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Ultrafast Dephasing of Coherent Intersubband Polarizations
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We present the first study of coherent intersubband polarizations in a pure electron plasma
by femtosecond four-wave mixing in the midinfrared. Resonantly excited polarizations between
consecutive conduction subbands of narrow Gajt#sAs quantum wells decay within about 500 fs,
much faster than intersubband relaxation of electrons. The relation between the decay rate of the signals
and the dephasing rate is analyzed by solving the time-dependent Hartree-Fock equations for the single-
particle density matrix. Electron-electron scattering is identified as the main dephasing mechanism.
[S0031-9007(98)05833-5]

PACS numbers: 73.20.Dx, 42.65.Re, 78.47.+p

The optical properties and the dynamics of elementaryhe macroscopic polarization was monitored via the elec-
excitations of a low-dimensional electron gas are distric field transients emitted by the sample and occurred
tinctly different from spatially homogeneous bulk materi- with time constants of 110 to 180 fs [5]. In this experi-
als. In semiconductor quantum wells (QW’s), the quantumment, both the destructive interference between different
confinement of carriers to a quasi-two-dimensional (2D)}components of the inhomogeneously broadened ensem-
geometry leads to a sequence of discrete valence and cadole and the irreversible phase relaxation due to scatter-
duction subbands and a novel elementary excitation, thing mechanisms are responsible for the decay and cannot
optical intersubband (IS) transition between consecutivée separated. Moreover, electron-electron, electron-hole,
bands which occurs in the infrared spectral range below thand carrier-phonon scattering are expected to contribute
fundamental band gap. IS excitations play an importanto phase relaxation after broadband interband excitation.
role for the ultrafast nonequilibrium dynamics of carriers inBecause of this complex situation, an analysis of the rele-
QW'’s [1] and for device applications like the quantum cas-vant scattering processes has not been possible. Here,
cade laser [2]. Until now, processes mainly of carrier reexperiments with single component plasmas, e.g., of elec-
distribution after IS excitation, i.epopulation relaxation, trons, should provide more specific information.
have been studied. For energy spacings ofithe 1 and In this Letter, we report a femtosecond study of
n = 2 conduction subbands higher than the energy of opeoherent intersubband polarizations in a pure electron
tical phonons, the lifetime of = 2 electrons has a value plasma. The dynamics of IS phase relaxatiomitype
of about 1 ps, determined by IS scattering with longitudi-modulation-doped Ga7lIngs3As/Alg4slngsxAs quantum
nal optical (LO) phonons [3,4]. On a similar time scale,wells is investigated by time-resolved four-wave mixing
a quasiequilibrium electron distribution in the lower sub-(FWM) in the midinfrared. Our measurements for a
band is formed [4]. broad range of electron densities demonstrate for the

Resonant IS excitation by coherent infrared radiatiorfirst time that electron-electron scattering represents the
creates a coherent optical IS polarization which decays irdominant mechanism of phase relaxation occurring on a
reversibly by phase-breaking scattering processes. In cotime scale of several hundreds of femtoseconds. FWM
trast to population relaxation, thishase relaxatiorhas signals are modeled theoretically by solving the time-
been much less explored. The time scale and the mechdependent Hartree-Fock equations for the one-particle
nisms of the loss of IS phase coherence are not wellensity matrix, giving insight into the many-body effects
understood. Moreover, the time-dependent many-body efand the role of inhomogeneous broadening for the decay
fects during phase relaxation and the homogeneous broadf the signal.
ening of IS absorption profiles are barely characterized. In the experiments, we studytype modulation-doped
In a recent experiment carried out at room temperature, &ay471ng.s3As/Algaglngs;As  multiple quantum  wells
coherent IS polarization was created by femtosecond ingrown by molecular beam epitaxy on an InP substrate.
terband excitation of asymmetric QW’s. The decay ofThey consist of 50 Gaylngs3As QW’'s of 6 nm width
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separated by 14 nm wide #sIng s, As barriers which are field vector of the pulses with the IS dipole moment
Si delta doped in the centers. Three samples with dopingriented perpendicular to the QW'’s.

densities oftg = 1.5 X 10! cm™2, 5 x 10'' cm™2, and In Fig. 1, we present FWM signals for different elec-
1.5 X 10'> cm™2 are investigated. The = 1ton =2  tron densities. The spectrally integrated intensity dif-
IS absorption spectrum of the first sample is centered dtacted into the direction2k, — k; is plotted on a
257 meV with a linewidth (FWHM) of 14 meV (inset logarithmic scale as a function of delay time between the
of Fig. 1). For the time-resolved experiments, nearlytwo pulses generating the transient grating. The dashed
transform-limited midinfrared pulses resonant to the ISline gives the cross correlation of the two pulses mea-
transition are generated by parametric frequency mixingured in a thin AgGascrystal. At low density [Fig. 1(a)],
(pulse duration 130 fs, bandwidth 15 meV) [6]. In athe signal rises within the time resolution of the experi-
standard FWM geometry, two pulses with wave vectorament, reaches a maximum after 100 fs, and decays within
k; and k, create a transient grating in the sample700 fs. A numerical monoexponential fit gives a decay
from which third order nonlinear signals are generatedime of 80 = 15 fs. With increasing density [Figs. 1(b)
by self-diffraction into the direction®2k, — k; and and 1(c)], the maximum of the signal shifts towards delay
2k; — k,. The two signals, which are symmetric in zero and the decay becomes faster. For electron densities
time with respect to zero pulse delay, were detected bpf ng = 5 X 10" and ng = 1.5 X 10'> cm™2, the re-
InSb detectors, either spectrally integrated or resolvedpective decay times are 65 fs agd0 fs. In such mea-
(resolution 2 meV). A prism geometry of the sample wassurements, about 20% of the electrons in the respective
used to achieve maximum overlap of the in-plane electrisample were excited to the = 2 subband, as estimated
from the pulse intensity (peak intensity = 5 MW /cn?)

and the IS absorbance. For pulse intensities betuigen

to 21y, the temporal shape of the FWM curves remains

'(a)' EI1 ' unchanged and the signal strength follows)®, as ex-
5 pected for a third order process. In addition to the time
g | evolution, we studied the spectral distribution of the dif-
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FIG. 1. Four-wave mixing signals recorded with femtosec- 10 i . L . L Mo
ond excitation resonant to the intersubband transition in the -200 0 200 400 600
midinfrared. The intensity diffracted from the transient grat- Delay Time (fs)

ing in the sample is plotted as a function of delay time be-

tween the two pulses generating the grating (lattice temperaturelG. 2. Spectrally integrated four-wave mixing signals for
T, = 8 K). (a) Data for an electron concentration @f = ng = 1.5 X 10'' cm™? and lattice temperatures df;, = 8 K

1.5 X 10'" ecm™ (symbols). The dashed line gives the cross(open circles), 55 K (solid circles), and 160 K (open boxes).
correlation of the two femtosecond pulses. Inset: Intersubbanthset: Decay rates of the FWM signals for differef
absorption spectrum (solid line) and spectrum of the FWM(symbols). Dashed line: LO phonon absorption rate as
signal at delay zero (symbols). (b),(c) Data fey =5 X estimated from the temperature-dependent phonon occupation
10" cm™% andng = 1.5 X 102 cm™2. number.
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by a factor of about 1.5 when raisirfg from 8 to 160 K
(Fig. 2, inset).

The FWM signals in Figs. 1 and 2 exhibit essentially
monoexponential decays with time constants between

(a)

T T T T T
-—-—-equal 2-level systems

+ Coulomb (Hartree-Fock)
+ different subband masses
+ disorder inhomogeneity

=50 and 80 fs. Such dynamics are much faster than
IS relaxation of photoexcited electrons from the= 2
back to then =1 subband. Time-resolved infrared
measurements of nonlinear IS absorption in the same three
samples gave IS scattering times of 1.3 ps determined
by LO phonon emission [7,8]. Thus, IS population
relaxation plays a minor role for dephasing. Instead,
electron-electron, intraband electron-LO phonon scatter-
ing and—to a minor extent—electron-impurity scattering
are potential mechanisms which determine the phase
relaxation timeT, and lead to a homogeneous broadening
of the IS transition. In addition, QW thickness and
alloy fluctuations and the different dispersion of the two
subbands ik space result in inhomogeneous broadening
[7,9]. The excitation bandwidth in our experiments is
close to the spectral width of IS absorption, i.e., this
distribution of IS transition frequencies is excited phase
coherently and contributes to the overall polarization.

In the simplest theoretical description based on indepen-
dent two-level systems, the FWM signal from a homoge-
neously and inhomogeneously broadened ensemble decayg;. 3. Theoretical results for the spectrally integrated four-
with time constants of, /2 andT,/4, respectively. ForlS wave mixing signals obtained from the TDHF equations
excitations, however, the coupling of the transition dipoledor different model cases (lattice temperatufg = 8 K).
by many-body effects requires a more sophisticated thel®) _Electrfon dek?s'ty’lls =15 dx 10" cm™%, dephasing time
oretical treatment. To get insight into such phenomena;2 _ 513(1)8 é' (b) Electron densityns = 1.5 X 10 cm™,
we performed calculations based on the time dependentz '
Hartree-Fock equations (TDHF) which account for many-
body effects on a mean-field level and allow for a simul-
taneous study of inhomogeneous broadening [9-12]. Teity. If we define the decay time @&/, we find at
analyze the different factors influencing the signal, we nuthe low density the values (i = 2.0, (i) « = 2.3,
merically studied the following four cases: (i) Two-band (iii) « = 2.9, and (iv) « = 3.9, while at the high den-
model with equal effective electron masses = m, =  sity we find (i) @ = 2.0, (i) « = 2.4, (iii) « = 4.0, and
0.05my in the two subbandsi,: free electron mass). The (iv) a« = 4.0. Coulomb interaction leads to a non-
system was assumed to be exclusively homogeneousparabolic dispersion in the Hartree-Fock ground state be-
broadened with a constarit;independent dephasing time low the Fermi energy [11]. While in the low density case
T,, and the Coulomb interaction was switched off. TheCoulomb interaction and different masses enhance the de-
other cases correspond to adding successively (i) theay rate by about 50%, at high density they already lead
Coulomb interaction (many-body effects), (iii) the effectto values close td/T,. Here, additional inhomogeneous
of different masses in the subban@s, = 0.05mg, m> = broadening does not further enhance the decay. Taking
0.065my) [7], and (iv) the influence of (Gaussian) inhomo- into account such theoretical results, the width of the IS
geneous broadeninyws due to QW thickness and alloy absorption lines in our samples, and the measured decay
fluctuations(Awg = 12 meV). For the different doping rates, we conclude that the FWM signals decay witf,.
densities, first the correct ground state was determined;his gives dephasing timgs = 320 and=200 fs for the
and then the FWM signals in the directiokls, — k; and  lowest and the highest electron density. The correspond-
2k; — k, were calculated as a function of delay time.  ing homogeneous linewidth for low carrier density has

Figure 3 shows the results for the lowest and high-a value of 4 meV, representing about 30% of the total
est doping density with respectivid values of 310 and linewidth.

100 fs. In the noninteracting, homogeneously broadened We now address the scattering processes relevant for
case a decay rate @5/2 is found. With increasing com- 1S dephasing. In our modulation-doped samples, the
plexity, the decay becomes faster and a valuel'gf4  electron gas in the QW's is spatially separated from the
is approached. The importance of the different contriionized donors in the barriers, resulting in characteristic
butions varies strongly from the low to the high den-scattering times of 1-2 ps [13], much longer than the
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dephasing times. Fdf, = 8 K (cf. Fig. 1), the thermal quantum wells occurs on a time scale of several hundreds
LO phonon population and, thus, LO phonon absorptiorof femtoseconds with dephasing rates increasing with
by electrons are negligible. For an electron densitycarrier concentration and with temperature. Theoretical
of ng = 1.5 X 10! cm~2, the Fermi energy offr = calculations based on the TDHF equations allow one to
7 meV is much smaller than the LO phonon energyrelate the decay rate of the signal with the IS dephasing
of E o = 30 meV. Resonant IS excitation promotesrate and, thus, to determine the homogeneous contribu-
electrons to states close to the bottom of the= 2  tion to the linewidth of IS absorption spectra. Our results
subband, well belowEr . Thus, LO phonon emission clearly demonstrate that electron-electron scattering rep-
is suppressed in both subbands, and the contribution aésents the dominant dephasing mechanism.
intraband LO phonon scattering to the fast dephasing is
negligible [14].
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