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We have investigated the dynamics of two-dimensiq28al) free carrier plasma oscillations in selectively
doped GaAs/AlGa _,As single quantum wells by time-domain terahgifiz) emission spectroscopy. Con-
sidering both excitation energy and power dependence of the 2D plasmon radiation intensity, we have found
two distinct excitation mechanisms of the 2D plasmon; coherent impulsive stimulated Raman process and
incoherent sudden heating of the electron system by photoexcited carriers. By monitoring the phase of the
emitted THz radiation, a clear crossover from one mechanism to the other is observed as the pump photon
energy goes through the absorption edge of the electron system.
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Plasma oscillation is a normal oscillation mode of elec- In this Rapid Communication, we report on THz plasmon
tron systems and is one of the most fundamental elementagmission from a dense cold 2DES in a modulation-doped
excitations in solids. Spectroscopic measurements, such #4,Ga _,As/GaAs single quantum wel{SQW) photoex-
far infrared (FIR) absorption and Raman scattering, havecited by femtosecond laser pulses. From the dependence of
been extensively carried out and the knowledge of plasmoihe emitted THz electric fieldfr,, on the pump photon
dispersions has been well established. Since typical plasn®nergy and excitation power, it has been found that there are
frequencies in semiconductors are in the terahéfidz) two distinct mechanisms for 2D plasmon excitation, i.e., co-
range, plasma oscillation has been recognized as a promisifigrentimpulsive stimulated Raman scatterid§RS and in-
candidate for solid-state THz sources. In particular, plasm&oherentsudden heating of 2DE&urthermore, by monitor-
oscillations of two-dimensiona2D) electrons accumulated ing the phase of the emitted THz radiation, a clear crossover
in semiconductor heterostructures as well as in Si metalffom one mechanism to the other has been observed as the
oxide-semiconductor structufés have been extensively pump photon energy goes through the absorption edge of the
studied and, indeed, quasi-cw FIR emission from plasmonglectron system.
thermally excited by current has been observ@However, The sample and the experimental setup used in this work
all these works are focused on the investigation of quasiwere described in detail in our previous wérkThe sample
equilibrium properties of plasmons. The understanding ofvas a modulation-doped fMGa, /As/GaAs SQW grown by
dynamical properties of electron plasma oscillations has yemolecular beam epitaxy. A 170-A-thick GaAs SQW was
to be established. sandwiched by selectively doped,&a, _,As barriers. The

Recent progress in femtosecond laser technology haglectron density and the low-field mobility of the sample
made it possible to study the dynamics of elementary exciwere 9.0<10** cm™2 and 2.6<10° cn?/V's (at 4.2 K), re-
tations such as electronic motions and lattice vibrations in &pectively. A NiCr/Au grating coupler with a priodA( of
femtosecond time scale by using optical pump-and-prob8 um was fabricated on the sample surface to convert the
techniques. Such ultrafast spectroscopic techniques have @D plasmon modes into radiative modes.
ready been applied for investigation of plasma oscillations. THz emission from the SQW was measured by standard
THz emission due to plasma oscillation of dense cold electime-resolved THz emission spectrosc8pihe sample was
tron systems has been observed in modulation-dopedooled at~8 K. Nonequilibrium plasmon distribution was
heterojunction§® and in heavily doped bulk GaA8:!! created using a mode-locked Ti:sapphire laser puldes
However, excitation/relaxation processes of optically excited~100 fs; the full width at half maximunifFWHM) band-
nonequilibrium plasmons have not been clarified yet. width ~20 meV]. The laser beam was weakly focused onto

Recently, Kerstinget al. proposed a new mechanism for the sample surface with a spot size-e850 um at a polar
the excitation of bulk plasmons in doped semiconductorsangle of 45°. The THz radiation emitted along the specular
i.e., the screening of the surface depletion field by opticalljpeam direction was detected by a photoconductive dipole
generated carriers ignites plasma oscillations of cold elecantenna gated by delayed probe laser pulses. The polariza-
trons in the doped bulk semiconductd?sSince this mecha- tion of the incident pump beam was set topbpolarized and
nism excites polarization only vertical to the surface, it is notperpendicular to the metal stripes. Polarization of the emitted
relevant to lateral plasma oscillations observed in 2D elecTHz radiation was als@-polarized because of the metallic
tron systemg2DES in heterostructures. It is therefore nec- grating.
essary to look for other mechanisms for excitation of lateral Figure 1 shows traces of temporal evolution of emitted
2D plasma oscillations. F+y, measured for various excitation photon energias, .
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FIG. 3. Excitation power(P) dependence of the 2D plasmon
amplitude at three different pump photon energies: beldws,(
=1.516 eV) and abovefw, =1.554,1.623 eV) the absorption
edge. The solid line shows the calculafedependence of the plas-
mon amplitude fori o, =1.623 eV. The electron temperatufg,f
calculated forh | =1.623 eV is also plotted by a dash-dotted line.
The dotted lines for 1.516 eV and 1.554 eV are guides for the eyes.
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plitude gradually increases with increasifig, and exhibits
a plateau at-1.55 eV. A further increase dfw, from 1.58

FIG. 1. Temporal evolutions of plasma oscillations measurecEV t0 1.64 eV leads to an increaseféfy, by a factor of 2.5.
with various pump photon energies. The inset shows a typical Fou- T0 obtain an insight into the excitation mechanism of
rier spectrum of the emitted THz electric field. plasma oscillations, we first investigated the correlation be-

tween the emitted THz signal and the absorption of the pump

The power of the pump bearR, was fixed at 100 mW. The laser beam. In Fig. ®), the photoluminescencéL) and
THz transients exhibit damped sinusoidal oscillations whosghotoluminescence excitatiofPLE) spectra of the sample
Fourier spectra have a peak-aD.43 THz, as shown in the are plotted by a dotted and a solid lines, respectively. The
inset of Fig. 1. The emission frequency is in agreement wittdetection energy for the PLE measurement was 1.52 eV. Re-
that of the first-order plasmon mode of the 2DES predictedlecting a very high Fermi energy of the 2DES
by a nonperturbative dispersion calculatidriThe peak fre- (~30 meV), the PL spectrum exhibits a broad emission
quency did not depend on the excitation conditions within arband that extends from the bottom of the ground conduction
accuracy of+8 GHz. The peak height of each Fourier spec-subbandEg, up to the Fermi levelEy+Eg. The shoulder
trum is plotted by full circles in Fig. @) as a function of ~structure at 1.54 eV is due to the Fermi edge singuldfity.
fw, . It is noticed from Fig. 2a) that the emitted THz am- The PLE spectrum, on the other hand, clearly shows that the
absorption takes place only for the incident light with energy

Time (ps)

8 — T . . . . above the Fermi level due to the band-filling effect. The peak
2 1or P =100 mW | o] seen at 1.56 eV is due to the excitonic transition to the first
2208 T_gk o excited subbandE;. Surprisingly, a relatively strong plas-
2; 0.6 | o’ g 7 mon emission is observed even below the absorption edge
g 504r [ <O o . (hw <1.55 eV), where the 2D electron system is transpar-
& o2l o ] ent to the pump beam. Since the FWHM of the pump beam
S (X ] S A S S S R R S is 20 meV, the emission fdkw <1.55 eV is significant.

§ 1.0 ] Next, we measured the dependence of the emission am-
8 ~08¢ - plitude onP at three different: s indicated by arrows in

§ o6l E_o ] Fig. 2(@). The obtained® dependence of the THz emission

IS : 04l P ] amplitudes is plotted in Fig. &he inset of Fig. 3 schemati-
5502 [ p|_',‘. ] cally denotes the excitation energy positipnghen the

° ' gt L . . . . 2DES is pumped below the absorption edgéw(

o

=1.516 eV), where the 2DES is transparent to the pump
beam, the amplitude of the THz emission is found to increase
linearly with increasind®. Such a linear dependencel®f,,

FIG. 2. () The dependence of the amplitude of the 2D plasmaOn P indicates that the polarization of the photoexcited plas-
emission on the pump photon energl) The photoluminescence Mons is phase-correlated with the excitation laser pulse and
(PL) and photoluminescence excitatiPLE) spectra are shown by increases in proportion witP. When electrons are excited
a dotted and a solid line, respectively. above the absorption edgé ¢, =1.554 eV and 1.623 ey
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however, a drastic change is observed; the emitted THz elec- Next, let us consider the other mechanism, i.e., sudden
tric field exhibits a sublinear dependence Bnsuggesting heating of 2DES. It is well established that when carriers are
that the phase information in the polarization is lost and in{photogenerated above the Fermi surface of a dense cold elec-
coherent processes take place in the excitation process. Sugbn system, the excess kinetic energy of photoexcited carri-
a saturation behavior is not caused by absorption saturatiogys is very efficiently thermalized by electron-electron scat-
the absorption saturation in QW’s occurs when the photoextering. A thermalization time as short as100 fs, which is
cited carrier density exceeds'£0cm™?,'* while the photo-  yych shorter than 2/ w,, has been reportdd.As a result,
excited carrier density per pglzse under the present experjne excess kinetic energy is immediately converted to heat
mental condition €10" cm?) is much lower. The nq the 2DES s suddenly warmed up. Consequently, the
dnfference n tth dependgnce can b? explained by Cor'S'd'plasmons are thermally excited. In the thermal process, plas-
ering the following excitation mechanisms. mon modes both symmetric and antisymmetric with respect

When the ZDES is pumped by the Ias_er pulses WhOS?? the grating stripes are excited and only the antisymmetric
photon energy is smaller than the absorption edge, no real

. . .~ mode is selectively converted to emissidn.
electron-hole ¢-h) pairs are created. However, if there exist . o .
Assuming that the excess kinetic energy delivered by one

Raman-active modes in the system, the optical field interact%é I . ted to heat h imated th
with such modes via the ISRS process. Such a process can er pulsel, is conver ed to heat, we have estimated the
temperatureT., of 2DES immediately after photoexcitation

phenomenologically expressed-a¥ _ _ =XCl
by the equatiorC(T.— T)=U, whereTg is the equilibrium

d2Q dQ 1{dy® lattice temperatureC, is the specific heat of 2DES, which is
EJFZYEJF%Q:E(W FLFL, (1) expressed a€.=(m%3)D,p(Er)k3Te, whereD,p(Eg) is
0 the density of states of 2DES at the Fermi level

whereQ is an amplitude of a vibrational mode, the phe- (=m*/x#?) and kg the Boltzmann constant. From the
nomenological damping constan, the eigenfrequency of above equationg,, can be readily calculated as a function of
the normal vibrational modey®) the linear susceptibility, ~the input powerP. U was estimated by taking into account
and F_ the electric field of the laser pulse. Since the 2Dreasonable values for reflection losses and the absorption co-
plasmon mode is Raman-active, plasma oscillations can befficient of 2DES. In Fig. 3,T. calculated forfiw_
excited by ISRS. As seen in E@l), ISRS is expected to =1.623 eV is plotted as a dash-dotted line as a function of
drive the plasmon amplitude in proportion to the pump laselP- It should be noted thal, is expected to exceed 100 K for
power P(OCFE), which is the case as seen fdrw, the laser powers used in the present experiment..
=1.516 eV in Fig. 3. Itis also noted that since the excitation The occupation number of plasmon modsg,, is then
pulse width & 7~100 fs) is much shorter than the period of given by the Bose-Einstein distribution functioriNy
the plasma oscillation (& w,), the laser pulses exert an =11€xp(iwy/ksTe)—1]. This nonequilibrium plasmon dis-
impulsive force on the 2DES. The effect of the impulsive tribution is the source of the THz emission. The emiftad,
nature of the photoinduced force on the phase of the plasmia expected to be proportional tN,. The solid line in Fig.
oscillation will be discussed later. 3 shows the calculated dependence~gf;, on P (the mag-
When the sample is pumped above the absorption edg@itude was adjusted to give the best fit to the experimental
on the other hand, real carriers with excess kinetic energiedatd. Although the theory is crude, the calculated depen-
are created. In this absorptive region, two more possiblélence reasonably reproduces the experinteintles, sug-
mechanisms are considered to participate in the excitatiogesting that sudden heating of the electron system is the
process. One is the dynamical screening of photoexcited caglominant excitation mechanism whéw, is well above the
riers by the cold 2DES and the other is sudden heating ofbsorption edg& This heating mechanism naturally ex-
2DES by ultrafast thermalization of excess energies of phoplains the increase ofry, with increasingfiw . for fiw
toexcited carriers. >1.58 eV, as seen in Fig. 2. It is known that the relaxation
When excess electrons and holes are created by the exd¢ime, 7., of the heat dumped into the electron system by the
tation laser pulses, the cold electrons screen them. Plasniaser pulses is of the ordér? of 100 ps and much longer
oscillations can be started by such a dynamical screeninthan 2/, . Therefore, the force acting on the plasmons is
effect of 2DES. However, we think this mechanism is notsimilar to a step ) function.
relevant to the present case for the following two reas(i)s: The difference in the nature of the force acting on the
The illumination by the pump laser pulses through the gap oplasmons is expected to manifest itself in the time evolution
the metallic grating coupler always creates a population obf plasma oscillations. It is known that the amplitu@ét) of
excess carriers whose spatial distribution is symmetric witta harmonic oscillator is proportional to sin (1—coswt)
respect to the center of the gap of the metal stripes. Howevewhen the driving forcef(t) is similar to aé function (6
such symmetric modes are nonradiative because of the seleftinction).*623
tion rule!”® (2) As seen in Fig. 2, the plasmon amplitude  Since f(t) in the transparent region is considered to be
increases by a factor of 2 when# w, is varied from 1.58 §-function-like, while f(t) in the absorptive region is ap-
eV to 1.62 eV, while the number of photoexcited carriersproximated by af function, a«/2 shift in the phase of the
does not change that much even if we take into account thplasma oscillation is expected between the transparent and
increase in absorption coefficiednly ~15%) estimated the absorptive regions. Now, let us closely look at the tem-
from the PLE spectrum. poral evolutions of the plasma oscillations shown in Fig. 1.
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SinceF+y, measured immediately after the excitation is notdistinct mechanisms for 2D plasmon excitation, i.e., coherent
only due to plasma oscillations but also due to other opticaimpulsive stimulated Raman scatteriagd incoherensud-
nonlinear effects, it is difficult to discuss the initial phase ofden heating of 2DESFurthermore, by monitoring the phase
the oscillation. Therefore, let us focus on a dipFiR,, ob-  Of the emitted THz radiation, a clear crossover from one
served, for example, around 6 fisdicated by arrows in Fig. mechanism to the other has been observed as the pump pho-
1). It is clearly seen in the figure that the position of the dipton energy goes through the absorption edge of the electron
in Fry, gradually shifts from 6.5 ps to 5.9 ps #s», is  System.
varied from 1.503 eV to 1.645 eV. Since one period of the
plasma oscillation is 2.3 ps, the observed shift corresponds to The authors would like to thank S. Komiyama, Y. Masu-
a phase shift of 0.52, which is very close tar/2. This fact moto, K. A. Chao, and S. Katayama for stimulating discus-
strongly supports our interpretation of the excitation mechasions. Thanks are also due to H. Akiyama, M. Yoshita, and S.
nisms. Watanabe for the PLE measurements. This work was partly
In summary, we have systematically investigated the exsupported by the Grant-in-Aid from the Ministry of Educa-
citation mechanism of 2D plasmons in the selectively dopedion, Science, Sports, and Culture, Japan and by CREST of
SQW by femtosecond laser pulses. From the dependence dépan Science Technology Corporation. It was also sup-
the emitted THz electric field on the pump photon energyported by the BundesministeriumrfBildung und Forschung
and excitation power, it has been found that there are twand TechnologigBMBF) (Grant No. 13N652b
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