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Quantum Kinetic Electron-Phonon Interaction in GaAs: Energy Nonconserving Scattering
Events and Memory Effects
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Highly energetic electrons in GaAs emitting LO phonons are studied via femtosecond transmission
spectroscopy. It is demonstrated for the first time that energy is not conserved on a time scale as short as
a LO oscillation period: A replica of the initial distribution starts spectrally broadened before it sharpens
into the excitation shape. This scenario is repeated for every step in the phonon cascade. Simulations
combining an exact solution of quantum kinetics within a simplified model and a calculation of the
polarization including Coulomb effects quantitatively agree with the data. [S0031-9007(97)03186-4]

PACS numbers: 71.38.+i, 72.10.Di, 78.47.+p

During the past decade, investigations of the femtosec- It turns out that the emission of longitudinal optical
ond dynamics of photogenerated nonthermal carriers ilLO) phonons by energetic electrons in thevalley of
semiconductors have become an important branch of solidulk GaAs is an ideal example for the investigation of
state physics [1]. The research activities are triggereduantum kinetic effects: First, the long-wave LO phonons
by both the fundamental questions arising in this fieldpossess a well-defined energy/ab; o = 36 meV. Sec-
as well as its technological relevance. Most of the ex-ond, the effective polar-optical coupling leads to a phonon
periments have been explained theoretically on the basesmission time of the electrons @#0 = 20 fs [8]. This
of the semiclassical Boltzmann equation [2—4]. In thistime constant is longer but in the same order of magni-
picture, the various mechanisms leading to the ultrafasiude as the LO oscillation period of 115 fs. Thus, a sub-
carrier dynamics are calculated assuming that each collstantial part of the dynamics happens in a time regime
sion strictly conserves energy and momentum. In highwhere memory features are expected. This problem has
purity semiconductors, carrier-carrier (CC) interactionsattracted considerable interest, and a variety of theoreti-
via the Coulomb potential and carrier-phonon (CP) scateal papers has recently been published [9-13]. The de-
tering provide the most relevant relaxation processes. Inails of the results strongly depend on the specific model
fluences of the interband polarization [5] created, e.g., bysed, e.g., on the form of the memory kernel or the in-
a coherent laser pulse enter into an extension of the Boltzzlusion of CC interaction. In the damped memory ap-
mann model, the semiconductor Bloch equations. proach [11], for example, a pronounced initial broadening

In any scattering process, energy conservation holdsf the phonon replica is predicted. On the other side, the
if the particle distributions vary slowly on the scale of calculated distributions are very close to the semiclassi-
the collision time. Under these conditions the individualcal case if Coulomb renormalizations are taken into ac-
interaction events become decoupled. The oscillatiomwount [13]. Since the different theoretical treatments give
period of the energy quantum exchanged gives an estimat®nflicting results, experimental informations are highly
for the duration of a collision. In experiments with desirable.
ultrahigh temporal resolution, this time interval can no As a phenomenon which has to be described consider-
longer be regarded as infinitely short. Consequentlying non-Markovian effects, ultrafast LO phonon quantum
typical quantum features such as energy nonconservinigeats have been found in a four-wave mixing experiment
transitions and memory effects might show up. In theoryjnvestigating the decay of the excitonic interband polar-
guantum kinetic phenomena are studied using models fdration [14]. Very recently, quasi-instantaneous CC scat-
the carrier dynamics derived within either the techniquetering reported at carrier concentrations ab®9& cm3
of the Keldysh nonequilibrium Green'’s functions [6] or has been attributed to non-Boltzmann kinetics [15].
the density matrix formalism [7]. The resulting non- In this Letter, we provide the first experimental evi-
Markovian equations contain memory kernels driving thedence for memory effects and energy nonconserving tran-
distributions toward the Boltzmann limit as time proceedssitions in the relaxation of hot carrier distributions. We
Unlike semiclassical physics, the temporal evolution iswork in a density regime where CP scattering predominates
no longer determined by the status at a single point itompared to CC interaction [16]For the present work,
time. Instead, the dynamics is connected to the history obptimum temporal and energetic resolution at the uncer-
a system via its memory. tainty limit is required Additionally, spin selectivity is
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exploited to suppress disturbing influences of the light- no LO/™,
hole (Ih) band A
Free electron-hole pairs are generated, exciting the t,=0fs

ZA\N
sample [17] with Gaussian light pulses of a duration of __f___//\\\/

120 fs and an energetic width of 15 meV. The central tp=40fs

;
<

photon energy of 1.67 eV is substantially higher than the t,=80fs o
band-gap energy of 1.52 eV. As a consequence, the carri- ___/—J/\\\/ o
ers initially possess large kinetic energies: Excitation out tp=120s B \N I~
of the heavy-hole (hh) band yields an electron distribu- t,=160fs /\\ g
tion centered at an excess energy of 135 meV and a hh __/_fﬁ/ \\/‘ s
distribution about 15 meV. For the transition from the t;=200fs \/_\//\ o 2
Ih to the conduction band more similar effective masses t.<240fs A\ 2
lead to initial energies of 90 and 60 meV, respectively. ° _— \\/-/ €
The carrier dynamics is probed with weak pulses of a du- t,=300fs s N 04 §
ration of 25 fs, a spectral width of 70 meV, and a cen- £ 400fs M {0z

tral photon energy of 1.64 eV. Both pump and probe b e

pulses are circularly polarized with a photon spin-of t,=500fs \'/“/\_\M 0.0

(™). In GaAs, the hh band belon%s to projections of . ' .
the totall angular momentgm of = =3, the1 Ih band to 156 160 164 168
Jj: = T3, and the conduction band t9 = *5 [18]. Ex- Probe Photon Energy (eV)

» . + o . .
citing \.Nlth o . We generate spin poIan_zgd electrons WIthFIG. 1. Spectrally resolved transmission chand€g/T in
opposite projections of, for the transitions out of the ;A (la

4 . . - - ttice temperatur@;, = 15 K) measured for different
two valence bands. This spin alignment persists on tim@ime delayss, at a carrier density o8 X 10" cm3. The
scales substantially longer than the range of the preserkcitation spectrum is shown as a dashed line.
study [19]. Because of the selection rules, the absorp-
tion changes seen by the probe essentially originate from
the carriers generated involving the hh band. The probappears beyondp, = 100 fs at an energy of 1.63 eV.
pulses are analyzed in a double monochromator after havaterestingly, the start of this process coincides roughly
ing passed through the sample. The spectral resolution igith the end of the first LO phonon cycle 115 fs after the
set to 6 meV. A two-color Ti:sapphire laser provides per-maximum of the pump pulse. After 200 fs the first replica
fectly synchronized pulse trains for excitation and prob<—1 LO) at 1.62 eV exhibits a width equal to the original
ing. Employing a differential lock-in technique for the maximum: The system has “remembered” its history.
detection of the transmission changes, the sensitivity oThe electrons which initially had experienced collisions
our setup is limited only by the shot noise of the photonwithout energy conservation have now been transferred
current of the probe pulses. to the peak. The driving force of this memory effect
In Fig. 1 we present energy resolved transmissionis quantum interference working constructively in the
changesAT /T measured at delay timeg ranging from  center of each replica and destructively outside. However,
0 to 500 fs. The excitation density 8fX 10'* electron-  there is still no well-defined separation between the first
hole pairs per crhis held low to keep CC scattering and second phonon satellite. At a probing energy of
inefficient. At zp = 0 fs, a well-pronounced peak (no 1.59 eV, a minimum between these two maxima cuts in
LO) of increased transmission is seen at a probe photoafter approximately 300 fs. This delay corresponds to
energy of 1.66 eV. The spectral hole is slightly redshiftecthe formation time of the first replica extended by an
with respect to the excitation spectrum (dashed) and aadditional LO oscillation period. Forp = 400 fs, the
induced absorption appears around a probing energy afecond satellit¢—2 LO) has also narrowed. Obviously,
1.68 eV. This phenomenon is related to the excitonidhe total time elapsed since the original excitation is
enhancement of the absorption continuum and will benot the true criterion for memory effects to be observed
discussed below. At time delays of 40 and 80 fs, aln a cascading process, e.g., the subsequent emission of
shoulder belonging to the electrons which have emittegphononsthe quantum phenomena repeat themselvks
one LO phonon arises in the energy range from 1.5% result of the system memory, quantum kinetic features
to 1.64 eV. This feature is energetically much broademre important on much longer time scales than expected
than the initial bleaching peak, clearly demonstrating thafrom the uncertainty principle simply by taking into
energy does not have to be conserved in the scatterirgccount the energies exchanged.
events on such an early time scale. It has to be stressedTo work out more clearly the basic physics seen in
thatin the Boltzmann limit a distinct minimum between thethe experiment, we adopt results from a simplified model
initial distribution and the phonon satellite should exist which allows, however, aranalytical solution. Based
at any delay time In fact, experimentally this minimum on the Tomonaga-Luttinger model, Medext al.[20]
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recently derived an exact expression for the electronis neglected, and the CP effect on the polarization is
phonon quantum kinetics in a one-dimensional bangimplified as a homogeneous dephasing= g/2. We
structure with linear dispersion. After putting an electronintegrate Eq. (3) by inserting a Gaussian probe pulse with
with energyey at timer = 0 into the empty system, the time delaysp and the time-dependent distribution function

distribution f;, evolves according to for the electrons, Eq. (1). The transmitted spectrum
1 follows from a Fourier transform of, Px(¢). The
fi(t) = O()e 8'8(A) + O(r) e 8" — numerical method in [25] has been refined for a reliable
. & description of the excitonic continuum high in the band.
> f dz Re eiAz(eg(t—z)ex[(iwLoz) — 1) Q) . Our calg:ulatlor}s show that the ba_nd-ga_p renormaliza-
0 tion [sum in the first line of Eq. (3)] gives rise to a small

with A = e, — €o. The excitation peak at; = e ar!d unstructu_red_ deprease in transmissi_on. The finger-
decreases exponentially (the CP coupling strength prlnt'of thg distribution function comes in throug_h the
will be taken as4 ps’!), and the integral gives the Pauli blocking terml — Fi(t). If only the probe f|gld
time evolution of the replicas. Initially, a very broad Were present, this component could be observed with the
distribution appears, even at energies above the inpd@mporal resolution given by the pulse duration. How-
energy e, underlining the lack of energy conservation. €Ver, t_he polarlzat!on enters via the Coulomb interaction,
At least one LO cycle of integration time is necessary@nd it is the effective fiel@.; [curly bracket in Eq. (3)]
for the double exponent to sharpen into a maximumVhich sets the time window for probing. The inset of
at eo — fiwLo, and even longer times are needed forFig. 2 displaysPe; for k corresponding to the transition
the subsequent replicas to be formed. Compared witAt 1.67 eV: Compared td&, (1), the effective field ex-
approximate calculations in more realistic band structure8ibits only a small tail extending to later times. Although
[21], we find the 1D linear model to be well justified the individual polarization componenty. persist longer
as long as the carriers do not reach the bottom of(Of the order ofl /y), destructive interference works when
the band To model the experimental conditions, we SUMMIng ovei’, resulting in a shape @, (z) similar to
convolute Eq. (1) with the spectral and temporal widththe probe field (nearly adiabatic _followmg). 'I_'herefore,
of the excitation pulse. the Coulomb effects do not spoil the resolution of the
We now discuss the phenomena involved in the ulProbing process. _ _
trafast probing process: In a first approximation, carrier 1he transmission changes simulated via Egs. (1) and
distributions can be extracted directly from the spectrally(3) are depicted in Figs. 2(a)—2(c) for three selected time
resolved transmissiofi(w) of a probe pulse, delgys (thick I|n.e.s). In excellent agreement with thg ex-
periment, no minimum between the unrelaxed maximum
T(w) ~ exdao(l = fre = fun)d],

€e T € = how .

(2)

A peak in the distribution function would give rise to T 1s
a similar peak in the differential transmission spectrum. I}
However, a dispersive feature is seen at the excitation fre- 7 02/ 3 E 4
quency in the experiment, Fig. 1. This difference comes 5 0 Time (fs) 200
from the Coulomb interaction left out in the free-particle § 0.0
absorption of Eqg. (2). The transmission change induced g (a) tp=80fs \/
by nonthermal carriers has two components: phase space g —t—t——t——t—
occupation of the free electron-hole transitions and many- g o2r 1
body corrections due to the Coulomb interaction [22,23]. &
For a time-resolved experiment, it is appropriate to g" 0.0
calculate the interband polarizatia®y.(¢) driven by the 5 (b) tp=2001s . \./_
; 2 1 t 1 1 t 1 t
probe fieldE, (r) from 5 o2k ]
ihdPi(t) = <€ke + € — iy — Z kak’Fk’(t)>Pk(t) & M
¢ 00 (0) to= 400fs "]

1.56 1.60 1.64 1.68
(3) Probe Photon Energy (eV)

- [1 - Fk(t)] {MEp(t) + Z Uk_k/Pk/(t)} " I L 1 . L
k!

; — i ; ; FIG. 2. (a)—(c) Calculated transmission chang€g/T for
with fk hfkeb+ fkhdand gh? Int(etLband d.IpOIﬂd' ;I'hIEI hree delay timesp. The thick lines are obtained including
equation has been derived from the semiconauctor BIOCh, omp effects, whereas the results for a noninteracting model
equations [24] which include the Coulomb interactionare drawn thin. Inset: effective field amplitude (full line)

vr—r. The coherent coupling between pump and probeompared with the driving probe field (dotted line).
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and the first phonon replica is seen at a delay time of 80 fs  (Springer, Berlin, 1996)Hot Carriers in Semiconductors,
[Fig. 2(a)]. After 200 fs [Fig. 2(b)], the first satellite has edited by K. Hess, J.-P. Leburton, and U. Ravaioli
narrowed substantially giving rise to a dip at a probing  (Plenum, New York, 1996).

energy of 1.63 eV. As seen in the experiment, the first [2] T. Elsaesser, J. Shah, L. Rota, and P. Lugli, Phys. Rev.
and second phonon replica are not yet separated. For 7[1 Lett. 66, 1757 (1991).

time delay of 400 fs [Fig. 2(c)], a minimum is obtained 3l ‘I]Q'F' Y;gggz’;dgeiggg’f' M. Fauchet, and P. J. Kelly, Phys.
at 1.59 eV. The astonishing success of the 1D linear cal—[4] Pe\li.angot’ R To(mmag} and F. Vallée, Phys. Revs®
culation with its exact treatment of the memory features ™~ 1475 (19976).. ' ' ’ '

has important consequences: Since the present day 3@ A Leitenstorfer, A. Lohner, T. Elsaesser, S. Haas,
parabolic models seem to either underestimate or over- ~ F Rossi, T. Kuhn, W. Klein, G. B6hm, G. Trankle, and
estimate the quantum kinetic effects we see experimen- G. Weimann, Phys. Rev. Let?3, 1687 (1994); Phys.
tally, an improved treatment of the system memory Rev. B53, 9876 (1996).

appears to be the crucial point in future simulations. The[6] P. Lipavsky, V.Spicka, and B. Velicky, Phys. Rev. B4,
Coulomb contributions to the transmission changes are 6933 (1986).

also reproduced quantitatively: The bleaching peaks arel’l R- Zimmermann, Phys. Status Solidi (639, 317 (1990).
redshifted by approximately 10 meV with respect to the [8] A. Leitenstorfer, C First, and A. Laubereau,iitrafast )
position expected in a noninteracting system and an in- Phenomena Xedited by P. Barbara, W. Knox, J. Fuji-
duced absorption around 1.68 eV is calculated. The spec: moto, and W. Zinth (Springer, Berlin, 1996), p. 406.

. . ."[9] R. Brunetti, C. Jacoboni, and F. Rossi, Phys. Re\3
tra obtained neglecting Coulomb effects are shown as thln[ ] 10781 (1989). y ®

lines. These curves reflect the underlying electron distrif1g] A.v. Kuznetsov, Phys. Rev. B4, 8721 (1991); Phys.

butions. We note that the distance of the peaks in Figs. Rev. B44, 13381 (1991).

and 2 is larger thaitwyo: The hh dispersion results in a [11] L. Banyai, D.B. Tran Thoai, C. Remling, and H. Haug,

stretching factor ol + m,/my, since the interband tran- Phys. Status Solidi (k)73 139 (1992);173 149 (1992).

sition is probed. [12] R. Zimmermann, J. Lumin53, 187 (1992); R. Zimmer-

Slight differences between experiment and simulation  mann and J. Wauer, J. Lumi&8, 271 (1994).

are explained by two points missing in our present modelt13] J- Schilp, T. Kuhn, and G. Mahler, Phys. Rev58, 5435

(i) For the probing process the decay of the interband po: , (ngg‘!)* PhysD. SBtat$s SO'_:_‘:]' (uﬁ%“g (1995). HH

larization is taken into account phenomenologically, and!4 L. Banyai, D.B. Tran Thoai, E. Reitsamer, H. Haug,
. L D. Steinbach, M. U. Wehner, M. Wegener, T. Marschner,

coherent effects during the excitation pulse are neglected.

. - . and W. Stolz, Phys. Rev. Leff5, 2188 (1995).
Together, these details lead to an underestimation of thﬁ5] S. Bar-Ad. P. Kn)e/r M. V. Marquezini (D.S.)Chemla and

widths of the bleaching maxima by our calculation [5]. K. El Sayed, Phys. Rev. Letf7, 3177 (1996).
(i) Even at the late delay times of 400 and 500 fs in[16] A. Leitenstorfer, C. Furst, A. Laubereau, W. Kaiser,
Fig. 1, the initial peaK HH) remains the most prominent G. Trankle, and G. Weimann, Phys. Rev. L&t6, 1545

maximum in the spectra: The heavy holes generated in  (1996).
our experiment are below the threshold for LO emission[17] An MBE-grown layer of high-purity GaA$d = 500 nm)
They provide an almost constant, slowly broadening con- is studied. The sample is antireflection coated and held at
tribution to the bleaching at 1.66 eV [26]. a lattice temperature df, = 15 K. _

In conclusion, we have presented experimental proof.8] ?elfhomfa' OrnEntang,ﬁdltgdAby F. dMeleigagT B.P.
of influences of quantum kinetic effects in the relaxation akharchenya (North-Holland, Amsterdam, ):
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whenever transition rates are of the same order of [22] R. Zimmermann, Phys. Status Solidi (b6, 371 (1988).

magnitude or even faster than thecillation frequencies [23] J.-P. Foing, D. Hulin, M. Joffre, M.K. Jackson, J.-L.

of the energy quanta involved. Oudar, C. Tanguy, and M. Combescot, Phys. Rev. Lett.
We wish to thank H. Haug, T. Kuhn, and co-workers 68 110 (1992); Phys. Rev. Let8, 1935 (1992). _

for valuable discussions. The sample was processed Hg4] H. Haug and S.W. KochQuantum Theory of the Optical

G. Ebert, N. Méllenhoff, E. Sckopke, G. Béhm, and anq Elgctrqnlc Properties of Semiconducto($Vorld

G. Trankle. This work is supported by the DFG within Scientific, Singapore, 1994), 3rd ed.

. . . . »  [25] R. Binder, S.W. Koch, M. Lindberg, W. Schéfer, and
the project “Quantum Coherence in Semiconductors. F. Jahnke, Phys. Rev. 8, 6520 (1991).

[26] A detailed study on the non-Fermi heavy-hole distribu-
tions relaxing via CC interaction and acoustic phonon
[1] For an overview, see J. Shaljltrafast Spectroscopy scattering will be published elsewhere.
of Semiconductors and Semiconductor Nanostructures

3736



