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Femtosecond frequency mixing in thick bulk GaAs
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Femtosecond degenerate four-wave mixing~FWM! experiments have been performed on bulk GaAs as a
continuous function of the sample thickness. The FWM signals exhibit the transition from a real, excitonic
regime to the virtual regime as the thickness increases from 3 to 17.5mm. The results at the negative time
delay show an extraordinary signal: even when the thickness is an order of magnitude larger than the penetra-
tion depth, there still exists a signal well above the band gap. These above-the-band-gap signals are mostly
confined to the negative time delay region and shift further into the negative time delay as the detection energy
increases. These unusual phenomena can be understood by the third-order frequency mixing (2v22v1 ;v2

.v1) between positively chirped spectral components.
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I. INTRODUCTION

Transient nonlinear interaction of femtosecond lig
pulses with semiconductors and semiconductor quan
structures has generated much interest during the pas
cade. Femtosecond four-wave-mixing~FWM! experiments
have been intensively performed in various semicondu
structures to investigate the ultrafast nonlinear dynamics
coherent carriers.1 Much research interest in those FW
studies has been focused on the excitonic properties in
tively thin samples with the thickness of the order of t
penetration depth or less. On the other hand, some intere
results were obtained in moderately thick samples, includ
pulse propagation,2 distortion,3 and propagating polariton
effects,4 which are also dominated by exciton states. Rega
ing the excitation energy, most studies focused on the e
tonic resonance or free carriers, while the optical St
effect5,6 and the two-photon absorption7–9 utilizes intense in-
cident light tuned to the transparent region.

For the case of excitation below the band edge, the in
dent light is not absorbed, thus, real carrier creation is
expected. In the two-level model approach, the carriers
this virtual excitation regime makes a transition from th
ground state to the excited state, but can remain there f
time equal to the inverse of the detuning, consistent with
uncertainty principle. When the detuning is greater than
inhomogeneous linewidth, the creation and decay of the
riers induced by virtual transitions are determined entirely
the instantaneous exciting pulse in keeping with the adiab
following property.5,12

Recently, strong FWM signals resulting from the belo
the-exciton excitation were found in bulk semiconducto
with a thickness larger than 350mm.10 In addition, femto-
second frequency mixing in GaAs multiple quantum we
was demonstrated in femtosecond nondegenerate FWM
ing two synchronized, independently tunable lasers.11 These
previous results clearly show that the FWM signal with
off-resonant spectral component can be caused by the
quency mixing11 or the instantaneously created virtual tra
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sitions in a thick sample,10 and it can further originate from
the free polarization decay of the off-resonant laser fiel
especially in samples with large inhomogeneo
broadening.13 It has been reported that the below-the-excit
signals therein are present only when the two exciting pu
overlap, contrary to the resonant exciton component that
vives for relatively longer time delays characterized by
dephasing time. However, there appears to be no deta
study that deals with the relative modality of the below-th
exciton and exciton signals as a continuous function of thi
ness. Furthermore, we note that those pulse form lim
signals in the previous studies are spectrally restricted be
the exciton, regardless of its generative origin.

In this paper, we have performed degenerate femtosec
FWM experiments on a wedge-like piece of GaAs, who
thickness varies between 3–17.5mm. The femtosecond lase
spectrum is rather broad, encompassing exciton and free
rier, and extending well below the band gap. By contin
ously varing the sample thickness, we probe the transi
from the real to a virtual regime. It is found that on th
thinner side of the sample, an excitonic signal from re
nantly excited real states dominates FWM. As the sam
becomes thicker, a below-the-exciton signal begins to do
nate. In addition, an intriguing mechanism of the FWM s
nal generation is found: even at the thickest end of
sample, an above-the-band-gap signal is observed. We s
that this interesting signal originates from the frequency m
ing of the below-the-exciton frequency components.

II. EXPERIMENTAL DETAILS

As shown in Fig. 1~a!, we have performed time-integrate
~TI!-FWM and spectrum-resolved~SR!-FWM at various
sample thicknesses. The bulk GaAs sample used here
lapped and polished to have the wedgelike shape with a
ear thickness variation ranging from 3 to 17.5mm along the
wedge, and the temperature was kept at 12 K. The sam
thickness at each excited spot was measured by Fabry-P
oscillations in the transmission spectrum14 and the delayed
©2001 The American Physical Society06-1
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time of a tiny secondary peak in the cross correlation~CC!.
CC was measured between incident and transmitted pu
using a 200mm-thick, phase matched,b-BaB2O4 crystal. To
investigate the frequency chirping caused by the linear
nonlinear dispersion during the propagation through the th
sample, the CC was spectrally divided by a monochroma
in a spectrum-resolved second harmonic generation~SR-
SHG! measurement at 14.5mm. For a reference, a FWM
signal in the reflection geometry was probed as well. T
excitation source used was a self-mode-locked Ti:sapp
laser with a spectral full width at half maxima~FWHM! of
about 65 meV. The peak energy of the laser was tuned be

FIG. 1. Schematic of the experimental setup.T, k1 , k2, TI-
FWM, SR-FWM, SHG, and SR-SHG stand for the temporal se
ration between the pump and probe pulses, the pump direction
probe direction, time-integrated four-wave mixing~FWM!, spec-
trum resolved FWM, second-harmonic generation, and the s
trum resolved~SR! SHG, respectively.

FIG. 2. ~a! Laser spectrum~dotted line! and the absorption co
efficient ~solid line!. ~b! SR-FWM signals measured at the excito
energy~at 1.514 eV! and ~c! at the laser center energy~at 1.485
eV!, as a function of the sample thickness. The spectral posi
corresponding to~b! and ~c! is denoted by vertical arrows in~a!.
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the band edge by 28 meV as can be seen in Fig. 2~a!. The
pump and probe pulses, with momentumsk1 andk2 respec-
tively, have collinear polarizations with an external crossi
angle of 5 °. Considering the pulse width of about 30 fs,
repetition rate of 76 MHz, and the focused spot size of ab
100 mm, the pump intensity is estimated to be abo
200 MW/cm2 per pulse; probe intensity was kept a third
that of the pump.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. SR-FWM as a function of sample thickness

Though the off-resonant and on-resonant FWM sign
show different temporal behaviors, we have both signals d
ing the overlap of the excitation laser pulses. At this ze
delay time, therefore, we can estimate the thickness de
dence of the off-resonant and on-resonant FWM signals
we exclude absorption and assume that the area of sp
and temporal overlap between two pulses does not cha
significantly through the thickness variation, the signal inte
sities are expected to increase quadratically with sam
thickness since the amplitude of the macroscopic polar
tion is linearly proportional to the interaction volume. Henc
SR-FWM signals induced by virtual transitions as a functi
of thickness can be given by

I v irtual~E,l !} l 2, ~3.1!

whereE is an energy below the band gap where little or
absorption occurs. Now, for the above-the-band-gap real
citations, including only absorption and neglecting othe
complicating effects caused by relatively high laser intens
with wide spectrum and long propagation distance, the SR-
FWM intensity from the on-resonant excitation can be si
plified as

I real~E,l !}uE2k22k1
u2}U E

0

l

~E0e
2az/2!3dze2a~ l 2z!/2zU2

5UE0
3e2a l /2S 12e2a l

a D U2

5I 0
3e2a(E) l S 12e2a l

a D 2

, ~3.2!

wherea(E), E0 , andE2k22k1
are, respectively, the absorp

tion coefficient at energyE, the amplitude of the inciden
electric field for the incident excitation intensityI 0, and the
electric field of the transmitted FWM signal in the phas
matched direction 2k22k1. As a function of l, Eq. ~3.2!
increases at first and then decreases exponentially. We n
that Eq.~3.2! converges to Eq.~3.1! asa approaches to zero

Figure 2~a! shows the excitation laser spectrum~dotted
line! and absorption coefficient~solid line!. FWM signals, as
a function of thickness, are plotted at zero time delay in F
2~b! for a below-the-band-gap detection energy~at 1.485 eV!
and Fig. 2~c! for a detection energy at the exciton resonan
~at 1.514 eV!. The detection energy was fixed using a mon
chromator and the thickness was continuously varied. At
below-the-band-gap energy, thevirtual FWM signal in-
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creases nearly quadratically with the sample thickness
shown in Fig. 2~b!. This is in good agreement with Eq.~3.1!.
Near the excitonic peak, as shown in Fig. 2~c!, the signal at
first increases and then decreases, in good qualitative ag
ment with Eq.~3.2!, although it is clear that such simpl
estimations are too crude to accurately explain the sig
traces.

As the off-resonantly excited signals are in the adiaba
following limit, the noninteracting two-level model can b
suitable.12 In the non-interacting two-level model approac
the SR-FWM signal shows the Lorentzian line sha
1/@(G/2)21D2#, whereD is the detuning from exciton en
ergy andG is the exciton linewidth~FWHM! including a
power-broadened factor. To estimate the SR-FWM as a fu
tion of thickness over all the spectral range, we summed
real and the virtual part assuming that they are both in
shape of the Lorentzian. Because the quantitative calcula
of the real and virtual transition strengths is extremely di
cult in this thick sample, the experimental values
I real(Ex ,l ) ~measured at 1.514 eV! and I v irtual(EL ,l ) ~mea-
sured at 1.485 eV!, as given in Fig. 2~b! and Fig. 2~c!, were
incorporated into the fitting form, representing the real a
virtual part of the signal, respectively. Therefore, the simp
fied phenomenologicalfitting form of the signal intensity
from the two competing contributions of the on-resonant a
off-resonant components at various thickness is

I ~E,l !5I real~E,l !1I v irtual~E,l !

5I real~Ex ,l !F I real~E,l !

I real~Ex ,l !G
1I v irtual~EL ,l !F I v irtual~E,l !

I v irtual~EL ,l !G
'I real~Ex ,l !

~G/2!2

@~G/2!21D2#
e[a(Ex)2a(E)] • l

1I v irtual~EL ,l !
@~G/2!21~EL2Ex!

2#

@~G/2!21D2#

3F I 0~E!e2a(E)• l

I 0~EL! G3

, ~3.3!

whereI real(E,l ) and I v irtual(E,l ) represent the FWM signa
induced by on-resonant and off-resonant transitions, res
tively. EL corresponds to the center energy of the incid
laser spectrumI 0(E). The off-resonant FWM signal is
assumed to be cubically proportional to the transmit
laser spectrum at the sample thicknessl : I v irtual(E,l )
}@ I 0(E)•e2a(E)• l #3 in the last term, because it is affected b
the laser intensity over all the broad spectral range, in c
trast to the on-resonant signal whose energy mostly co
sponds to the lowest exciton resonance.

Figure 3 shows SR-FWM at zero time delay for vario
sample thicknesses. Solid lines and dotted lines corresp
to the experimental data and the fitting based on Eq.~3.3!,
respectively.G of 8.4 meV was measured in reflective FW
for our excitation condition to be used for the fitting. Ea
trace is normalized to have the same maximum value.
fitting curves and the experimental data are in good ag
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ment, revealing the obvious spectrum shift from an excito
dominant real regime to a virtual regime whose energy
below the band edge, as the thickness increases from
17.5mm. While the excitonic signal decreases exponentia
with increasing sample thickness, the virtual signal kee
increasing with the sample thickness. As a result, at ab
10 mm of sample thickness, the signal at the excitonic e
ergy or above is nearly all gone. Note that the oscillato
behavior observed at 13mm is caused by the Fabry-Pero
resonance.14

B. Frequency mixing

Any excitonic FWM signal created at the input end of t
sample would have been long vanished due to the absorp
during propagating through the sample that is much lar
than the penetration depth, and likewise, the incident spec
component whose energy is larger than the exciton. In Fig
a logarithmic plot of both the transmitted laser intensity~top!
and SR-FWM signal at the zero time delay~bottom, dotted
line! actually shows theexcitonic dipfor the sample thick-
ness of 14.5mm. This clearly shows why the signal at o
above the excitonic resonance disappears for thick samp
it is due to simple absorption of both the signal and the las
To our surprise, however, we found that as the delay ti
becomes negative~bottom, solid line!, above-the-exciton
FWM signals become stronger, by more than two orders
magnitudes. This is unexpected, for the penetration de
near the band edge of GaAs is only about 1mm, so that any
excitonic and above-the-band-gap signal is expected to
completely attenuated at this thickness. Note, on the o
hand, that the below-the-band-gap signals are smaller at
time delay compared with those at zero delay.

FIG. 3. The measured SR-FWM signals~solid lines! at zero
time delay, at various sample thicknesses from 3 to 17.5mm. The
Lorentzian-shape fitting curves using the measured real and vi
signals in Fig. 2~b! and 2~c! for each thickness are shown wit
dotted lines. The bottom trace corresponds to the reflective
FWM signal.
6-3
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To comprehend the generation mechanism of the abs
able signal seemingly transmitted through the enorm
thickness, we have measured thespectrally resolved~SR!-
TI-FWM as shown in Fig. 5. Figure 5 shows temporal sha
of SR-TI-FWM signals transmitted through relatively thic
@14.5mm; ~a!# or thin @4.5 mm; ~b!# sample positions. The
detection energiesED([Ex1DD) in meV scale were fixed
at the values denoted in the figure window for each TI-FW
measurement. All signals are normalized to have the s
maximum value. For the energy far below the exciton,
signal peaks more or less at the zero delay. On the cont

FIG. 4. Transmitted laser~top, solid line!and SR-FWM at 0 fs
~bottom, dotted line! and250 fs ~bottom, solid line!. The vertical
line denotes the excitonic peak and the sample thicknes
14.5mm.

FIG. 5. Spectrum resolved~SR!-TI-FWM at various detection
energies.DD is the energy above exciton in meV scale. The thic
ness is 14.5mm for ~a! and 4.5mm for ~b!. The dotted arrows are
along the time delays at which FWM signals peak for the first tim
08520
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the higher the energy of the above-the-band-gap signal
the larger the negative time delay value at which this co
ponent peaks is~see the dotted arrow!. Note that the shift
toward the negative time delay with increasing detection
ergy is more drastic for the thickness of 14.5mm than for
4.5 mm. This suggests that there might be a role played
the group velocity dispersion; the FWM signals are ma
after the excitation laser propagate through the sample
certain degree.

To see the temporal shift of signals with detection ene
more clearly, we have plotted the peak-timet as a function
of detection energyDD in Fig. 6 over a broad range of de
tection energy. In Fig. 6, the slopedt/dDD was linearly
fitted with a constant24.1 fs/meV for 14.5mm and
21.3 fs/meV for 4.5mm in the near-exciton region. We
note that~1! the ratio of these slopes agrees well with that
their thicknesses.~2! The presence of the signals at the neg
tive time delays and peak time shift is limited only to th
so-called real regime in which the linear absorption is me
ingful, in spite of the broad range of detection energies.~3!
After t approaches the limit of pulse duration tim
(;74 fs for 14.5mm and;45 fs for 4.5mm), it stays con-
stant near220 fs even with increasing detection energ
which is slightly shorter than the incident pulse width. A
the above-mentioned phenomena can be adequately un
stood if we assume that the above-the-exciton FWM signa
coming from the third order frequency mixing (2v2

is

-

.

FIG. 6. Times at which the first SR-TI-FWM peak appear f
4.5 mm ~top, solid square! and 14.5mm ~bottom, open circle! over
broad detection energy. Solid lines are the linear fit of data in
region that shows the linear shift at each thickness.
6-4
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FEMTOSECOND FREQUENCY MIXING IN THICK BULK GaAs PHYSICAL REVIEW B63 085206
2v1;v2.v1) mostly at the back side of the sample. The tw
frequency componentsv2 andv1 can be any two frequenc
components of the broad femtosecond laser spectrum.
fact that it is indeed coming from the back side is suppor
by the fact that the above-the-exciton signals exist predo
nantly at the negative time delay, which indicates that
mixing was done after propagating to some extent thro
the sample, undergoing positive chirping. As a contraposi
example, if the above-the-exciton FWM signals had be
made near the incident surface, they should have been
sorbed during propagation.

The positive chirping has indeed been observed in Fig
Figure 7 ~a! shows the results of spectrum-resolved seco
harmonic generation correlation~SR-SHG!15 between inci-
dent pulse and transmitted pulse measured at sample t
ness 14.5mm. In this measurement, the SHG output is sp
trally resolved by a monochromator, and the time-avera
intensity of this spectrum-resolved second harmonic ligh
measured as a function of both the frequency in the sec
harmonic region and the delay time between the two in
pulses. In Fig. 7~a!, we see that each below-the-band-ed
frequency travels at a slightly different speed and the S
SHG are temporally broader than the input pulse w
FWHM of 30 fs. The traces near the exciton were especi
broad. The delayed peak time shows a monotonic linea
which indicates the pump-induced nonlinear dispersion

FIG. 7. ~a! SR-SHG intensity at 14.5mm for each fixed energy
that is denoted in the figure.~b! Peak times of the SR-SHG signa
as a function of half the detection energy~solid square! and the
linear fitting curve~dotted line!.
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be neglected for our intensity and thickness. Lower frequ
cies travel ahead of higher frequencies, indicating a posi
chirping. The group-delay dispersion~GDD! as shown in
Fig. 7~a! is fitted well with the slope dt(E)/dE
50.97 fs/meV as in Fig. 7~b!, wheret(E) is the time where
the SR-SHG signal with energy 2E peaks.

If the two off-resonant spectral components of pro
pulse (E25\v2) and pump pulse (E15\v1) with E2.E1
undergo the GDD during propagation due to the posit
chirping, the time delay has to be negative for the two co
ponents to temporally meet and mix near the exit end of
sample. Therefore, the higher the detection energy (52E2
2E1) is, the larger the difference between mixing energ
should be, and, the larger the negative time delay at whic
peaks. This is consistent with our observation, shown
Figs. 5 and 6. In principle, one should consider the freque
mixing in every depth of the sample, and therefore, inclu
the different absorption and dispersion before and after
frequency mixing, which will show various contributions i
time and spectral domain. However, if the sample thickn
is much larger than the penetration depth, the frequency m
ing signals made other than at the exit end can be negle
in the absorbable spectral range. On the other hand, when
energy of the frequency mixing signal is below the abso
tion edge, the signal is not necessarily made only at the
end, but it is possible for it to be produced anywhere b
tween the incident surface and the exit-end of the sam
Below-the-band edge signals also can be made between
ous spectral components of the excitation laser. Never
less, the energies of the mixing components should be
same for the temporal overlap between the two pulses to
preserved all though the propagation, i.e., for the two pul
not to be dispersed. Therefore, the frequency mixing sign

FIG. 8. Estimated mixing componentsE2 ~open circle! andE1

~solid diamond! for the results along the dotted arrow in Fig. 5~a!,
induced from group-delay dispersion and the detected ene
EFM (t) ~open square!. The solid line is the laser spectrum.
6-5
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far below the exciton energy are at the peak of their inten
ties near the zero time delay, without showing any nota
temporal shift with the detection energy change. In additi
the large sample thickness produces more signal becau
larger interaction volume, while it prohibits an otherwi
more efficient frequency mixing involving on-resonant spe
trum. At present, we do not understand why for largerDD ,
the peak time delay stays the same~at 4.5mm! or even gets
smaller~at 14.5mm).

In our model, for a given above-the-exciton detection e
ergy, we can easily find the two main frequency compone
E2 (5\v2 for probe! and E1 (5\v1 for pump! that mix.
Since the resulting frequency mixing energyEFM satisfies
the relation:

EFM~t!2E2~ t2!5E2~ t2!2E1~ t1!

5E
t1

t2
~dE/dt !dt'~ t22t1!/0.97 meV/fs,

~3.4!

we can calculateE2 andE1 for a givenEFM when (t22t1) is
determined, wheret2(t1) is the time that the spectral com
ponent with energyE2(E1) spends during propagatio
through the sample before it is mixed withE1(E2). Note that
the value 0.97 meV/fs was obtained for the sample thickn
14.5mm from Fig. 7. The temporal difference2(t22t1)
corresponds to the suitable time delay for the two freque
components to meet at the back side of the sample an
approximately the same witht in the context of frequency
mixing. dE/dt was assumed to be a constant obtain
through SR-SHG measurement. In Fig. 8, we estimate
08520
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mixing components along the dotted arrow of Fig. 5~a! by
using Eq.~3.4!. As shown in Fig. 8, even with these drast
approximations, bothE1 ~open circle! and E2 ~solid dia-
mond! fall approximately in the lower energy side of th
incident laser spectrum~solid line!, which largely survives
the propagation through the sample. This further supp
our interpretation that the above-the-gap signal origina
from the combined effect of linear group velocity dispersi
and third-order frequency mixing.

IV. CONCLUSION

In conclusion, we performed degenerate FWM measu
ments on a wedgelike GaAs bulk sample whose thickn
varies continuously across the sample. Over the thickn
range, we observed the clear spectral trace associated
the resonantly excited exciton signals and the nonresona
created signals in the virtual states. In addition, an above-
band-gap signal that survives seemingly the enorm
sample thickness is found and is explained by the freque
mixing near the exit end of the thick sample, combined w
the linear chirping. It is common sense that above-the-b
gap signals cannot survive propagation through optica
very thick samples. Our experiments show a nature’s in
nious way of overriding this restriction.
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