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Optical coherent control in semiconductors: Fringe contrast and inhomogeneous broadening
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Optical coherent control experiments in semiconductors reveal how inhomogeneous broadening must be
taken into account in contrast to previous coherent control experiments in atomic and molecular systems. With
spectral resolution of the coherent control signal, the optical phases involved in the interplay between the
homogeneous and inhomogeneous broadenings are measured. Based on these experiments, a coherent control
model describing the optical fringe contrast using different detection schemes, such as photoluminescence or
four-wave mixing, is established. Significant spectral modulation is observed in the four-wave mixing spectra
as a function of phase-delay representing coherent control in the spectral domain. The spectral phase change of
this modulation provides a spectroscopic tool to analyze contributions of inhomogeneous broadening to elec-
tronic resonances in semiconductor structures.
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[. INTRODUCTION sion, that the measured dependence does not contain infor-
mation about whether the investigated transition is homoge-
The developments with coherent control techniques in opheously or inhomogeneously broadened. Moreover, in a
tical spectroscopy have recently demonstrated populationumber of recent papers by Gaebal,? the experimentally
control and coherence manipulations when the induced optimeasured coherent conti@C) signals have been compared
cal phase is explored with phase-locked laser pulses. Fasakith three-level optical Bloch calculations, taking into con-
nating demonstrations were obtained with atoms and molsideration the inhomogeneous broadening of excited levels
ecules such as localization of electronic wave packets invhile no dephasing was included. On the basis of such a
atomic sodiurh and control of molecular chemical comparison, these authors come to the conclusion that the
reactions>® More recently, the full characterization of the CC decay is inversely proportional to the inhomogeneous
amplitude and phase of an electronic Rydberg wave packdiroadening. These obvious contradictions in the interpreta-
in Cs (Ref. 4 was obtained using quantum state holographytion of similar CC results can be resolved by detecting
with tailored laser pulsesThese developments have beenphase-dependent spectrally resolved four-wave mixing
guiding the new research field of quantum control and alsgFWM) that demonstrates how inhomogeneous broadening
the recent applications of coherent control techniques tgontributes to thephase dynamics
semiconductors and nanostructures. In this paper, we have developed an improved basis for
Population and orientation control of excitons in GaAsoptical coherent control in semiconductors, taking both ho-
guantum wells and quantum dots, as well as control oimogeneous and inhomogeneous broadening into account.
electron-phonon scattering is GaAs, have provided advanc&/e demonstrate the important influence from even small in-
ments in ultrafast spectroscopy of semiconducto?dn ex- homogeneous broadenings, comparable to the homogeneous
periments recording the secondary emission, after resonabtoadening, in spectrally resolved or spectrally integrated re-
excitation with phase-locked pulses, with a spectral filteringcordings of the coherent emission in coherent control experi-
techniqué® or time-resolve@™! using up-conversion, the co- ments. Our model for the optical fringe contrast, developed
herent emission due to resonant Rayleigh scattering with open the basis of these experiments, succesfully describes, in a
tical fringes could be distinguished from incoherent photolu-simple way, the spectrally resolved detection of the coherent
minescence without fringes. In the interpretation of theseemission, as well as the detection of time-integrated photo-
experiments in Gurioliet al!® and Marieet al,” and other  luminescence used in most experiments. We make appropri-
experiments based on differential reflection measurementste calculations to deduce information about the dependence
by Heberleet al.® the exponential decay of the fringe con- of spectral FWM oscillations on the amplitude ratio of the
trast has been assigned to the homogeneous polarization dero phase-locked pulses, including homogeneous and inho-
cay with decay timeT, in an analogy with the concepts mogeneous broadening of the excited states. We show that
developed in atomic and molecular spectroscopy. This, howthe significant interference effects in the FWM spectra have
ever, neglects the inhomogeneous broadening in semicomr: simple dependence on the homogeneous broadening, as
ductor samples due to stochastic alloy and size fluctuationsvell as on the inhomogeneous broadening. Experimental ex-
On the other hand, Woerner and Shahnd Garroet al}>  amples from a narrow GaAs quantum well sample is given,
state that, in general, it is not possible to interpret the decaglemonstrating how the extracted phase information relates to
of the coherent control in terms af,. Woerner and Shah the nature of the electronic resonances. This spectroscopy
have experimentally observed an almost exponential decagchnique in semiconductor optics, using the phase informa-
of the fringe contrast versus delay between two pulses antion in coherently excited ensembles, is very important for
ascribed this to the Fourier transform of the “real” exciton extracting information on electronic dynamics in nanostruc-
absorption line. In virtue of this, they come to the conclu-tures and for coherent manipulations of populations, such as
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tical signals time-integrated with an optical multichannel
analyzer(OMA) after a spectrometgwith spectral resolu-
tion 0.1 meV), as a function of.. and 7¢,,,, revealing the
spectral information necessary for the interpretation of the
CC in the inhomogeneous ensembles. Most of the experi-
mental measurements have been performed on a well-
characterized narrow 28 A GaAs single quantum well

(SQW), surrounded by 250 A AlGa, -As barriers, grown

by molecular-beam epitaxy with growth interruptions on the
barrier-well interfaces. This leads to formation of large
monolayer-plane islands with 11-monolayergML)
thickness:® The PL spectrum of this sample B& 12 K con-
sists of two peaks with

an inhomogeneous linewidth-2.5 meV and separation
~13 meV, corresponding to the emissions from 10-ML and
11-ML regions, see Fig.(Ib). The resonant excitation on the
high-energy side of the 10-ML resonance, see Fib),lal-
lows for the simultaneous detection of the coherent and in-
coherent signals in the CC experiments. We note that the
results reported here do not depend critically on the particu-
lar SQW and similar results are obtained from other multiple
QW and superlattice samples with different ratios between

. ) . . the homogeneous and inhomogeneous broadenings.
FIG. 1. (@) Experimental setup with Michelson interferometer

for phase-locked pulse pair with time-delay.. The four-wave
mixing, generated by a time-delayed; () third pulse, is spec-
trally resolved and detected with an optical multichannel analyzer Our main experimental results are shown in Fige,d
(OMA). (b) Luminescencésquaresand reflectior(circles spectra ~ With the spectrally resolved FWM signal fat,,,=0.5 ps,
of the GaAs SQW revealing two regions with a thickness of 11 andecorded aroundr..=0 ps, andr..=—3 ps for 8 optical
10 monolayers. The pump laser spectrum is shown dagkall. periods in the MI. In the direction of observation for the
FWM spectra at 12 K with photoluminescendex(<1.686 eV) for ~ FWM signal, we simultaneously record PL from the sample
different phase delay round,;=0 ps andr,.=—3 ps with 7t,,,  on the low-energy side of the resonand®low 1.686 eV
=0.5 ps. outside of the laser excitation bandwiglthThe strong
fringes, corresponding to the optical period, of these optical
signals are caused by the interference between the two po-
those demonstrated previously in single quantum dofarizations excited by phase-locked CC laser pulses. For the
spectroscop§. FWM signal, the resulting polarizatioR,,.;, after the two
CC pulses, is probed by the delayed laser pulse resulting in
the observed time-integrated signal proportionaP{g;. In
this way, the FWM configuration is used to record a colli-
Our coherent contrdICC) experiments are performed in a mated signal proportional t,,¢; but is otherwise not impor-
configuration where the photoluminesceriB&) and the co-  tant for the conclusions of this paper. In fact, our results are
herent emission in four-wave mixing=WM) are recorded comparable to other results obtained by recording resonant
after resonant excitation with phase-locked laser pulses witRayleigh scattering proportional #@,¢;. For the photolumi-
wave vectork;. For the latter, a second beam with wave nescence signal, we observe fringes caused by the population
vectork; is incident on the sample resulting in the coherentmodulation proportional tdP,.{? following energy relax-
scattering of the emission in the directiok,2k;. The ex-  ation to the emitting states on the low-energy side. The strik-
perimental setup is illustrated in Fig(al. Pulses from a ing time-delay dependence of the coherent control signals is
150 fs 80 MHz Ti:Sapphire laser are split by a 30% mirrorevident from Figs. (c,d). For 7..=0 ps in Fig. 1c) we find
into the “pump” and “probe” beams, the latter traveling no spectralvariation of the PL and FWM signals, whereas
through a delay line acquiring a time delay,,, in the for r..=—3 ps in Fig. 1d) the fringes in the FWM acquires
FWM, and focused on the sample surface by a len$he  a phase, dependent on the detected photon erfesgyand
pump and probe beams have comparable intensities in thée PL signal appears to be proportional to the spectrally
range of 0.1-1 mW with a spot diameterL00 um giving  integrated Ppo= Ppe @, 7co) i.€., without any spectral
exciton densities of- 10° cm™ 2 for each pulse. All measure- variation. Indeed, in Fig. @ we show how this phase
ments were performed at two temperatures of 12 and 120 Kchange appears for the FWM signal and directly compare the
The collinearly polarized phase-locked laser pump pulsesspectrally integrated FWM signal with the PL signal demon-
with an intensity ratioa?, are generated in a Michelson in- strating the proportionality between the two. On a longer
terferometer(MI) with time delay ... In contrast to most time-delay scale in the CC experiment, we find much faster
other CC experiments in semiconductors, we detect the opecay times for fringe contragfC) of the PL and spectrally
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FIG. 2. (8 The FWM signal at photon energies 1.6877
(squarey 1.6882(filled triangles, and 1.686G0pen triangleseV,
the spectrally integrated..686—1.690 eYFWM signal (diamond,
and the PL signalcircles versusr... (b) Corresponding decay of
the fringe contrast withr... The fits are exponentidiashed with
decay time 6.5 psand Gaussiaridashed-dotted corresponding to
I'=2.5 meV).
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Plion(t, 7eo) #IN g €210 (1)

+ae Pl " ed@ (t—1e0)], 1)
where we have used the complex frequenQy,=wi,
—i7y12, the density of leveld, the optical matrix element
K21, and the Heaviside functio®(t) with t=0 as the ar-
rival time of the second CC pulse. From Hd) we define
the fringe contrast FC for coherent control experiments de-
tecting the time-integratedi.e., spectrally integratedSl))
reradiated emission from the polarizatithwith | max,min
=max,mirf [|P(t, 7o) [*dt] as

F(l)(T ): I max I min _ 2a67 721|TCC|
SI\‘cc I 1+a2

@

max+ I min

This shows thaF(Sll)(ch) decays withT, for increasing time
separation between the CC pulses. A quantitatively similar
expression is found when calculating the FC from the reso-

integrated FWM signals compared to the FC of the spectrally?@ntly excited carrier density using a Bloch “vector
resolved FWM signals, see Fig(l2. Only the decay times calculation” When the observed PL is proportional to the
for the fringe contrast in spectrally resolved FWM signals€*cited carrier density we can conclude that detecting the
corresponds to the pure FWM-determined polarization deca{coherent PL or the coherently reradiated emission in CC
times T, of the 10 ML resonance, which is shorter than the€XPeriments reveals the same result. o
previously determined polarization decay times of the 11 ML_ Following Erland et al,™ the third-order polarization

resonance in the same sampl&ve can therefore conclude

P (t, 7twm. Tco) €MIitting the FWM signal in the direction

for inhomogeneous ensembles that the FC for spectrally re2ka—Ky, using Eq.(1) as the starting point, is

solved CC FWM signals decays with ivhereas the FC for

spectrally-integrated CC signals such as PL or FWM decay
as a result of the interplay between inhomogeneous and ho-

mogeneous broadeninn the following, we develop simple

expressions for the FC describing how the inhomogeneous

and homogeneous broadening, the time-delgy, and the
detection configuratioPL and FWM determines the FC in
CC experiments.

IV. THEORY

)
i057cc

Pg%%(t’ Twms Tee) € N,LL%[@( Tiwm) +a€~
O(Ttwm— ch)]e_mm(t_ Tiwm)

X & 2217w (t— Tpyym)
fwm/»

()

where the “*”” denotes complex conjugation and the Heavi-
side functions® (t) account for the emission of the FWM
signal after the probe pulse. The dependence of the CC term

The theoretical basis for spectrally resolved FWM hasin the square bracket in EB) on 7 is similar to the first-

been presented in previous pap&r& In this paper, we dis-
cuss the extension of the theory to two levésound and

order polarization in Eq(1), proving the statement that the
FWM signal as function of the phase-delay, is propor-

excited stateswith optical transitions, characterized by the tional to the first-order polarization. The spectrally resolved

frequencyw;, and the dampingy;,=1/T,, and excited by
two phase-locked 6 pulses: E(t)~8(t)e '“L'+ads(t
—r.)e 'ett-ed with the laser frequency, andt=0 at

FWM is in this case:

the arrival time of the second pulse, i.e., the first pulse ar- Pior(®, Trwm  Teo) “N 34 O ( Trym)

rives at a delayt=7..<0, normally. Thea accounts for
differences in the field strength, and the delta functiéty

are used for convenience in the short-pulse limit compared

to To.

A. Homogeneous broadening

The first-order polarizatiorP%)m(t,rcc) induced by the

o e 517rwm
+ae M a%ce® (Trym— Teo) ] )
QZl_ w

4

showing that all the time-integrated spectral components
have the same dependence on the phase-dglayWe can

phase-locked pulses for homogeneously broaded two-levéherefore define the fringe contrast FC in FWM coherent

systems is

control experiments from Ed4) in the following way:
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|P(3)|2 _|P(3)|2‘ 12724 Y21
3 3 max min . a1
F(SF)ihom( Teo) = F(SI,)hom( Teo) = @2 B 2ae cc erf T +I7./2
| P |max+ | P |min I:(Sll)inh( Tee) =
' Y21
2ae” v2il el (1+ az)erf({ T)
=2 5

e 2y21 7cdl + a2 ’ zae—FZTCCZM
with the decay of th& () (7..) for increasing delayr, ac- ~ Tt )
cording to the definition given above.

From Egs.(2) and(5) it can be concluded that the coher-
ent control signals for homogeneously broadened systemahere the erfc denotes the complementary error function.
will decay with T, as a function of 7.,| under typical con- This shows that the decay of the fringe contrast in inhomo-
ditions witha~ 1 and|7..|>T,. Notice that a delayed maxi- geneously broadened systems, detecting the reradiated emis-
mum of theFﬁ,%)m at | 7ee mal=IN(@)/y,1 can be found when sion, is determined solely by the inhomogeneous broadening
a#1. The intuitive explanation of this is that thg{3), is ' for I'>7. Note furthermore that when expanding the
maximum when the remaining polarization amplitude due tc'fc forI'—0, the expression for the homogeneously broad-
the first CC pulse is equal to the polarization amplitude in-€ned case in Eq5) is recovered.Thus, in semiconductor
duced by the second CC pulse. This occurs for nonzgro ~ SYStems, with inhomogeneous brqadenlng, th(la1 (lzlzecay of the
when the intensity of the first pulse is largest, i@@<1. fringe contrast does not decay with the ime " Note
Notice also that Md¥non Tecma)|=1. The decay of the FC also thatF §}),,,(7cc) has a delayed maximum, depending on
with T, is the interpretation of CC experiments first devel- the ratio y»/I', that may explain the small phase delay of
oped in atomic and molecular spectroscopy. In the followingthe PL signal compared to the FWM signal in Figc)l
we will shown that this interpretation is not valid when in- A similar behavior is found for FWM-detected CC start-

homogeneous broadening plays a role as is often the case ?mg from the expression f_or the third-order polarization with
semiconductors. inhomogeneous broadening,

B. Inhomogeneous broadenin :
. J . g . Pi(r?%(t!Tmerch)MNMg][®(wam)+ae_(lﬂzﬁrz(t_znwm))%c
With inhomogeneous broadening, described by a Gauss-

ian distributionG(w,;) with central frequency»$; and with X & T?766"2Q) (7yyym— 7oo) J& Laalt™ Trwm)
a broadening parametér=T"gyyu/+8 IN(2) scaled to the e 5 5
full width at half maximumI' gy, the first order polariza- x €21 Ttwme ™ T (= 270w 12Q) (t— 741,
tion P (t, 7o) is )
Pi(%%(t,ch):f Plom(®210) G (w21 dwy where the last term is the third-order polarization with inho-
mogeneous broadening due to dqepulse att=0 followed
«Nu2 e Oate 2@ (1) by thek, pulse resulting in a photon echo. The CC term in
" , , the square bracket is the extra term caused by the phase-
+ae altede (- 7ed 2@ (t— 7], lockedk, pulse pair. We immediately note that the CC term

©) is now time dependent in contrast to the homogeneously

broadened case E@3), i.e., the different spectral compo-
i.e., the first-order polarization decays faster because of theents will behave differently in the CC FWM experiment.
destructive interferens within the inhomogeneously broadThis will be transparent in the following expressions for the
ened resonance. With E@6) we find the spectrally inte- fringe contrast. For the spectrally integrated case, calculated
grated fringe contrasﬁgl,?mh as like in the homogeneously broadened case, we find:

2a827217cceF27002/4erfC[YT21 —I'(7rym— TCC)/Z}

F&n(Tee, Trwm) = —F onl Tec Trwm) for [—0,  (9)

+ azerfc{y—ﬂ Ty Ted)

e“yzﬂccerfc( %21 —T Ttwm T

which is complicated by the three erfc expressions. However, as mentioned, the correct limit is folird@owhereas in the

other limit y,,/I'—0 the decay of thg(ss],)inh(ch) is determined byl" due to thee ™ *7ec/4 expression such as that in the first

order case Eq(7). This is used as the Gaussian fits in Figh)2Zdetermining the inhomogeneous broadenlihg=quation(9)

shows that the time-integrated CC FWM in general is a complicated interplay between the homogeneous broadening and the
inhomogeneous broadening. Note that for finitg#0, the F(S:‘,?mh is always less than 1 3,?mh< 1) for any a and the

155317-4



OPTICAL COHERENT CONTROL IN. .. PHYSICAL REVIEW B3 155317

so-called overshooting appearing F@?inhzl is not possible in inhomogeneous systéntisthe FWM signal is spectrally
resolved, a different behavior, compared to the spectrally integrated case, is found in contrast to the homogeneously broadened
case. First, the third-order polarization is found by a Fourier transformation of8Eq.

Jr (021~ 0)? i(Qy—w) I'r
Pi(r?%(wanwmrch)ocNﬂgl?elzw”e_zyzlﬁe_T (wam)erf 2 - fwm

Var V2
i1(Q2~ ) B I'(Ttwm= 7ee)
Var V2 ’
where again only the CC term in the curly bracket determines the fringe contrast. We note that the period in the CC experiment
is now determined by thdetectedrequencyw and different spectral components have different phases dug tkerm of the

second erfc expression. From Efj0), we find the final general expression for the fringe contrast for spectrally resolved FWM
CC experiments,

(10

+a0(Trym— 7)€ i wTCCez)/ﬂTCCeI’fC{

22 1(Qn—)  T(7rwm™ 7ec) (Qn—w) T7rym
2ae"7217ccerf Jar - NA f Jar - 2
F&Ri (@, Tee, Trwm) = - 2 - 2
SRin cer Tfwm erfc{l(ﬂﬂ_w) B I 7rwm 4 a2etvarred ef i1(Qr—w) 3 L(Ttwm— Teo)
Var V2 Var V2
2ae_2721’rcc
~—————  for fixed w, (11

e 47217cc4 g2

i.e., each spectrally resolved component of the FWM signaFWM signal is identical to the coherent signal from the first-
will have a decay determined B, in contrast to the spec- order polarizatiorP™) showing that the FWM only act as a
trally integrated case Eq9). Based on Eq(11), we evaluate ~way to record the coherent emission fr&ft) in the particu-
aT,=13 ps from the fits in Fig. @) in agreement with pure lar direction X,—k;. Otherwise the FWM technique for
FWM determinationgdata not shown Trwm=0 PS is similar to experiments recording, e.g., reso-
In F|g 3 we present the calculated FWM Spectra from Eq_nant Raylelgh Scattering that is proportional to the induced
(100 with AI'=5, 2.5, 1.5, and 0.75 meV andvy,,
=1 meV (T,=0.66 ps) at a delay ofrs,,=0.5 ps. The
curves are calculated for different phase delays between the
two pump pulses around,.=—2.5 ps resulting in first-
order polarizations with a phase differing by 84, 27/4,
3m/4. Notice that the chosea=500 compensates for the
long 7., compared toT, to illustrate the interplay between
the inhomogeneous and homogeneous broadenings. Notice
also that thisa is smaller than the optima,,= e 27a1ee
from Eq.(10). At smallT'/y,,, the FWM spectra are Lorent-
zian except for a narrow central Gaussian part corresponding
to I'. Changing the relative phase between the two pump
pulses, the Lorentzian changes the amplitude without noti-
cable change in the shape of the FWM spectrum. At larger
I'/y,1, the central Gaussian part becomes wider with more
pronounced spectral modulations, while the remaining
Lorentzian is without spectral modulations. From the plots of
the largest’/ y,, it becomes evident that the Gaussian part is

FWM Intensity (arb. units)

1.635

1.640

1.645

spectrally modulated by)=2/7.., while the modulation PhotonEner eV

depth decreases again. This modulation depth is controlled gy (eV)

by all the parameters in the FWM experiments i&eT,, I, FIG. 3. Calculated FWM spectra for different inhomogeneous
Tiwm, and7cc. broadeningsiI'=0.75, 1.5, 2.5, and 5 meV using E(R) with

The significance of the spectral resolution is illustrated iz, . =0.5 ps, fiy»=1 meV, 7..=—2.5 ps, anda=500. Solid,
Fig. 4 calculated from Eq(10) for varying spectral resolu- dashed, dotted, and dash-dotted curves are calculated for different
tion in the experiments. First we note that fay,,=0 psthe relative phases between the phase-locked pump pulses.
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FIG. 4. Calculated interferograms from E®) showing the
FWM signal versusr.. with ZI'=2.5 meV, T,=9 ps, anda=1
for different spectral resolutiodw in the CC experiment.

FIG. 6. Experimentally measured at 120(&-d and calculated
(e—h FWM spectra as a function af,, around 0.75 p$a,e, 0 ps
(b,f), —0.5 ps(c,9, and—1 ps(d,h). The parameters for the cal-

polarizationP™) 1% With the CC, we find that the fringe con- culation are given in the text.

trast as a function of; decays very differently for different
spectral filteringséw because of the convolution with the

spectral filter functionFg(w,éw)=1, we w3+ dw/2 and To obtain a better understanding of how the interplay be-
Fo(w,00)=0, 0 & w$* w2 In Fig. 4, we plot normal-  tween the inhomogeneous and homogeneous broadening en-
ized interferograms, calculated as the integral over theers into the spectrally resolved FWM as described by Eq.
spectral window Sw around w5, 1N Y(7ee,6w)  (10), we show in Fig. 5 how the FWM spectra transform
| fdwP ) (w,0,7c) Fs(w,5w)|?, showing how the fringe with decreasing inhomogeneous broadening. The FWM
contrast decays. For spectrally integrated detectiondie. spectra have been calculated with energieswd;
>T", the fringe contrast decays on a time scale given by the=1.638 eV) and broadeningsi f,,=0.75 meV) relevant
inverse inhomogeneous broadening. In the other limit offor the experimental results to be presented in Fig. 6. For
spectrally resolved detection, i.&w< v,, the fringe con- large inhomogeneous broadening, we show in Fig) that
trast decays withT,. In the intermediate case, the CC re- the different spectral components have different phasg
sponse as a function et can be rather complex due to the within the chosen spectral window, where the dynamic range
finite spectral filter functiorF5(w,dw) as observed by Gu- of the FWM signal is more than three orders of magnitude.
rioli et al° In the following, we focus on the spectrally re- In the other limit of small inhomogeneous broadening, as
solved CC with FWM to avoid complications from spectral already discussed, the FWM CC fringes have no spectral
filtering effects. variation as shown in Fig.(§ for I'/y,;=1.3. However, in

V. SPECTRALLY RESOLVED COHERENT CONTROL

—

FIG. 5. Calculated FWM spectra with de-
creasing inhomogeneous broadeniag-f) with
energyf w3,=1.638 eV andy,;=0.75 meV ver-
SUST¢c -

Photon Energy (eV

-1.000
MI Delay, t_ (ps)

cc
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between these two limits we find that the spectral wings of | oo
the FWM spectra have the same phase, whereas an increa
ing part of the center acquires the phase change. This occur 1.686
as a result of the mixing of the Lorentzian part due to the
homogeneous broadening, with constant pha$g-.., and
the Gaussian part due to the inhomogeneous broadening i  1.682
the complex erfc expression in EQ.0). In Fig. 5, around a __
phase delay of..=—1 ps the spectral range of the Gauss- 5 1658
ian part coincides witH'. We therefore conclude that the :1_686
transformation of the FWM spectra with increasing inhomo- @
geneous broadening is due to an increasing contribution 0 1684
the Gaussian part with phager.. and not due to a change of "':J 1.682
the actual phases with inhomogeneous broadening. The spe.2
tral variation of the fringe contrast is thus a measure of theé:? 1.688
homogeneougno variation and inhomogeneous contribu- 1.686
tions to the electronic resonance.
We have applied this FWM CC technique in greater detail ~ 1.6844
to investigate the nature of the SQW GaAs electronic reso- '
nance, discussed above, at a temperature of 120 K, where tr
homogeneous broadening is expected to have a significar
contribution. We note that at this high temperature the decay
times in FWM experiments are normally too fast to obtain
much dynamic information on, e.g., scattering on interface
roughnesses in the quantum wells. From previous investiga
tions of similar samples, it has been concluded that the in- 1
terface roughness is well described by the bimodal roughnes 5 0 5 10 0
model!®?° At low temperature, this results in a biexponential Probe Delay, t, (ps)
decay of the FWM signal from a slightly wider GaAs SQW
grown under similar conditions as the one studied here. The FIG. 7. Comparison of experimentally measured at 12akd
biexponential decay, however, is untraceable at temperatur@gd calculatede—h FWM spectra as functions of probe delay;n,
above 50 K2 Here we show that the EWM CC technique is for different delays between the two phase-correlated pump pulses
very useful even at higher temperatures. The experimentdkc=0ps(@.8, —1 ps(b,f), =3 ps(c,g, and—4 ps(d,h). In the
results are presented in Figga6-d showing the variation of ~calculationiI'=2.5 meV, 7 y,;=75 ueV, anda=0.9 were used.
the FWM spectra for different phase delays. The spectral
components on the high-energy side in this case has a conamics was obtained with the following parameteiss5,
stant phase, whereas on the low-energy side shows the spe€41.6849 eV,% y,,=75 ueV (T,=9 ps),AI'=2.5 meV, a
tral variation of CC fringes. From this, we can immediately =0.9. One can see that without the second pump pulse or
conclude that the electronic resonance is composed of #fetween the first and the second pump pulse, the FWM spec-
least two parts with different inhomogeneous broadenings ifira are unmodulated and decay in accordance with the homo-
agreement with previous studi€s?* From the calculated geneous and inhomogeneous broadenings of the excited ex-
FWM spectrg Figs. 6e—h], fitted to the experimental data, citonic states. After the second pump pulgs our
we obtain anoverall spectral and phase agreement betweerexperimental conditions ats,,,~>0) the FWM spectra are
the experiment and the modeling with two separate elecstrongly sinusoidally modulated with the Gaussian spectral
tronic resonances without mutual interference. From this wghape split into several bands decaying with different rates.
extracted the following parameters: The resonanckad};, By fine tuning the MI delayr.., @ maximum or a minimum
=1.639 eV hasl'=7 meV andy,;=0.75 meV, while the of the modulated spectra can be shifted to any position in
one atiw$,=1.641 eV had’=0 meV andy,;=2.5 meV. accordance with the interference termcosr and
This demonstrates the importance of this CC technique td'/y,;>1.
study electronic dynamics in semiconductor nanostructures, In Fig. 8, the experimentally measured at 120 K (left
also at conditions that can be inaccesible by other techniqugzne) and calculatedright pane] FWM spectra for different
such as pure FWM. delays between the phase-locked pump pulsgs=0 ps
Focusing on the phase-controlled FWM spectroscopy, wéa,8, —0.75 ps(b,f), —2,5 ps(c,g9), and —5 ps (d,h) are
present in Fig7 a comparison of the experimentally mea- presented. The experimentally observed spectra are more
sured(a—d and calculatede—h FWM spectra as a function asymmetric than the corresponding calculated spectra be-
of probe delayr,,, for different delays between two phase- cause of the non-Gaussian line shape due to the presence of
correlated pump pulsesr,.=0 ps (a,9; —1 ps (b,); localized exciton states on the low-energy side and a possible
—3 ps(c,9), and—4 ps(d,h). The experimental FWM spec- minor contribution from photoluminescence in the experi-
tra have been recorded at=12 K. The best agreement be- ment. However, the calculated FWM spectra demonstrate
tween the experimental and calculated spectra and their dgimilar pronounced modulations with a period and amplitude

1.684
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useful at higher temperatures, e.g., room temperature, where
devices for optical communication operate with very short
relaxation time$?

VI. CONCLUSION

In conclusion, we have taken inhomogeneous broadening
into account for the applications of CC techniques to semi-
conductors. As we have demonstrated, the additional phase
information with CC allows us to extract detailed informa-
tion on broadenings in semiconductor samples. We have de-
veloped a model for the fringe contrastking the optical
phase into accounith linear or nonlinear detection of the
CC. In spectrally integrated experiments, the fringe contrast
decays as an interplay between the inhomogeneous and ho-
mogeneous broadenings, whereas with spectral resolution,
the full information on both the inhomogeneous and homo-
geneous broadenings can be obtained. Our main result is that
inhomogeneous broadening leads to different phase-delay
dependence for different spectral components, giving a direct

tive phases and different delays between the phase-locked punipeasure of the inhomogeneous broadening. Based on that,

pulses:7..=0ps (a,8, —0.75 ps(b,f), —2.5 ps(c,9, and —5 ps
(d,h). In the calculationAl'=2.75 meV, # y,;=1.5 meV, anda
=0.9 were used.

we could confirm the bimodal roughness model for narrow
quantum wells with growth interruptions. Thus, we have de-
veloped a basis for applications of CC techniques to semi-
conductor samples.

strongly decaying with increasing,.. A comparison of the
central parts of the experimental spectra with corresponding
calculations allows us to determine the set of homogeneous We thank D. Gammon and D.S. Katzer, Naval Research
and inhomogeneous broadenings; y,1=1.5 meV (T, Laboratory, Washington D.C., for providing one of the
=440 fs) andl'=2.75 meV, giving the impressive coinci- samples for this study and D. Birkedal for enlightning dis-
dence in spite of the difficult experimental conditions atcussions. This work was supported by the Danish Natural
T=120 K anda=0.9, where the dephasing time becomesScience Research Council. V.L. acknowledges support from
very short. This spectroscopic technique is therefore verytto Ménsteds Foundation, RFBR and FNT.
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