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An analysis of the nonequilibrium plasmon spectrum of optically excited semiconductors is presented. It is
shown that semiconductors with preexisting carrier populations, due, e.g., to a prepump or doping, may exhibit
a rich collective excitation spectrum including additional plasmon modes. If these modes are weakly damped
they give rise to an essential acceleration of thermalization processes. It is found that the most favorable
conditions for this effect to appear are low temperature puadping. These theoretical predictions are fully
confirmed by results of comprehensive pump-probe experiments on bulk GaAs in the presence of a prepump
and in doped samples.

[. INTRODUCTION present a detailed theoretical and experimental analysis of
these phenomena, extending our previous Wael.The aim
Collective excitations in many-particle systems continueof our theoretical partSecs. Il and Il] is to understand how
to attract the interest of researchers in many fields. In parith€se phenomena depend on the experimental conditions,

ticular, the important role of dynamical screening of thesuch as concentration and temperature of preexcited elec-

Coulomb interaction and plasmons in the relaxation behaviolf®"S ©r holes on one hand and energy and spectral width of

of semiconductors has been demonstrated in recent years Hﬁ pbump pulse,grt;the O.theT' It :utr_ns out thatlth(_ase fth;]estlons
many theoretical studies, e.g., Refs. 1-4. While the impact ofan De answered by a simpie stationary analysis of the non-

dynamical screening in equilibrium electron-hole plasmas iseqwllbrlum dielectric function in the random phase approxi-

rather small—it leads to a slight increase of the collision.mation(RPA)' We show that the central quantity of interest

frequencies of energetic carriers, typically of the order of'S thetotal velocity distributiorof electrons and holes, which

10-30 %(see, e.g., Ref.)5—a more pronounced effect can is trivially computed for all experimental situations. The
appear in nohedu'i,libriu.m situations due to qualitative main prediction is that the most favorable conditions for the

changes in the plasmon spectrum. For optical excitatior?xCltatlon of nonequilibrium plasmons gpaloping and low

where a femtosecond laser pulse generates nonequilibriu mperature, which is fully conﬂrmed_by our experiments.
electron and hole distributions in the respective bands, th urthermore, the effect of thermal carriers is enhanced if the

most prominent feature is the gradual buildup of the plasmo tl)JmV?/ acts hlghtm theltbanfd and has "fm?” spectra_l W'dihl'
spectrum and of the screening in an initially unscreened car- ) We present results of a comprehensive experimenta

rier ensemble, which has been successfully computed reS-tUdy (Secs. IV and V of the role of equilibrium holes in

cently by solving the appropriate quantum Kkinetic p—dc_)ped GaAs as well as of the_ role of a hot or cold ther-
equationg:® Still, the plasmon spectrum remains equilibri- mallzeq electron-hole plasmr_;l injected by a prepump before
umlike, consisting of an optical and an acoustic mode. the arrival of the pump creating the nonequilibrium popula-

With a small modification of the excitation conditions the tion. In all cases, the equilibrium carrier density was kept at

situation may be changed qualitatively. As we have demon[nuch lower levels than the nonequilibrium carrier density.

strated in a recent experimehthe presence of equilibrium }[Nef hl?ve useld ?n ?xp;rlment?l tponﬂgfu;ﬁl‘fdhat allo‘.’;’i us
carrier populationsat the time of excitation gives rise to o follow seleclively the evoiution of the nonequiiibrium

additional nonequilibrium plasmon modes, which may Ieaaer:eCt:c?n (tjls]:[r;rt])unon llt%vyard therrln?_llzatmn abnd’ therefodre,
to a drastically accelerated carrier thermalization confirming '€ €/'€Ct Of the equilibrium popufations can be assessed un-

earlier model calculations for bulk and low-dimensional mmuIt'zgnueoouusslyn:vé?;urtear:?gn?%Tglllgtzzittrlgrqsa%%mr:rc])?ef?mnatrm?czl_as
semiconductors?’~° Moreover, these additional plasmon y

modes may become an interesting source of TH n the usual experiments. Finally, in Sec. VI we discuss limi-

radiation®Lin particular in 2D and 1D where their sponta- ations of our theoretical approach and possible extensions

neous growth(plasmon instability has been predictef:?*2 and applications.

As the existence of thermal carriers, e.g., due to doping, is
a situation frequently encountered in devices, their effect on
the nonequilibrium plasmon spectrum and the thermalization
of electron-hole plasmas is of broad interest, for both optics In this section we briefly recall the derivation of the non-
and transport applications. Therefore, in this paper weequilibrium RPA dielectric function and of the dynamically

Il. THEORETICAL DESCRIPTION OF PLASMONS
IN SEMICONDUCTORS
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screened Boltzmann collision integral, and their Iimitations.wherequ47-re2/(ebq2) is the bare Coulomb potential and
(Throughout this paper, we will consider situations whereeR(q,t,w) the retarded dielectric function, which contains
phonon scattering is of minor importance and may be nethe full information on the dynamic properties and plasmon

glected) spectrum of the nonequilibrium semiconductor. Due to the
frequency dependence of the dielectric function the dynamic
A. Dynamical screening effects on carrier scattering scattering rate€2.1) may deviate significantly from the static
. . . L o limit where VE(t,w) = VE(1,0)=V,/€%(q,1,0)
A consistent microscopic description of laser excitation of _ ' :

— 2 2 27—/t R e
electron-hole plasmas in semiconductors including scatter- Ame’l e g™+ k(1)°]=V, (1), which is the familiar Debye

ing, collective excitations, and dynamical screening can b(%otetr:)naEl W'(tg'1)be'2,%éﬁ?a'rrfve;tsrgnscfsgt'tl%il,en%?ﬁ ,?)c;czr)((j_—
given in the framework of nonequilibrium Green'’s functions, 9 q. k2.5, P y 9 9

e.g., Refs. 15 and 16. The starting points are coupled quar‘i‘)—eCteOI if|e*(q,w)| approaches zero which, as we will see

tum kinetic equations for the carriers and photéekectro- below, is related to the existence of plasmons. In situations

magnec Tl and plasmon’ i e suseauenty sin- V11 11 0TRSO PeSrins ¢ neredsed, e e oy

plified by applying various approximations. If the transverse dil hieved i Cl duct ith ) ited th |

field is treated classicallvia Maxwell's equations one ar- readily achieved in semiconductors with preexcited therma

rives at coupled quantum kinetic equations for the carrieF & Mers:

distributionsf,, fi, and interband polarization which contain

collision integrald accounting for all relevant scattering and B. Plasmons

dephasing processes. If, further, correlations between the car- 1 is instructive to rewrite the condition for vanishing ab-

riers are weak! the integralsl are of second order in the solute value ofe as

dynamically screened Coulomb potentig|(t,,t,) and, due

to the two-time structure, fully contain the nonequilibrium R 2 R 2_

plasmon dynamics. Thus, the corresponding quantum kinetic [Ree™(q, )] +[Im €7(q, ) ]"=0, 23

equations are well suited to model the excitation and relaxyich is the familiar dispersion relation for longitudinal

ation dynamics, including the excitation-induced format'onplasmons. Obviously, it requires that simultaneously

of the screening clodd®in a previously unexcited semicon- ReeR(q, 0)=Im eR(q a),)=0 The solutions of this pair of

ductor. ’ ’ '
In a preexcitedsemiconductor, on the other hand, the

screening cloud has had enough time to f_c(thils time is of of plasmon frequency and damping, respectively, ana-

the order of 2r/wop, Whereawoy is the optical plasma fre- bels the modegfor details see Ref, 22 If the pl,asmon

guency, and the pump pulse gives rise only to modifications ] i ' Re o &

of the screening. In this case, it is reasonable to use thd@mping is ~ weak, [[[<Q and |Ime¥(q,Q)]

adiabatic approximation leading to an instantaneous retardeg|Ree?(q,(2)|, we can apply perturbation theory with the

screened potentiavs(t,w), which is obtained by Fourier result

transformation with respect to,—t,, t being the macro-

equations are complex functionsyﬂfls(q)zﬂs(q)
+il's(q), s=1,2,...,whereQ) andI' have the meaning

scopic timet=(t;+t,)/2. As a consequence, the collision Ree[q,Q(q)]|r(q):0=0, (2.4
integrals in the kinetic equations become the familiar dy-
namically screened Boltzmar{or Balescu-Lenard or RPA ~Im é[q,g(q)]h(q)zo

integrals. For example, the equations for the electrons and
holes @,b=e,h) contain integrals of the type

(dide)Red g 0=0(Q) rqgo ¥ @9

5 Vv 2 This means that the plasmon dispersion is determined from
lapk(D) == > g : the real part of the dielectric function alone, whereas the
’ hoqe | €(Q,4LEqk—Eqkqtid) imaginary part ofe governs the damping of the mode.

Analysis of the dielectric function reveals that e, w) is
positive foro =0 and in the limitw—oo. Therefore, zeros of

X 8(EqxtEpx—EBak—q— Ebk +q)

X{fak—qfbir+q(1—=Fa) (1= Fppr) Eq. (2.4) appear pairwise, where those with positive deriva-
tive, (d/dw)Ree[q,0w=Q(q)]>0, are collective excita-
~farfou (1= far-g) (1= Fou 1)}t tions. In an electron-hole plasma in equilibrium, the real part

=35 (1—f, )32 f 2.1) of the dielectric function may have two minima where
~ “abk ak abkiak ’ Ree(q,w)<0, corresponding to the optical and acoustic

and analogous integrals involving the interband polarizatiorP!@smon. gNith increasing temperature, the plasmon damping

(see, e.g., Ref. 15In Eq.(2.1), E denotes the single-particle mcreaseé._However, in nonequilibrium, in particular in op-

energies— +0, andS = denote the scattering rates. tically excited semiconductors, there may exist additional
Obviously, the magnitude of and, hence, the collision minima of Ree(q,w) which are related to additional acous-

frequency, crucially depend on the absolute value of thdiC Plasmon modessee, e.g., Refs. 12 and.9
screened potential, Thus, according to Eq$2.3)—(2.5 we may conclude that

|e| will be close to zerofor any weakly damped plasmon
Vv mode()4(q), resulting in enhanced carrier-carrier scattering.
VEq(t,w)= R—q' (2.2  With increasing plasmon damping, the scattering rg2ed
' e(q,t,w) decrease. But even in the limit4(q)—Q4(q), when the
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mode can no longer be regarded as a well-defined collectiveifferent for different species;, = w/q=%q/(2m,). Intro-
excitation, the dynamic scattering rates usually still signifi-ducing further the velocity distribution
cantly exceed the static limit.
Fa(v)=mivf,(mulh), (2.9
C. RPA dielectric function

To analyze the plasmon spectrum under optical excitation Ny= ma/(rrzhe‘)f dvvF4(v),
conditions we need an appropriate approximation for the di- 0
electric function. A consistent treatment of carrier-carrierand expanding, in Eq2.7), F, aroundv = w/q, we obtain
scattering and dielectric properties, which properly incorpo-

rates correlation effects into the dielectric function, is cur- 1 )
rently actively investigatedcf., e.g., Refs. 20—29 For the ImIl,(q,w)=— sl aly
situations we are interested in, where the carrier density is ™
high, however, it is justified to neglect correlationseirand 2.2 42

i o 1h%9° d ®
to use the familiar random phase approximation +——— ——F, =|+0(q*% }.

4 2 2 a q
my dv q
€(a,t,@) =1 Vo T, t,0), (2.6 (2.10

Let us analyze the consequences of 410 for plasmons
wherell, is the Lindhard polarization function, and the sumhere g—q, and w—Q(q,), and the central velocity be-
runs over electrons and holes. For bulk systems with isotrocomes just the phase velocity of the plasmopy(qo)

pic distributionsf,(k), the imaginary part of the polarization — () (q.)/q,. The plasmon damping depends on the sum of

is evaluated as the individual polarizations of all components,

Ml (a o) =~ —— " (Sakkimn, @ A2

M@ te)== 225 g J Ak @D m ey 040 =~ 55| Flvp(@o]+
where, k; (0,0)=(m,/A%0)|[ho+Eq(q)|, Ea(q)=%%q%/ 1 42
(2m,), and the distributions are normalized according to x> — —Fv=03(q0)]
n.=(1/7?) [ dk Kf ,(k). Correspondingly, the real part is a m3 do? b
given by

4
m, (= ko +K ks —k +0(q )}. (211
Rell (qg,t,w)= PJ dk kfy(k,t)In|— — ,
47Tﬁ2q 0 ky —k ky +k with

where P denotes that the principal value has to be taken. F(v)EZ F.(v), (2.12
This is achieved by analytical integration over the logarith- T

mic singularities, which is easily performed for afgpntinu- where we introduced the total velocity distributiéh The

ous nonequilibrium distribution. Note that the singularities main contribution arises from the first term in parentheses,

appear at the boundaries of the zero temperature pair con- . - . . ;
tinuum, k=k= . Thus, according to Eq2.4), the dispersion which is of the order of the number of particles moving with

Q f ibi | . dqf h Ithe phase velocity of the wavéThis is similar to the classi-
s() of nonequili ium plasmons IS compute rom_t € I'€alcal Cerenkov resonance conditigriThe second term gives
part of Eq. (2.6 using Eg.(2.8 with the actual optically

T . the leading quantum correction, which is important only in
generated electron and hole distribution functions. The plaﬁhe case of collective excitions with large wave number and

mon dampifngr; on the Othlir _hand, if‘ dgtermined by the ima@"l'f the curvature of the individual distributions at the position
nary part of the nonequilibrium polarization E@.7). of the phase velocity is sufficiently large. Finally, we obtain
for the imaginary part of the dielectric function that governs

D. Conditions for weakly damped acoustic plasmons the damping[cf. Egs. (2.6) and (2.11)], keeping only the
in nonequilibrium e-h plasmas: Total velocity distribution leading term,

A plasmon with wave numbey, and frequency(4(qo)

will be weakly damped if 1M1 ,(do,2(do)) is small for all e” Flupn(qo)]

carrier species simultaneously. Obviously, this will be the Im e[ Q. {25(do) ]~ %3, qé ' (213
case if the electron and hole distributions are small inside the
momentum intervalg Kk, (Q¢(do),do0).Ka (Q2s(do),g0)] and Now, what about the conditions for thexistenceof

[y, (Q4(do),00).Kr (Q4(do),d0)], respectively. Due to the acoustic plasmons? In an electron gas in equilibrium, the
different masses of electrons and holes these intervals ardstribution functionf (k) is monotonically decreasing, and
shifted with respect to each other. Therefore, it is advantaF(v) is decreasing too, except for the trivial minimumuat
geous to transform to velocity space, by substitutikhg =0 [cf. definition(2.9)]. This corresponds to the existence of
=myv,/h, as then all integration intervals are centereda single (optica) plasmon. In an equilibriune-h plasma,
around the same velocity/q, and only the spread remains fo(k) and f,(k) are both monotonically decreasing; how-
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ever, inF(v) a minimum appears at finite between the 16
maxima of F,(v) and Fg¢(v). This minimum is around 12 (a) ’q no prepump
vsd—the phase velocity of the familiar equilibrium acoustic
plasmon—which is strongly damped due to the large number
of electrons and holes moving with=v§¢ [cf. Eq. (2.13)].
Now, it is easy to imagine that, ionequilibrium distribu-
tions fo(k),f,(k) are excited that have more than one maxi-
mum, the velocity distribution may obtain additional
minima. The analysis of Eq2.4) then reveals that this may
give rise to additionalnonequilibrium acoustic plasmons
This is most easily understood for the idealized case of dis-

8
4

12 (b) ﬁ prepump 300K

Velocity distributions F(v)

tributions with sharp maxim&?® f,(k)=="2 A0 (k%
—k)O(k—k{¥), a=e,h, which leads to a velocity distribu- . —
] 1i 12 (C) I e x3
tion F(v) with sharp peaks separated by upMg+M,—1 ,‘l .
minima. For a mode with phase velocity between ttte 8 g prepump 10K
peak of Fe and thejth peak of Fy, (where k) <k{), it al - N
follows that e
0 ya

N k) + kM mMek{M —m k& 0 1 2 3 4 >
ijoop 2 L ~ ety  Thmai Velocity v (m, h/a
Uph Mg+ M, and  Qpax~2 Mo+ M, (2.14 ty ( T B)

; ; ; iy — ; ; FIG. 1. Electron and hole velocity distribution functions for the
Since in this casé (v,p) =0, according to Eq(2.13, this case without prepum(top panel vs with prepump excited equilib-

mode Is undamped, but it exists anly up to a maximum WaVeim carriers at 300 Kmiddle paneland 10 K(bottom panel The

number O<qQ<qmaX and.only IfqmaX?O.. Despite its que_l density of equilibrium and nonequilibrium carriers is 8
character, this example is useful as it gives the upper limit o, 116" ;13 and 3x 1017 em™3 respectively.m, is the reduced
the number of plasmons, wavelength domain, and degree Qf ;55 ’ '

undamping. Of course, for realistic nonequilibrium distribu-
tions, the damping of the modes is lardeee Eq.(2.10],  the theoretical results to the situation of these experiments.
and the wave-number range is reduced. Most importantly, \we consider bulk GaAs excited by a pump pulse where
however, it turns out that the existence of a plasmon and tth) the material is not preexcited) equilibrium electrons
value of its phase velocity depend only weakly on the deand holes have been generated by a prepump@héither
tailed shape of the distribution. They are mainlgtermined  equilibrium electrons or equilibrium holes are present—due
by the number of peaks of the velocity distributiofv}JFand  to n or p doping, respectively. Our main interest is in the
by their location and only weakly depend on the shape ofinfluence of the preexisting equilibrium carriers on the elec-
the peaks. tron and hole distribution functions and on the nonequilib-
Summarizing our analysis, we concludé) there are as  rjum plasmon spectrum. The distribution functidipsand f,
many acoustic plasmons possible as the total vecocity distrgre the sum of equilibrium and nonequilibrium components,
bution F(v)=Z2,F4(v) has minima(excludingv=0); (1) f_(k)=£29k)+fP(k), where the first are Fermi functions of
the damping of a given plasmon with phase veloaify,  gjven density and temperature, and for the holes one average
=Q/qo is small if F(vpp) is small, i.e., ifvpp is located ina  (oyer heavy and light hole bardpopulation is used. The
minimum of F; (Ill) the damping depeznds more sensitively pymp excited nonequilibrium contributions to the two distri-
on the heavy component, becalise-mj; (IV) the damping  putions are equak?(k) =fP(k), and are modeled as Gauss-
is further reduced if the curvature &f(i.e., F”) aroundv,,  jans centered around the momentim ko according to the

is small, i.e., if the corresponding minimum Bfis broad. laser energy in excess of the band gap. The height and width
of the peak are computed from the estimated total carrier
[ll. PLASMONS IN SEMICONDUCTORS density created by the pump and its spectral width, respec-

WITH PREEXISTING CARRIERS tively (for the experimental parameters, see Secs. IV and V

In semiconductors, there exist various possibilities of en-Of course, this provides only a rough estimate for the non-
. I, eXISL various p . 9 equilibrium part of the distributions, as broadening during
erating nonequilibrium velocity distributiorts(v) with mul-

tiple peaks. One is carrier acceleration in an external fieldthe rise time of the pulse and due to scattering and dephasing

. : L A : . ~processes is neglected, but this should not affect the com-
another is optical excitation of nonequilibrium carriers high parison of caseéA)—(C). Moreover, the qualitative shape of

in the band. Equilibrium electrons and holes are easily gexe distributions—in particular their extrema and peak posi-

erated either .by an optical prepump - or b.y using que ions which, as we have seen in the previous section, deter-
samples. Particularly broad opportunities exist in multiban

: : . ine the number and dispersion of plasmons—are repro-

or multisubband systems where energetic carriers can bg
i : LT uced correctly.

placed selectively in a chosen subband, thus giving rise to a
total distribution with multiple peaks. Nevertheless, only re-
cently was it possible to demonstrate experimentally the ef-
fect of nonequilibrium plasmons in pump-probe measure- Figure 1 shows the velocity distributions corresponding to
ments on bulk GaA3as discussed in Sec. IV. We now apply the measurements with and without a prepump. The upper

A. No preexcited thermal carriers
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FIG. 2. Static(upper pangl vs dynamic (lower panel total 00 = "1" > 3 a 5

carrier-carrier scattering rates for varying temperature of the pre- .
pump excited equilibrium population. The full line denotes the case velocity, m, h/ag
without prepump. . L .

FIG. 3. Electron and hole velocity distribution functions for
figure demonstrates that the pump alone already generateg!@Ped pump excited bulk GaAs. The nonequilibrium carrier density
total distributionF =F .+ F, with a broad and deep mini- S 1.3<10" cm 3. Top panel:n-doped material with equilibrium
mum. since. due to tﬁe different masses. the maximg.of Ccarmers of temperature 15 K and density 60" cm 3. Middle
andF’ are aisplaced with respect to ea(:,h other Thug th anel:p-doped material with equilibrium carriers of temperature 15
existe?lce of one undamped acoustic mode is ex.pecteoi wi ar.".j o!ensity R.lole cm®. Bottom panelp-doped material V‘.'ith
rouahl ~ 27k /(m,+m;) andk, denoting the peak of vilibrium carriers of temperature 300 K and density 7

ugnly vpn~2nke/(Me+ My 0 Ing p X 10 cm 3.
f(k), which is indeed confirmed by the solution of E(¢&.4)

and (2.5 (cf. the full line in Fig. 4 below. low 80 K the rates start to exceed the rates without a pre-

pump. This qualitatively explains the accelerated relaxation
observed in the experiments for low prepump carrier tem-
The effect of the prepump carrieffower two parts of perature(see Sec. V below A detailed analysis of the ex-
Fig. 1) is twofold. On one hand, these thermal carriggs-  periments shows that accelerated thermalization is observed
pecially the electrons‘leak” into the minimum of F, gen-  already at about 200 Ksee Fig. 10 beloyv This difference is
erated by the pumgpupper part of Fig. Land thus increase readily explained by the broadening of the electron and hole
the damping of the acoustic mofid. Eq.(2.10]. This effect  distributions during the rise time of the purfiot accounted
decreases with decreasing temperature of the prepump carfer in our mode), that leads to an increase B{v) around
ers and, for the experimental conditions, is negligible belows =v ,;, that is independent of the prepump and leads to an
about 100 K. Obviously, increasing the pump energy alsancreased damping of the first acoustic plasmon. The relative
reduces this damping effect. A more important second effedimportance of this effect is strongest in the case without pre-
is that the thermal carrief@specially the holgdend to pro-  pump, where this plasmon would be undamped otherwise.
duce a second minimum to the left of the pump excitedThe plasmon dispersion and damping are similar to those for
holes, thus allowing for the excitation of a second acoustiche case of dopingcf. the next section and Fig. 4 below
mode. Again, with a reduction of the temperature of the pre-
pump carriers(or with increase of the pump enengyhis
new minimum becomes deeper, and the damping of the new
acoustic mode decreases. As a result, the dynamically Let us now discuss the effect of preexcited carriers cre-
screened potential grows at= ) andq=q, corresponding ated byp or n doping. This situation is more easily realized,
to the frequency of the additional plasmon and its wave vecand it is possible to achieve much lower temperatures of the
tor range, leading to increased carrier-carrier scattering. Tpreexcited carriers. Figure 3 shows the distributiéRsand
confirm that this effect is indeed due to plasmons we com#F, for the cases of andp doping. In both cases, there is a
puted the dynamic and static carrier-carrier scattering ratesimilar tendency to form a second minimum of the total dis-
using the dynamically screened potential2) and the stati- tribution F(v). The top panel shows that doping is not
cally screened Coulomb potentM@t, respectively. Figure 2 efficient, except for dopant concentrations so small that the
shows the result for the case without prepump and for preeorresponding peak of. appears well to the left of the
pump carrier temperatures in the range of 80—300 K. Theump excited peak of,,. Clearly, p doping (see the lower
static rates are insensitive to plasmons and decrease in thwo panel$ is much more favorable for acoustic plasmon
presence of a prepump due to the enhanced phase space andamping thann doping. In this case, the low-velocity
cupation(Pauli blocking caused by the preexcited carriers. minimum of F(v) does not interfere with the electron popu-
The dynamic rates, in contrast, show a strong increase wittations. Furthermore, as in the prepump case, reducing the
decreasing prepump carrier temperature. At temperatures beemperature enhances the excitation of plasnitmvger two

B. Effect of a prepump

C. Effect of doping



PRB 62 NONEQUILIBRIUM PLASMONS IN OPTICALLY ... 15729

panels: the carrier number inside the pump excited mini- 5

mum of F(v) decreases, and the second minimum at the 4| — nodoping

low-velocity side is becoming more pronounced. Again, the ~ = pdoping 13K =

experimental findings and trends are well reproduced. 3 p-doping 300K

Finally, Fig. 4 shows the wave-vector dependence of the ¢ 2

frequency and damping of the acoustic plasmons calculater . P R

from Egs.(2.4) and(2.5), respectively(the optical plasmon A -7

behaves similarly as in equilibrium and is not shown

Clearly, the dispersion of all modes is nearly linear. Further,

one sees that, in fact, the dispersion of the first acoustic mod:

(upper curves in upper panethanges only weakly in all

cases. This confirms our explanation that the dispersion isd

determined by thépump-induceglpeaks of the electron and

hole momentum distribution functions but is insensitive to

the further details of their shape. The lower part of Fig. 4

clearly shows that the plasmon damping is strongly de- ] ; ‘ 08

creased if the temperature of the equilibrium carriers is low-

ered. The additional acoustic mode emerges at low tempera. Wave number, ag

tures and exists in a smaller wave-number interval than the FIG. 4. Dispersior(upper paneland dampinglower panel of

first plasmon and is more strongly damped than the latter. Aii1 C pl PP dp ; pir d b Ikp GaAs. Th

the wave number where the curves end, the damping of thtee acoustic plasmon modes in pump excited bu s 1he
' . curves are for the case without dopiffgll line) andp-doped ma-

modes becomes comparable to the corresponding plasm(?é]riaI atT—15 K (dashesandT—300 K (dash-dotted fie The

frequency. We mention that the same calculations in the ca nequilibrium carrier density is 810" cm™3; the equilibrium

of n doping yield a second acoustic plasmon only at lower. e density of the dopants is<ZL0Y cm2. ’

temperature, in a much narrower wave-number range and

with a much higher damping than in the casepafoping.

-

at 15 K. The substrate was selectively etched away and an-
tireflection coatings were deposited on both sides of the
IV. EXPERIMENTAL TECHNIQUE sample. Thus, the reflectivity is minimized and the transmit-

Pump-probe differential absorption usually reflects the!€d intensitylr with and without pump can be directly used

sum of the electron and hole distribution functions. Here we'® obtain the differential absorption signal:

have used a nondegenerate pump-probe scheme that allows

us to isolate the electron dynamics: the pump pulse excites —Aad=1In(I with pump/ I 7 without pump - (4.2)
electrons from the heavy holéiH) and light hole(LH) va-
lence bands while the probe pulse measures the absorpti
saturation of the interband transition from the split-off-hole
(SO valence band to the conduction ba@d(see Fig. 5.
Due to the large spin-orbit splitting in Ga4A340 meV(Ref.
30)] and for not too large pump excess energies with respe
to the band gap, no holes are present in the SO band and t
differential absorption signal

(%_I’Epe samples are held either at 15 K on the cold finger of a
€ compressor cryostat or at room temperature.

The laser setup consists of a Ti:sapphire mode-locked os-
cillator (Coherent Mira and a 200 kHz regenerative ampli-
f'{er system(Coherent RegApumped by a single argon-ion
gser followed by an optical parametric amplifi@PA). The
regenerative amplifier produces 4J pulses at 800 nm.

1 wJ of this output generates a spectral continuum by focus-
—Aad=—(a,— ag)d (4.1) ing onto a sapphire crystal. 20% of the continuum is used as
the probe pulse. After chirp compensation of the continuum
depends on the electron distribution ond, and «, denote  with a combination of prisms and gratings in order to correct
the absorption in the absence and in the presence of thg to the third derivative of the phase, we obtain nearly
pump, respectively. Since the matrix element of the GO- Fourier-transform-limited pulses with a duration of 30 fs for
transition is isotropic, the measured signal is equally sensithe probe pulse with a practically flat phase in the wave-
tive to the presence of electrons with all possible wavedength range of interest. The rest of the continuum is spec-
vector directions. This technique also avoids complicationgrally filtered using an interference filter and then amplified
due to coherence effects. The advantages of the nondegenéi- a double-stage OPA using two type-l BBO crystals
ate pump-probe scheme over the different approaches thptimped at 400 nm obtained by frequency doubling the re-
have been used to measure carrier relaxation in semicondugraining 3 wJ of the regenerative amplifier output. For our
tors, such as standard pump-probe experiments, timehree-pulse experiments, we used either a small part of the
resolved photoluminescence, and four-wave mixing, have00 nm amplified beam as the prepump and the OPA output
been discussed in more detail in Refs. 32-34. as the pumpgfor the low-temperature experimeptsr vice

The samples consist of a GaAs layed=<0.65 um) versa for the room-temperature experiments. Typical pump
sandwiched between two 0.2m Gag3AlgesAS layers  and prepump durations were 130—-150 fs and the spectral
grown by molecular-beam epitaxy on a GaAs substrate. Thevidths were about 15 meV. The beam profiles on the sample
GaAs layer was either undopedpdoped(Be doping. Hall ~ were measured using a pinhole. The carrier densities were
measurements at room temperature yieldgg=5  estimated from the pump excitation density and the mea-
X 10 cm3 for the p-type sample angp=7x10'® cm 2  sured linear absorption of the sample as well as from the
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FIG. 5. Schematic of the band structure of GaAs indicating our ' 1850 ' 1900 ' 1950 ' 2000 ' 2050
nondegenerate pump-probe configuration. The transitions under- probe photon energy (mev)

gone under excitation with the pump pulse are shown with single
lines and the transitions tested by the probe pulse with double lines. g\G. 6. Differential absorption spectrum in GaAs at 15 K 600 ps

after the arrival of the 1.55 eV prepump. The pump was blocked.

spectrally integrated differential absorption signal at the entrhe prepump injected electron-hole pair density was estimated to
of the pump pulse. The rise time of the spectrally integrateg)e Npp=5X 10 cm 3.

signal as a function of delay time agrees with the pump du-

ration determined from the pump autocorrelation. The zero, . o
aEopmg of the material is used and only holes are present.

delay is defined as the coincidence of the pump and prob,
maxima and is taken at the middle of the integrated-sign urthermore., the temperatu_re O.f the crystal was Ch?‘@@d
fise time. or 300 K) in order to obtain elth_er cold or hot prelnje(_:ted
The transmitted probe beam was dispersed in a 0.25 arriers. We could thus S.hO.W the Importance of th_e _partlcul_ar
istribution of the preexisting carriers in determining their

spectrometer and detected with a charge-coupled devic : i
Afluence on the relaxation of nonequilibrium electrons.

(CCD) detector. In order to minimize the noise, a shutter wad S . X .
used in the optical path of the pump and the transmitted We will first describe the results obtained in GaAs at 15 K

probe is detected in the presence and in the absence of tIggncerning the influence of a cold electron-hole population

pump at an 8 Hz rate. When a prepump was present as we?ﬂniheofrelli);ag?/n ﬁ;tgﬁn;?;'I'brg:miﬁlegtﬁﬂi ;Jasggleaagft;t
as a pump beam, the shutter was still placed in the optic P : P 9y g P

. . . 00 ps before the pump pulse. The differential absorption
\F,)\,E:Q of the pump only. The quantity measured in this Casspectrum of Fig. 6 reflects the prepump-induced electrons

600 ps after their injection. A comparison with a Fermi-
(4.3  Dirac distribution multiplied by the density of staféshows
that the electron temperature has essentially reached the
where «,, ,, is the absorption in the presence of the pumpjattice temperature of 15 K. The negative signal on the high-
and the prepump and, the absorption in the presence of energy side corresponding to induced absorption can be
the prepump only. Thus, this experiment monitors the evoexplained as a modification of the excitonic
lution of the pump injected electrons only while the signalenhancemen183°
due to the prepump injected electrons is subtracted away. It Figure 7, on the other hand, presents differential absorp-
should be noted, however, that this is true only if we assumeion spectra for different pump-probe delay times showing
that the distribution of the prepump injected electrons is nothe pump injected electrons in the preseriae or in the
modified by the presence of the pump injected nonequilibahsence(b),(c) of 5x 10 cm 2 cold prepump-induced
rium electrons. In reality, the preexisting electrons are indee@|ectron-hole pairs. Two broad peaks at about 1930 and 1970
influenced by the nonequilibrium carriers and a signal due teneV are observed, associated with the nonequilibralec-
the modification of their distribution appears in the differen-tron populations photoexcited from the LH and HH valence
tial absorption spectrum as discussed in the next section. bands, respectively. These peaks broaden due to carrier-
We also used a different configuration where the shuttegarrier scattering and evolve toward a thermalized population
was placed on the optical path of the prepump and the pumghat can be described by a Fermi-Dirac distribution. At the
was blocked. The signal measured in this case was same time the electrons tend to accumulate at the bottom of
the conduction band due to LO-phonon emission. It should
—Aad=—(app—aop)d (44 pe noted that, while the central part of the differential ab-
and reflects the electron distribution injected by the prepum0rption spectrum(1900-2000 meY indeed reflects the
only. electron distribution, modifications of the excitonic enhance-
ment cause a weak induced absorption at high energies and a
modification(shift and broadeningof the SOC exciton pro-
duces the oscillatory structure just below the split-off band
We have performed experiments with different types ofgap at 1859 me\V+!35
preexisting carriers: either the carriers are injected by a pre- Although the electron-hole pair density injected by the
pump in which case both electrons and holes are present @repump is two times smaller than that injected by the pump,

—Aad= —(ap’pp— app)d,

V. EXPERIMENTAL RESULTS
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FIG. 7. Differential absorption spectra in GaAs at 15 K in the L -dooed GaA
presencga) and in the absencgb) and (c)] of a prepump for a P- ope16 a_ss
pump energy of 1.607 eVexcess energy with respect to the band -0.02¢t p=7.10 om L
gap is 88 meY for the following pump-probe delay times: 120, 1.8 1.9 2
—40, and 40 fs(a) The electron-hole pair density injected by the probe photon energy (eV)

pump (prepump, ny(n,,) was estimated to bex10'" cm™2 (5
x10'° em™?). (b) n,=1x10" cm > The number of electrons FIG. 8. Differential absorption spectra jadoped GaAs at 15 K
“visible” in the differential absorption spectrum is the same as in fgr pump energy of 1.607 e{88 meV excess energy with respect
(@. (¢) np=1.5x10"" cm™?, equal to the total density injected by {5 the band gapand for the same delay times as in Fig. 7. The
pumpand prepump in(a). pump-induced carrier density was X320 cm™3 while the hole
i ; 6 -3

it significantly shortens the electron thermalization time, asdenSIty due to the doping was=7x 10> om™.
can be seen by comparing Figgajand 7b). The spectrum
shown for a pump-probe delay of 40 fs reflects an electrodibrium electrons. In order to determine whether cold elec-
population that is very close to a thermalized Fermi-Diractrons or holes are predominantly responsible for this accel-
distribution in Fig. 7a), while a population still far from eration, we have carried out experimentpidoped GaAs at
equilibrium is observed in Fig.(B). In order to demonstrate 15 K where only cold holes are preséhtg. 8) in essentially
that this difference in thermalization time is not due to thethe same pump excitation conditiofsnergy and intensily
different total carrier densities, we have performed the samas in Figs. 7a) and 1b). The relaxation of the nonequilib-
experiment as in Fig.(B) but with a pump injected carrier rium electrons in the presence of cold holes is substantially
density equal to the total density injected by puenm pre-  accelerated with respect to the undoped and not preexcited
pump in Fig. T7a). A comparison of Figs. (& and 7c) con-  sample[Fig. 7(b)]. In fact, the effect of the cold holes on the
firms that the presence of the cold carriers injected by theelaxation (Fig. 8) is essentially the same as that of cold
prepump accelerates the relaxation even when the total caglectron-hole pairfFig. 7(a)]. This indicates that equilibrium
rier density is the same. These results are in excellent agreeeld holes are predominantly responsible for the acceleration
ment with the calculations of Sec. IlI B, which predict an of the relaxation of nonequilibrium electrons. Also in this
acceleration of the relaxation in the presence of coldcase, the conclusion based on the experimental results is in
prepump-excited carriers due to the formation of a secon@greement with the theoretical analysis of Sec. Ill showing
minimum in the total velocity distribution and to the subse-that p doping, especially at low temperature, is much more
guent excitation of a second acoustic plasmon mode. favorable than the presence of thermal electrons for the for-

Another interesting feature is that in the presence of thenation of a second minimum in the total velocity distribution
prepump|Fig. 7(a)] we observe a more important negative and thus for the excitation of a second undamped nonequi-
and positive signal around 1850 and 1880 meV, respectivelyflibrium acoustic plasmon.
This is a clear signature of the heating of the cold equilib- In order to obtain a more quantitative estimate of the ac-
rium population through Coulomb collisions with the non- celeration in the different cases, we have compared the dif-
equilibrium carriers: cold electrons excited by the prepumgferential absorption spectra for a pump-probe delay of 40 fs
occupying states close to the band gap are driven to highewith those at 200 f§not shown where a thermalized elec-
lying states due to scattering with the nonequilibrium carriergron population that can be described by a Fermi-Dirac dis-
thus leading to an increase in absorpt@nlarger negative tribution with T=500 K has been reached in all cases. We
signal than in Figs. (b) and 7c)] around 1850 meV and a have normalized the areas of the spectra, taken the difference
decrease in absorptiqa larger positive signalround 1880 between the spectra at the two delay times, squared, and then
meV. The shift to higher energies of the zero crossover poinspectrally integrated. The result reflects the mean square de-
of the spectra in the presence of the prepump confirms theiation of the spectral shape at 40 fs from that of a thermal-
presence of prepump-induced cold electrons occupying thized electron distribution. In the case of preexisting cold
bottom of the conduction band. holes (Fig. 8 as well as in the case of preexisting cold

The above experiments have shown that cold preinjectedlectron-hole pair§Fig. 7(a)], the mean square deviation is
electron-hole pairs accelerate the thermalization of nonequfour times smaller than that in the absence of preexisting
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FIG. 9. Differential absorption spectra in undoped GaAs at 300 F|G. 10. Differential absorption spectra in undoped GaAs at 300
K for a 1.43 eV prepum|f10 meV excess energy with respect to the K in the presencé(b) and(c)] and in the absence of a prepurta
band gap for prepump-probe delay times of 300 fs and 2 ps. Thefor a pump energy of 1.544 e\120 meV excess energy with re-
pump was blocked. The prepump injected electron-hole pair densitgpect to the band giyand a prepump energy of 1.43 eV and for the
wasn,,=1x10"" cm3. following delay times:—80, 0, 80 fs, and 2 ps. The prepump- and

pump-induced carrier densities werex&0'® cm 3 and 3

carriers. This confirms our assertion that cold preexcited car< 10 cm™3, respectively.(b) Pump-prepump delay of 2 fdthe
riers accelerate the relaxation and that holes are mainly resarriers injected by the prepump are “hot300 K)]. (c) Pump-
sponsible for this acceleration. prepump delay of 300 fithe carriers injected by the prepump are

We now turn to the role of the temperature of the preex-‘cold” (200 K)].
isting carriers. In order to elucidate its effect, we performed
experiments with a low-excess-energy prepump in a roonprepump delay of 2 ps ifb) and of 300 fs in(c) and com-
temperature lattice. What happens in this case is that the cofsared to the spectra in the absence of prep@anpThe two
carriers created by the prepump will heat up by phonon abbroad peaks observed at low temperature, reflecting nonequi-
sorption and eventually reach the lattice temperaitie  librium electrons excited from the HH and LH valence
can thus follow the evolution of nonequilibrium electrons in bands, are not distinguishable at room temperature; a single
the presence ofold or hot preinjected electron-hole pairs, broad structure is visible. As was observed in the case of the
the rest of the experimental conditions being identical. Inprepump experiments at 15 t6ee Fig. ¥, the cold prein-
fact, if the nonequilibrium carriers are injected immediatelyjected carriers accelerate the relaxation: whereas in Fig.
after the carriers created by the prepump, the latter will stilll0(a), for a pump-probe delay of 80 fs, the peaked structure
be “cold.” On the other hand, if the nonequilibrium carriers due to the initially pump injected nonequilibrium electrons
are injected at a later time, the carriers created by the prearound 1.87 eV is still visible, in Fig. 16) the nonequilib-
pump will have reached the lattice temperat(8@0 K). Fig-  rium electrons have almost completely redistributed. Never-
ure 9 shows differential absorption spectra reflecting theheless, when the preinjected carriers are[Raj. 10b)], no
electrons generated by the prepump only at prepump-probsuch acceleration is observed. On the contrary, the relaxation
delay times of 300 f¢after the end of the prepump pulse andis somewhat slowed down. This is visible from the fact that
before the prepump carriers have reached the lattice temperdre structure due to the nonequilibrium carriers is more
ture) and 2 ps where the electron distribution is a Fermi-prominent for the same delay time of 80 fs. It is confirmed
Dirac distribution aff =300 K. At all delay times after 2 ps, by the calculation of the mean square deviafias explained
the electron distribution remains identical. Comparing theabove of the spectral shape at 80 fs from the thermalized
differential absorption spectrum at 300 fs with a Fermi-Diracone at 2 ps: In the case of cold preexisting electron-hole pairs
distribution multiplied by the density of states shows that thd Fig. 10c)], the mean square deviation is 27% smaller than
prepump electrons have already thermalized and havthat in the absence of a prepurt®, whereas it is 5% larger
reached a temperature of about 200 K. in the presence of hot preexisting carri¢og. We have thus

After characterizing the electron distribution injected by demonstrated that the precise distribution function of the pre-
the prepump, we performed the experiment where both prenjected carriers is of fundamental importance in determining
pump and pump are present in GaAs at 300 K for two dif-their influence on the relaxation of nonequilibrium popula-
ferent delay times between the pump and prepump maximdions, in agreement with the theoretical predictions of Sec.
300 fs and 2 ps. We did not perform experiments forlllB (Fig. 2). Indeed, as explained in Sec. lll, an increasing
prepump-pump delay times shorter than 300 fs in order taemperature of the preinjected carriers leads to increased
avoid an overlap between pump and prepump. In this waygdamping of the additional acoustic plasmon mode and of the
the density of prepump-excited carriers remains constantelated enhancement of the dynamically screened Coulomb
during and after the pump pulse. The carrier density photopotential. The relaxation of the nonequilibrium electrons is
created by the prepump and the pump was estimated to lguite different in the presence of h@&00 K) or cold (200 K)
8x10' cm 3 and 3<10'" cm 3, respectively. The differ- pre-injected carrierfcf. Figs. 1@b) and 1@c)]. Probably the
ential absorption spectra are shown in Fig. 10 for a pumpdifference would be much more pronounced if the same ex-
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periment could be performed with lower prepump carrierlibrium plasmon spectrum is mainly determined by the peaks
temperatures but, as mentioned above, this was not possibdé the electron-hole velocity distribution, the location of
without the prepump and pump overlapping temporally. Itwhich is only weakly changing during the action of the
should be noted that the temperature of 200 K cited abovpump. On the other hand, to obtain quantitative agreement
corresponds to an average electron temperdiwe the pre-  with the measurements, of course a time-dependent theory
pump carrier temperature experienced by the rising front ohas to be used. This requires us to solve the semiconductor
the pump is lower while that seen by the trailing edge isBloch equations over a long time that includes the pump and
highe. the prepump. Moreover, to correctly describe the plasmon
and screening buildup effects, it is necessary to use a full
VI. CONCLUSIONS two-time potential.
. ] . As can be seen, e.g., from EQ.13 the plasmon damp-
We have presented a detailed theoretical and experimentg{ js always positive. This is a peculiarity of isotropic three-
analysis of the effect of pre-existing thermal carriers on thq-jimensionaj(sD) systems’ In contrast, in nonequilibrium

relaxation rates of pump-excited carriers in bulk GaAs. Weyp and 1D systems, I may change its sign, resulting in
have shown that the equilibrium carriers may have an esseRcoystic  plasmons of increasing amplitude, i.e.,

tial effect at low temperatures due to the excitation of addijpgtapilities” 3 Although this has not been observed yet, op-

tional weakly damped acoustic plasmons. This leads tgjca| excitation of the necessary nonequilibrium distributions
strongly enhanced Coulomb scattering, which explains thgeems possible. A similar role of preexcited carriers is ex-
experimentally observed accelerated thermalization. pected for transport measurements.

While for our experimental situations phonon scattering
was negligible, it will be more important at lower densities.
In this case, we expgct a smallt_ar relativ_e effect of preexcited ACKNOWLEDGMENTS
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