasmons in the presence/absence

of preexisting thermal carriers. Pafd) shows the effect of a
prepump(parameters as in Fig.) &nd (b) the influence ofp- and

the experimental conditions. The nonequilibrium distributionn-doping (parameters as in Fig. 1= p=>5x10cm~3). In both
functions f (k)= f(k) (one average hole distribution func- figures, the lowest curve corresponds to the second acoustic

tion is used, were modeled as Gaussians with excess energylasmon.
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temperature pre-excited carriers cause an increased dampimgreased scattering rates found for dynamic screening in the
due to thermal electrons “leaking” into the minimum Bf  presence of cold preexcited carriers lead to a faster redistri-
cf. Fig. 3b), whereas, in contrast, low-temperature thermalpution of the pump-excited carriers as well as to a faster
carriers[Fig. 3(c)] allow for asecond acoustic plasmpthus  dephasing of the pump polarization and thus to a broader
yielding an additional efficient energy loss mechanism forinitial carrier distributiont® both resulting in faster thermal-

the pump-excited carriers. With growing temperature of thgzation. The reason why our explanation works, even without
prepump-induced carriers, the second minimurf 6f) and,  taking the excitation and relaxation dynamics into account, is
with it the second plasmon, gradually vanish. that the acoustic plasmon spectrdd{q) is essentially de-

In the experiments on the effect of doping, cold thermalamined by thdocation of the pump peaks of the distribu-
hqle; and electrons bot_h havg a tendency to create a secopdh E. put only weakly depends on the peak width and
minimum of the total distributior=(v). Howeyer, thermal pump-excited densityand hence on details of its time evo-
holes are much more favorable for acoustic plasmon UNfution and of the dephasiigOf course, to achieve quantita-

('iamp]ng lthan eg)ectr((j)ns, S'S%e the Iqw;\r/]elocny m;nrl]rkr;um Oftive agreement with the experiments, a full non-Markovian
(v) is always broader and deeper in the case 0 €8 interband calculation will be required.

Fig. 3(c)]. This is clearly confirmed from the analysis of the In conclusion, we have performed experiments which

acoustic plasmon _dlspersmn, F|g(_b)¢ It turns out t_hat show evidence of nonequilibrium acoustic plasmons in 3D
n-doping leads to increased damping of the acoustic plas:

mon. whereas-dopina reduces the damping and. at low e-h plasmas. We demonstrated that preexisting cold thermal
' $-doping ping ' carriers(most importantly holgsmay give rise to a second

temperatures, gives r'S% toa sgcond acoustic plasmon, t%%oustic plasmon mode which strongly accelerates the ther-
lowest curve in Fig. é)."" This directly explains the accel- alization of nonequilibrium  carriers  in  bulk

erated thermalization in samples containing cold therma, emiconductor®® Furthermore, we have shown that the ex-

holes(see Fig. 2 heperimental findings are well explained using a very simple

T.O furth(_ar conﬂrm_ our interpretation, we gomputed_ t and intuitive analysis of the shape of the total velocity dis-
carrier-carrier scattering rates, comparing static screening Vﬁ’ibuti on

dynamic screening, see, e.g., Ref. 10. In a static treatment,
cold preexcited carriers tend to even slow down the thermal- We are grateful to J.-P. Likforman and G. Rey for help
ization due to increased Pauli blocking effects, whereas dywith the OPA. M.B. acknowledges support from the DFG
namic screening fully confirms the above predictions. TheSchwerpunkt “Quantenkohenz in Halbleitern’).
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