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We present the first investigation of the ultrafast dynamics of the coherent emission from Fano
resonances in semiconductors. Time-resolved femtosecond four-wave mixing (FWM) in GaAs under
high magnetic field shows that dephasing is dominated by the coupling between discrete states and
continua responsible for the Fano interference. In striking contrast to atomic systems and Lorentzian
excitations in semiconductors, the decay of the time-integrated FWM signal is not related to dephasing.
This decay is due to quantum interference originating from the interplay between semiconductor many-

body effects and Fano interference.

PACS numbers: 78.47.+p, 42.50.Md

Quantum mechanical coupling between a discrete state
and an energetically degenerate continuum of states leads
to new eigenstates, which in linear spectroscopy manifest
themselves by an asymmetric line shape, known as a Fano
resonance [1]. Fano resonances are characterized by a pro-
nounced minimum in the absorption spectrum at an energy
where the transition amplitudes of the discrete state and
the continuum interfere destructively. Fano interference
has been observed in a variety of atomic, molecular, and
semiconductor systems in frequency domain experiments
[2—-4].

Recently, we have demonstrated how the application
of a magnetic field to a bulk semiconductor results in
Fano interference [5]. The field leads to the formation
of magnetoexcitons corresponding to each pair of con-
duction band and valence band Landau levels with the
same Landau quantum number n. Since the field quan-
tizes only states with the wave vector in the plane perpen-
dicular to the field, each Landau level is associated with
a one-dimensional continuum. Coulomb interaction then
couples higher-order magnetoexcitons to energetically de-
generate continuum states corresponding to lower Landau
levels, giving rise to pronounced Fano resonances in the
linear absorption spectrum [5].

So far, the implications of Fano interference have
not been studied experimentally in the time domain.
Time domain experiments are facilitated if nonlinear
optical techniques like, e.g., four-wave mixing (FWM)
are applied. This experimental technique can easily be
implemented to study Fano resonances in a semiconductor
under magnetic field.

In semiconductor physics, FWM experiments have
yielded valuable information on the dephasing of exci-
tonic and continuum excitations. Moreover, it has been
found that the nonlinear optical response of a semicon-
ductor is strongly affected by Coulomb mediated many-
body effects [6]. In a FWM experiment, the sample is
excited by two short laser pulses, separated by a time
delay Ar. The FWM signal pulse can be integrated in

470 0031-9007/95/74(3)/470(4)$06.00

time and analyzed as a function of the time delay (time-
integrated FWM: TI FWM) as well as, for a fixed time
delay, analyzed in real time by means of up-conversion
techniques (time-resolved FWM: TR FWM) or spectrally
resolved (FWM power spectrum). For Lorentzian transi-
tions, the decay of both the TR and the TI FWM as well
as the linewidth of the FWM power spectrum are deter-
mined by the dephasing rate. Although in semiconduc-
tors Coulomb interaction considerably changes the shape
of the TI and TR FWM signal, for Lorenztian-like reso-
nances in semiconductors these two signals decay on the
same time scale, which is determined by dephasing [6].

In this Letter, we investigate the dynamics of the co-
herent emission stimulated from a Fano resonance in a
semiconductor directly in the time domain. Femtosecond
FWM experiments have been performed on bulk GaAs
in a high magnetic field. We experimentally demonstrate
that in this system the decay of the TI FWM signal is
quasi-instantaneous and is not related to dephasing, in
striking contrast to atomic systems and uncoupled exci-
tonic and continuum excitations in semiconductors. The
decay of the TI FWM signal is due to quantum interfer-
ence. The dephasing rate of Fano resonances in semi-
conductors can only be determined by TR FWM. The
dephasing is dominated by the coupling between magne-
toexcitons and continuum states, which gives rise to Fano
interference. These experimental results cannot be under-
stood within the model of an atomic Fano resonance, but
imply that Fano interference and many-body effects must
be treated on an equal footing.

The low-temperature, o~ circularly polarized absorp-
tion spectrum of the high-quality GaAs bulk sample we
have studied is shown in Fig. 1 for a magnetic field B =
10 T. The linear optical properties of this sample have
been described in detail in Ref. [5]. Because of mechani-
cal strain at low temperature, the light hole (1h) and heavy
hole (hh) exciton transitions are split [7] where the hh exci-
ton is at the higher energy. The application of a magnetic
field leads to two series of magnetoexciton transitions
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FIG. 1. Low-temperature (1.6 K) linear absorption spectrum
of GaAs for a magnetic field of 10 T and o~ circularly polar-
ized excitation. The laser spectrum (dotted line) indicates the
excitation conditions in the FWM experiments. Inset: Power
spectrum of the FWM signal at a time delay Ar = 0 and a car-
rier density of about 10'® cm 3.

corresponding to lh and hh resonances, respectively. The
lowest-order lh(n = 0) and hh(n = 0) magnetoexcitons
are Lorentzian lines since they are not in resonance with
continuum states. In contrast, the higher-order lh(n = 1)
and hh(n = 1) magnetoexcitons form Fano resonances as
demonstrated by the line shape and, in particular, by the
pronounced absorption minimum at the high-energy side
of the resonances.

The FWM experiments have been performed with o~
cocircularly polarized 100 fs pulses from a self-mode-
locked Ti:sapphire laser. The spectrum of the excitation
pulses is centered at the hh(1) Fano resonance, as shown
in Fig. 1. The magnetic field is 10 T and the temperature
of the sample is 1.6 K in all experiments. The inset
in Fig. 1 shows the FWM power spectrum obtained at
Ar = 0. The excitation density in the FWM experiment
is about 10'® cm™3. The FWM spectrum is comprised
of an intense narrow contribution from the hh(1) Fano
resonance at 1.551 eV and a small contribution from the
1h(1) Fano resonance at 1.541 eV, which has also been
weakly excited. From the width of the FWM spectrum, a
decay of the coherent emission on a time scale of several
hundreds of femtoseconds can be expected.

The time domain behavior of the coherent emission
stimulated from the Fano resonances is depicted in Fig. 2
for the same excitation density as above. The upper part
shows the TI FWM intensity as a function of the time
delay in a semilogarithmic plot. Surprisingly, the decay
of this signal cannot be resolved with a 100 fs laser pulse,
i.e., the TI FWM signal decays quasi-instantaneously and
does not show the temporal behavior anticipated from the
FWM spectrum.

The lower part of Fig. 2 is a semilogarithmic plot of the
TR FWM signal for different time delays between —150
and +150 fs. The TR FWM signals are slightly modu-
lated with a beat period which is in good agreement with
the energy splitting between the hh and 1h contribution in
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FIG. 2. Semilogarithmic plot of the time-integrated (top) and
time-resolved (bottom) FWM signal from a Fano resonance in
GaAs at a magnetic field of 10 T. The time-resolved FWM
signals taken at different time delays have been shifted along
the vertical axis for clarity. Inset: Numerically integrated in-
tensity of the time-resolved FWM (diamonds) and experimental
time-integrated FWM signal (solid line) vs time delay.

the FWM power spectrum. For all time delays Az, the TR
FWM curves decay much slower than the TI FWM signal.
In fact, the decay of the TR FWM signals takes place on
a time scale of several hundreds of femtoseconds, as ex-
pected from the FWM spectrum. The decay of the TR
FWM signals depends only very weakly on the time de-
lay Azr. The intensity of the TR FWM signal, however,
changes dramatically if the time delay is changed. This
follows clearly from the inset of Fig. 2, which depicts the
numerically integrated intensity of the TR FWM signal for
different time delays (diamonds) and the experimentally
obtained TI FWM signal (solid line) in a linear plot. The
different data are in excellent agreement, showing that the
experimental results are consistent.

The data in Fig. 2 provide clear evidence that two
different time scales are involved in the decay of the
TI and the TR FWM signal from Fano resonances in
semiconductors. This is a characteristic feature of Fano
resonances. Furthermore, we have performed experiments
where the laser is tuned to excite either only the hh(0)
and 1h(0) Lorentzian resonances or simultaneously both
the Lorentzian and Fano resonances. We have found that,
as expected, in the first case the TI FWM and the TR
FWM decay on the same time scale (data not shown).
In the other case, however, we found again a significant
difference between the TI FWM and TR FWM decay [8].

In the following, we will demonstrate that only the
decay of the TR FWM is related to dephasing and that
these findings are independent of the carrier density in
a wide density range. The TI FWM signals for the
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FIG. 3. Semilogarithmic plot of the time-integrated FWM
signal vs time delay for the carrier densities Ny = 4 X
105 cm 3, 3Ny, and 11N,. The curves have been shifted along
the vertical axis for clarity.

densities Ng = 4 X 105 cm ™3, 3Ny, and 11N, depicted
in Fig. 3 show that the decay of the TI FWM is quasi-
instantaneous over the whole density range, i.e., it takes
place on a sub-100-fs time scale. In contrast, the decay
of the corresponding TR FWM data can be resolved in
time. In Fig. 4(a) the decay times obtained from the TR
FWM data are plotted vs time delay for the different
carrier densities. The decay time of the TR FWM signal
is =250 fs for N = 11Ny, =350 fs for N = 3Ny, and
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FIG. 4. (a) Decay times of the time-resolved FWM signal vs

time delay for different carrier densities No = 4 X 10> cm ™3,
3Ny, and 11N,. The solid line is the decay time due to intrinsic
dephasing. (b) Experimental linear absorption profile of the
Fano resonance studied in the FWM experiments (diamonds)
and calculated Fano profile (solid line) using the parameters
given in the text.
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~450 fs at No. The comparison of Fig. 3 and Fig. 4(a)
demonstrates that the TR FWM signal and the TI FWM
signal decay on completely different time scales over a
wide range of carrier densities, showing that this behavior
is intrinsic to Fano resonances in semiconductors.

It is instructive to compare the decay times of the TR
FWM signals to the parameters which can be obtained
from the linear absorption data. The linear absorption line
shape of a Fano resonance is |ur,l? = (e — ¢)*/(1 + €?)
[1], where wur, is the dipole matrix element between
the ground state and the Fano eigenstate and € is a
normalized energy given by € = (0 — E)/I". Here g
is the ratio between the optical matrix elements of the
transitions to the discrete state and the continuum, () is
the energy of the discrete state, and I' is the strength of the
coupling between the discrete state and the continuum. I’
is related to the coupling matrix element V by I' = V|2
The parameters g, I', and Q, which determine the Fano
profile, can be obtained from the experimental absorption
data. We have extracted these parameters for the hh(l)
Fano resonance which dominates the FWM response. A
closeup of the linear absorption data (diamonds) and the
Fano profile calculated from the parameters g = —2.86,
I’ =0.668 meV, and ) = 1549.5 meV (solid line) is
shown in Fig. 4(b). The agreement is excellent.

In the context of time domain experiments, the coupling
constant I' is the most important parameter. It can be
expected that the coupling between a discrete state and a
continuum, which is at the origin of Fano interference,
leads to a temporal decay of the coherent emission
from a Fano resonance. This decay is intrinsic to Fano
interference. In order to see how the coupling constant
I' is related to a decay in the time domain, we have
analytically calculated the linear susceptibility y(w) =
J1ure|?/(E — w) dE in frequency domain and by Fourier
transform obtained the time domain y(f) « [ad(¢) +
O(t)]exp(—Tt — iQ1¢) [a = const, 8(¢) Dirac function,
and O (z) step function]. It decays exponentially with T'"!
in the long-time limit. Thus it is reasonable to introduce
an intrinsic dephasing time I'"! for a Fano resonance
similar to the Lorentzian case where a dephasing time
is introduced as the inverse of the half width at half
maximum of the Lorentzian absorption profile. For
the hh(l) Fano resonance which dominates the FWM
response I' = 0.668 meV corresponds to an intrinsic
dephasing time I'"! = 970 fs. The intrinsic decay time
I'"!/2 = 485 fs is plotted as a thick solid line in Fig. 4(a).

It is obvious from Fig. 4(a) that the decay time of the
TR FWM signal approaches the intrinsic decay time if
the density it lowered. In fact, at the lowest density Ny the
TR FWM decay time is already very close to the intrinsic
dephasing limit imposed by the coupling to continuum
states. Consequently, we conclude that the decay of the
time-resolved FWM signal is due to dephasing, as in
the case of Lorentzian resonances. Moreover, we find
that the dephasing is governed by the intrinsic coupling
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at low densities. The quasi-instantaneous decay of the
time-integrated FWM signal, however, is not related
to dephasing, unlike the case of Lorentzian excitons
in semiconductors in which the TR FWM and the TI
FWM decay on the same time scale determined by the
dephasing time. Therefore, we conclude that the quasi-
instantaneous decay of the TI FWM signal results from
quantum interference.

In order to examine whether an atomic Fano model can
account for the experimental results, we have calculated
the third-order polarization P®(As, 1) for the case where,
as assumed by Fano [1], the coupling matrix element V
is constant. The results of the calculation and the experi-
mental FWM results can be directly compared since the
TR FWM signal is « |[P®(Az,1)|? and the TI FWM is
o [|P®)(At,1)|?> dr. Within the model and using parame-
ters corresponding to our experiment and to the linear
absorption profile of Fig. 4(b), we have numerically cal-
culated the density matrix from the Heisenberg equation
for a two-pulse FWM experiment with finite pulses. The
numerical calculations show that the TI FWM signal and
the TR FWM signal decay on the same time scale deter-
mined by dephasing, in contradiction to the experimen-
tal results for a Fano resonance in a semiconductor. The
same theoretical results have been obtained analytically
[9]. Thus the atomic Fano model cannot account for the
nonlinear optical response of Fano resonances in a semi-
conductor although the model well describes the Fano
profiles observed in the linear absorption spectrum.

This discrepancy points to the reason for the failure of
the atomic model in the case of the nonlinear optical re-
sponse of Fano resonances in semiconductors. Unlike in
atomic systems, in the semiconductor system discussed
here the nonlinearity and the quantum interference, which
gives rise to the formation of Fano resonances, have the
same origin. Both originate from Coulomb interaction.
Coulomb interaction provides the coupling between dis-
crete magnetoexcitons and continuum states which results
in Fano interference [5]. Besides Pauli blocking, Coulomb
interaction also considerably contributes to the nonlinear-
ity which generates the FWM signal [6]. Thus Fano in-
terference and optical nonlinearity are very closely related
in a semiconductor. Therefore, only a model which treats
Fano interference and Coulomb mediated semiconductor
many-body effects on the same footing can fully describe
the experimental results and account for the quantum inter-
ference observed in the TI FWM experiment. The atomic
Fano model, which does not account for many-body ef-
fects, consequently can only describe the linear optical re-
sponse of a Fano resonance in a semiconductor.

A full treatment of the nonlinear optical response of
Fano resonances in GaAs requires the solution of the
semiconductor Bloch equations in the presence of a
magnetic field up to at least third order in the electric field
of the laser. This theory is not yet available.

In conclusion, we have presented the first experimental
study of the time domain response of Fano resonances.
Using four-wave mixing spectroscopy, we have studied
Fano resonances in GaAs under high magnetic field. Our
results demonstrate that in the time domain the coupling,
which gives rise to Fano interference, dominates the de-
phasing of the coherent emission from the Fano state.
Thus dephasing experiments allow a direct investigation
of the coupling between discrete and continuum states.
This time domain technique should be applicable to a va-
riety of atomic, molecular, and solid state systems. For
Fano resonances in semiconductors, the dephasing infor-
mation can only be obtained from time-resolved FWM ex-
periments. The decay of the time-integrated FWM signal
is instantaneous and not related to dephasing. This par-
ticular feature of the nonlinear optical response of Fano
resonances in semiconductors is due to quantum inter-
ference related to the interplay between Fano coupling
and optical nonlinearity, both of which in semiconductors
originate from Coulomb interaction.
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