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Femtosecond frequency mixing in thick bulk GaAs
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Femtosecond degenerate four-wave mix{Ry§vVM) experiments have been performed on bulk GaAs as a
continuous function of the sample thickneShe FWM signals exhibit the transition from a real, excitonic
regime to the virtual regime as the thickness increases from 3 tom.5The 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(2v,
>w,) between positively chirped spectral components.
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. INTRODUCTION sitions in a thick sampl&’ and it can further originate from
the free polarization decay of the off-resonant laser fields,
Transient nonlinear interaction of femtosecond lightespecially in samples with large inhomogeneous
pulses with semiconductors and semiconductor quantur’ﬁl’oadel’]il’lgl.3 It has been reported that the below-the-exciton
structures has generated much interest during the past déignals therein are present only when the two exciting pulses
cade. Femtosecond four-wave-mixit§WM) experiments Overlap, contrary to the resonant exciton component that sur-
have been intensively performed in various semiconductoyives for relatively longer time delays characterized by a
structures to investigate the ultrafast nonlinear dynamics offephasing time. However, there appears to be no detailed
coherent carrierS.Much research interest in those FwM study that deals with the relative modality of the below-the-
studies has been focused on the excitonic properties in rel&xciton and exciton signals as a continuous function of thick-
tively thin samples with the thickness of the order of theness. Furthermore, we note that those pulse form limited
penetration depth or less. On the other hand, some interestiﬁ%ﬂna'S in the previous studies are spectrally restricted below
results were obtained in moderately thick samples, includinghe exciton, regardless of its generative origin.
pulse propagatiof, distortion® and propagating polariton I this paper, we have performed degenerate femtosecond
effects? which are also dominated by exciton states. RegardEWM experiments on a wedge-like piece of GaAs, whose
ing the excitation energy, most studies focused on the excthickness varies between 3—17n. The femtosecond laser
tonic resonance or free carriers, while the optical Starkpectrum is rather broad, encompassing exciton and free car-
effecf® and the two-photon absorptibif utilizes intense in-  rier, and extending well below the band gap. By continu-
cident light tuned to the transparent region. ously varing the sample thickness, we probe the transition
For the case of excitation below the band edge, the inciffom the real to a virtual regime. It is found that on the
dent light is not absorbed, thus, real carrier creation is nothinner side of the sample, an excitonic signal from reso-
expected. In the two-level model approach, the carriers imantly excited real states dominates FWM. As the sample
this virtual excitation regime makes a transition from the becomes thicker, a below-the-exciton signal begins to domi-
ground state to the excited state, but can remain there for @ate. In addition, an intriguing mechanism of the FWM sig-
time equal to the inverse of the detuning, consistent with théal generation is found: even at the thickest end of the
uncertainty principle. When the detuning is greater than it$ample, an above-the-band-gap signal is observed. We show
inhomogeneous linewidth, the creation and decay of the cathat this interesting signal originates from the frequency mix-
riers induced by virtual transitions are determined entirely bying of the below-the-exciton frequency components.
the instantaneous eléciting pulse in keeping with the adiabatic
following property” . . IIl. EXPERIMENTAL DETAILS
Recently, strong FWM signals resulting from the below-
the-exciton excitation were found in bulk semiconductors As shown in Fig. 1a), we have performed time-integrated
with a thickness larger than 350m.1° In addition, femto-  (T1)-FWM and spectrum-resolvedSR-FWM at various
second frequency mixing in GaAs multiple quantum wellssample thicknesses. The bulk GaAs sample used here was
was demonstrated in femtosecond nondegenerate FWM ukpped and polished to have the wedgelike shape with a lin-
ing two synchronized, independently tunable laséfBhese  ear thickness variation ranging from 3 to 1% along the
previous results clearly show that the FWM signal with anwedge, and the temperature was kept at 12 K. The sample
off-resonant spectral component can be caused by the freéhickness at each excited spot was measured by Fabry-Perot
quency mixing® or the instantaneously created virtual tran- oscillations in the transmission spectrtfnand the delayed
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QTI—FWM the band edge by 28 meV as can be seen in Ria. The

ko pump and probe pulses, with momentukqsandk, respec-
A i { Monochromator |—m tively, have collinear polarizations with an external crossing
ﬁ : SR-FWM angle of 5 °. Considering the pulse width of about 30 fs, the
k2 SHG Cross—correlation repetition rate of 76 MHz, and the focused spot size of about
Sample = 100 um, the pump intensity is estimated to be about
Monochromator 200 MW/cn? per pulse; probe intensity was kept a third of

T ! that of the pump.
[
SR-SHG Ill. EXPERIMENTAL RESULTS AND DISCUSSIONS
FIG. 1. Schematic of the experimental setdp.k,, k,, TI- A. SR-FWM as a function of sample thickness

FWM, SR-FWM, SHG, and SR-SHG stand for the temporal sepa- )
ration between the pump and probe pulses, the pump direction, the Though the off-resonant and on-resonant FWM signals

probe direction, time-integrated four-wave mixit§WM), spec- show different temporal behaviors, we have both signals dur-

trum resolved FWM, second-harmonic generation, and the spedng the overlap of the excitation laser pulses. At this zero

trum resolved SR) SHG, respectively. delay time, therefore, we can estimate the thickness depen-
dence of the off-resonant and on-resonant FWM signals. If

time of a tiny secondary peak in the cross correlatioe). we exclude absorption and assume that the area of spatial

CC was measured between incident and transmitted puls@gd temporal overlap between two pulses does not change

using a 200um-thick, phase matche@-BaB,0, crystal. To significantly through the thickness variation, the signal inten-

investigate the frequency chirping caused by the linear op/ies are e_xpected to Increase quadratically W'th Sa”?p'e
hickness since the amplitude of the macroscopic polariza-

nonlinear dispersion during the propagation through the thickhCKNe: : . .

sample, the CC was spectrally divided by a monochromato onis Imearly propomonal to the Interaction volume. Hen_ce,
in a spectrum-resolved second harmonic generat®R- R-FWM signals mduped by virtual transitions as a function
SHG) measurement at 14,6m. For a reference, a FWM of thickness can be given by

signal in the reflection geometry was probed as well. The | ual(ESD el (3.1)
excitation source used was a self-mode-locked Ti:sapphire virtualt = ' '

laser with a spectral full width at half maxim&@WHM) of  whereE is an energy below the band gap where little or no

about 65 meV. The peak energy of the laser was tuned beloabsorption occurs. Now, for the above-the-band-gap real ex-
citations, including only absorption and neglecting other
complicating effects caused by relatively high laser intensity

—_ > N A ) d
£ '2 g with wide spectrum and long propagation distantiee SR-
2 (a)l ' ( ' ' %- FWM intensity from the on-resonant excitation can be sim-
g 5 PRI 08 3 plified as

e ol =3
g - 0.4 (% | 2
Q - —_ — —
& % lreaI(EyI)x|E2k2—kl|2Oc ,fo(EOe azIZ)Sdze a(l-2)/zz
Tt 1 1 1 0.0 —
2 146 148 150 3

Energy (eV) N 2

_a—al
— ’ E03e— a|/2( 1-e )

(¢4

i (b) detection energy at 1.485 eV

.F ® Experiment n-= _a—al\2
2" F-- fittirr:g with /2 ’-..'-.‘ zloe“(E)'(i : (3.2
Ml o “
Ew‘ - ——————ry wherea(E), Eq, and Eok,—k, are, respectively, the absorp-
z ! Thickness (m) 10 tion coefficient at energy, the amplitude of the incident
£ 10" electric field for the incident excitation intensity, and the
£ . | (¢) detection energy at 1.514 eV electric field of the transmitted FWM signal in the phase-
§‘° ] - matched direction R,—k;. As a function ofl, Eq. (3.2
& 0% - . increases at first and then decreases exponentially. We notice
g F [ that Eq.(3.2) converges to Eq.3.1) asa approaches to zero.
10 ——r—n 8 Figure 2a) shows the excitation laser spectruootted
! Thickness (um) 10 line) and absorption coefficietisolid ling). FWM signals, as
a function of thickness, are plotted at zero time delay in Fig.

FIG. 2. (a) Laser spectrunidotted ling and the absorption co- 2(b) for a below-the-band-gap detection enefgy1.485 eV
efficient (solid line). (b) SR-FWM signals measured at the exciton and Fig. Zc) for a detection energy at the exciton resonance
energy(at 1.514 eV and (c) at the laser center enerdpt 1.485  (at 1.514 eV. The detection energy was fixed using a mono-
eV), as a function of the sample thickness. The spectral positiogthromator and the thickness was continuously varied. At the

corresponding tgb) and(c) is denoted by vertical arrows if@). below-the-band-gap energy, thértual FWM signal in-
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creases nearly quadratically with the sample thickness, as T T
Exciton|energy

shown in Fig. 2b). This is in good agreement with E.1).

Near the excitonic peak, as shown in Figc)2 the signal at ,_,_//\\\

first increases and then decreases, in good qualitative agree- I : o~ 17.5 ym
ment with Eq.(3.2), although it is clear that such simple .o

estimations are too crude to accurately explain the signal — . 14.5 um
traces.

As the off-resonantly excited signals are in the adiabatic
foIIowin? limit, the noninteracting two-level model can be
suitable’? In the non-interacting two-level model approach,
the SR-FWM signal shows the Lorentzian line shape:
1[(I'/2)?+ A?], whereA is the detuning from exciton en-

ergy andI" is the exciton linewidth(FWHM) including a _,_._.-ﬂﬂ—«—v"/\\._._._, 6.5 um

power-broadened factor. To estimate the SR-FWM as a func- v____J\

tion of thickness over all the spectral range, we summed the i 4.5 pm
real and the virtual part assuming that they are both in the Wﬂ/\\\
shape of the Lorentzian. Because the quantitative calculation 01° 3 pm
of the real and virtual transition strengths is extremely diffi- | Jwﬂection
cult in this thick sample, the experimental values of 1.46 1.48 150 1.52 154
lreal(Ex,!) (measured a_t 1-514 .e\andluirtual(_EL 1) (mea- Energy (eV)

sured at 1.485 e\ as given in Fig. &) and Fig. Zc), were

incorporated into the fitting form, representing the real and FIG. 3. The measured SR-FWM signglsolid lineg at zero
virtual part of the signal, respectively. Therefore, the simpli-time delay, at various sample thicknesses from 3 to kg The

fied phenomenologicafitting form of the signal intensity Lorentzian-shape fitting curves using the measured real and virtual

from the two competing contributions of the on-resonant angignals in Fig. 2) and Zc) for each thickness are shown with
off-resonant components at various thickness is dotted lines. The bottom trace corresponds to the reflective SR-

FWM signal.
HE,D=1real(E\D) +1irtual (E)
ment, revealing the obvious spectrum shift from an exciton-
lreal(E,1 } dominant real regime to a virtual regime whose energy is
lreal(Ex,l) below the band edge, as the thickness increases from 3 to
17.5 um. While the excitonic signal decreases exponentially
+|virtuaI(EL!|){ Lirtual (E,1) } with increasing sample thickness, the virtual signal keeps

— . 8#m

SR-FWM Intensity (arb. units)

=lreal(Ex,l)

lyirtwat (EL 1) increasing with the sample thickness. As a result, at about

T/2)2 10 um of sample thickness, the signal at the excitonic en-

~!real(Ey, )(—e[a(Ex)fa(E)]w ergy or above is nearly all gone. Note that the oscillatory

[(T'/2)%+ A?] behavior observed at 13m is caused by the Fabry-Perot

resonance?
" (E |)[(F/2)2+(EL_EX)2]
virwalh =L [(T'/2)%+ A?] B. Frequency mixing

lo(E)e «® 13 Any excitonic FWM signal created at the input end of the

I(—E)} , (3.3  sample would have been long vanished due to the absorption
o\=L

during propagating through the sample that is much larger
wherel ¢4 (E,I) andl ;wa(E,l) represent the FWM signal than the penetration depth, and likewise, the incident spectral
induced by on-resonant and off-resonant transitions, respecomponent whose energy is larger than the exciton. In Fig. 4,
tively. E, corresponds to the center energy of the incidenta logarithmic plot of both the transmitted laser intensitp)
laser spectrumly(E). The off-resonant FWM signal is and SR-FWM signal at the zero time deléyottom, dotted
assumed to be cubically proportional to the transmittedine) actually shows thexcitonic dipfor the sample thick-
laser spectrum at the sample thicknéss I ya(E,l) ness of 14.5um. This clearly shows why the signal at or
«[1o(E)-e~“B)113 in the last term, because it is affected by above the excitonic resonance disappears for thick samples:
the laser intensity over all the broad spectral range, in conit is due to simple absorption of both the signal and the laser.
trast to the on-resonant signal whose energy mostly correFo our surprise, however, we found that as the delay time
sponds to the lowest exciton resonance. becomes negativébottom, solid ling, above-the-exciton
Figure 3 shows SR-FWM at zero time delay for variousFWM signals become stronger, by more than two orders of
sample thicknesses. Solid lines and dotted lines correspondagnitudes. This is unexpected, for the penetration depth
to the experimental data and the fitting based on B®), near the band edge of GaAs is only abouyifn, so that any
respectivelyl’ of 8.4 meV was measured in reflective FWM excitonic and above-the-band-gap signal is expected to be
for our excitation condition to be used for the fitting. Each completely attenuated at this thickness. Note, on the other
trace is normalized to have the same maximum value. Thland, that the below-the-band-gap signals are smaller at this
fitting curves and the experimental data are in good agredime delay compared with those at zero delay.
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FIG. 4. Transmitted lasg(top, solid lineand SR-FWM at O fs [
(bottom, dotted lineand —50 fs (bottom, solid ling. The vertical .50 I O
line denotes the excitonic peak and the sample thickness is '4'0' ) '2'0' n 6 C '2'0' ) '4'0'
14.5 um. ) )
A (meV)

To comprehend the generation mechanism of the absorb- 15 ¢ Times at which the first SR-TI-FWM peak appear for

at_)le signal seemingly transmitted through the enormousg g um (top, solid squareand 14.5um (bottom, open circleover
thickness, we have measured thgectrally resolvedSR)-  proad detection energy. Solid lines are the linear fit of data in the
TI-FWM as shown in Fig. 5. Figure 5 shows temporal shapesegion that shows the linear shift at each thickness.

of SR-TI-FWM signals transmitted through relatively thick

[14.5um; (a)] or thin[4.5 um; (b)] sample positions. The . ha. i . .

detection energieEp(=E,+ Ap) in meV scale were fixed tEe Ihlgher Lhe energy Of. thedakl)ove tTe bandhgar;]) shl_gnals IS,

at the values denoted in the figure window for each TI-FWMt e larger the negative time delay value at which this com-
onent peaks igsee the dotted arrowNote that the shift

measurement. All signals are normalized to have the samg T L . .
: . toward the negative time delay with increasing detection en-
maximum value. For the energy far below the exciton, the

. ergy is more drastic for the thickness of 14/ than for
signal peaks more or less at the zero delay. On the contra%5 um. This suggests that there might be a role played by

the group velocity dispersion; the FWM signals are made

(@) 14.5 ym (b) 4.5 pm after the excitation laser propagate through the sample to a
L 3 certain degree.
] 5 A,=7 meV : To see the temporal shift of signals with detection energy
% | . Ay=5meV more clearly, we have plotted the peak-tima&s a function
g /\Jﬂ/\/\ of detection energWp in Fig. 6 over a broad range of de-
-g MM\ tection energy. In Fig. 6, the slopgr/dAp was linearly
< | _/NM\ fitted with a constant—4.1 fs/meV for 14.5um and
% MM\ —1.3 fs/meV for 4.5um in the near-exciton region. We
= Nﬂ/\ note that(1) the ratio of these slopes agrees well with that of
P~ _N‘ﬂ/\ their thicknesse<2) The presence of the signals at the nega-
i MW\ tive time delays and peak time shift is limited only to the
N1M\ so-called real regime in which the linear absorption is mean-
MZM ingful, in spite of the broad range of detection energi8s.
_1'50 T o 0 ] o After 7 approaches the limit of pulse duration time

(~74 fs for 14.5um and~45 fs for 4.5um), it stays con-
stant near—20 fs even with increasing detection energy,

FIG. 5. Spectrum resolvetBR-TI-FWM at various detection Which is slightly shorter than the incident pulse width. All
energiesAp, is the energy above exciton in meV scale. The thick- the above-mentioned phenomena can be adequately under-
ness is 14.5um for (&) and 4.5um for (b). The dotted arrows are stood if we assume that the above-the-exciton FWM signal is
along the time delays at which FWM signals peak for the first time.coming from the third order frequency mixing &3

Time Delay (fs)
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(a) Thickness= 14.5 um Laser Spectrum (arb. units)
- 00 05 1.0 15 20 25
2x1.512 eV 1.54 . r : T : T : r . T
@ <+ 2x1.501 eV ]
5 2x1.490 eV
§, 4
2 ]2x1.480eV
‘'z J
5 2x1.470 eV
- X1. e
E 1 E.
% 1 2x1.459 ev
7
& 1oxtadgev 1
1 2x1.439 ev 1
r T r T r
-200 -100 0 100 40
1 * y T . T ¥ T ¥ T ¥ T o T T T v
Time Delay (£s) € & 4 @® 2 40 0 1 2
~ ., -
& 20T (b - SRTIHFWM Peak Tine (fs)
o O} LT
E 20k - s%aa” FIG. 8. Estimated mixing componenEs (open circlg¢ andE;
» L .'I-" . (solid diamond for the results along the dotted arrow in Figah
% -40 i .a' induced from group-delay dispersion and the detected energy
A -60 '." —— 7 Ernv (7) (open square The solid line is the laser spectrum.
142 144 146 148 150 152 _ _ )
Detection Energy/2 (eV) be neglected for our intensity and thickness. Lower frequen-

cies travel ahead of higher frequencies, indicating a positive
FIG. 7. (@ SR-SHG intensity at 14.wm for each fixed energy chirping. The group-delay dispersidisDD) as shown in
that is denoted in the figuréb) Peak times of the SR-SHG signals Fig. 7(a) is fitted well with the slope dt(E)/dE
as a function of half the detection energsolid squarg and the  =0.97 fs/meV as in Fig. (), wheret(E) is the time where
linear fitting curve(dotted ling. the SR-SHG signal with energy22peaks.
If the two off-resonant spectral components of probe
—wy;w>wq) Mostly at the back side of the sample. The twopulse €,=%w,) and pump pulseE,;=%w,) with E;>E;
frequency componenis, andw; can be any two frequency undergo the GDD during propagation due to the positive
components of the broad femtosecond laser spectrum. Thghirping, the time delay has to be negative for the two com-
fact that it is indeed coming from the back side is supportechonents to temporally meet and mix near the exit end of the
by the fact that the above-the-exciton signals exist predomisample. Therefore, the higher the detection energRk,
nantly at the negative time delay, which indicates that the-E,) is, the larger the difference between mixing energies
mixing was done after propagating to some extent througlshould be, and, the larger the negative time delay at which it
the sample, undergoing positive chirping. As a contrapositivgyeaks. This is consistent with our observation, shown in
example, if the above-the-exciton FWM signals had beerFigs. 5 and 6. In principle, one should consider the frequency
made near the incident surface, they should have been amixing in every depth of the sample, and therefore, include
sorbed during propagation. the different absorption and dispersion before and after the
The positive chirping has indeed been observed in Fig. 7requency mixing, which will show various contributions in

Figure 7(a) shows the results of spectrum-resolved secondime and spectral domain. However, if the sample thickness
harmonic generation correlatioff8R-SHG" between inci-  is much larger than the penetration depth, the frequency mix-
dent pulse and transmitted pulse measured at sample thiclag signals made other than at the exit end can be neglected
ness 14.5um. In this measurement, the SHG output is specin the absorbable spectral range. On the other hand, when the
trally resolved by a monochromator, and the time-averageénergy of the frequency mixing signal is below the absorp-
intensity of this spectrum-resolved second harmonic light igion edge, the signal is not necessarily made only at the exit
measured as a function of both the frequency in the seconend, but it is possible for it to be produced anywhere be-
harmonic region and the delay time between the two inputween the incident surface and the exit-end of the sample.
pulses. In Fig. 7a), we see that each below-the-band-edgeBelow-the-band edge signals also can be made between vari-
frequency travels at a slightly different speed and the SReus spectral components of the excitation laser. Neverthe-
SHG are temporally broader than the input pulse withless, the energies of the mixing components should be the
FWHM of 30 fs. The traces near the exciton were especiallsame for the temporal overlap between the two pulses to be
broad. The delayed peak time shows a monotonic linearitypreserved all though the propagation, i.e., for the two pulses
which indicates the pump-induced nonlinear dispersion camot to be dispersed. Therefore, the frequency mixing signals
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far below the exciton energy are at the peak of their intensimixing components along the dotted arrow of Fig@p by

ties near the zero time delay, without showing any notablaising Eq.(3.4). As shown in Fig. 8, even with these drastic
temporal shift with the detection energy change. In additionapproximations, bottE; (open circle¢ and E, (solid dia-

the large sample thickness produces more signal because mibnd fall approximately in the lower energy side of the
larger interaction volume, while it prohibits an otherwise incident laser spectrurfsolid line), which largely survives
more efficient frequency mixing involving on-resonant spec-the propagation through the sample. This further supports

trum. At present, we do not understand why for largey,
the peak time delay stays the safaé4.5um) or even gets
smaller(at 14.5um).

our interpretation that the above-the-gap signal originates
from the combined effect of linear group velocity dispersion
and third-order frequency mixing.

In our model, for a given above-the-exciton detection en-
ergy, we can easily find the two main frequency components
E, (=hw, for probe andE; (=% w,; for pump that mix.
Since the resulting frequency mixing enerBy,, satisfies
the relation:

Eem(7) —Ea(tp) =Ex(t2) —Es(ty)

IV. CONCLUSION

In conclusion, we performed degenerate FWM measure-
ments on a wedgelike GaAs bulk sample whose thickness
varies continuously across the sample. Over the thickness
range, we observed the clear spectral trace associated with
the resonantly excited exciton signals and the nonresonantly
created signals in the virtual states. In addition, an above-the-
band-gap signal that survives seemingly the enormous
sample thickness is found and is explained by the frequency
mixing near the exit end of the thick sample, combined with
the linear chirping. It is common sense that above-the-band
gap signals cannot survive propagation through optically
ponent with energyE,(E;) spends during propagation very thick samples. Our experiments show a nature’s inge-

through the sample before it is mixed wij(E;). Note that  nious way of overriding this restriction.
the value 0.97 meV/fs was obtained for the sample thickness

14.5um from Fig. 7. The temporal difference (t,—t;)
corresponds to the suitable time delay for the two frequency
components to meet at the back side of the sample and is This work was supported by MOSTthe National Re-
approximately the same with in the context of frequency search Laboratory Program and the Nanostructure Technol-
mixing. SE/St was assumed to be a constant obtainedbgy Project and KOSEHRthe Center for Strongly Correlated
through SR-SHG measurement. In Fig. 8, we estimate th#laterials Research, and Grant No. 97-0702-03-01-3

t
- J *(SE/8t)dt~(t,—1,)/0.97 meVifs,
ty

(3.9

we can calculat&, andE, for a givenEgy, when ¢,—t,) is
determined, wheré,(t,) is the time that the spectral com-
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