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Abstract. Resonant optical excitation of a direct bandgaprelaxation processes can also be observed in the time evolu-
semiconductor below the band edge induces excitonic cohetion of the population of the relevant state|C; |2, which is
ences. Experiments based on transient four-wave mixing gghase insensitive. Measurement of the dephasing rate, how-
cw spectral-hole burning provide an excellent approach tever, follows from probing an observable that is sensitive to
eliminate inhomogeneous broadening and enable determithe relative phase betweéj andC,. Of particular interest to
ation of the time scale and origin of the decay of the opti-the focus of this paper, is the dephasing rate associated with
cally induced quantum coherence. Such measurements aretbe dipole coherence C;C5 e~'“* 4 cc. If the population de-
interest in basic physics since they reflect fundamental intecays at a ratel”, then the dipole coherence decays at a rate
actions between the exciton and the surrounding environmemt= I'/2. Processes that lead to loss of coherence between
including, for example, lattice vibrations and interface fluc-C; andC; (dipole or other coherence) without a decay of the
tuations. They also relate to potential applications of thesamplitude of eithelC; or C, are referred to as pure dephas-
excitations such as in coherent control or quantum informaing and result in a total dephasing rateyof I'/2+ ypn With

tion processing. vph being the pure dephasing rate. Theories that have con-
sidered the complications of general dephasing processes for
PACS: 71.35.-y; 78.47.+p; 39.30.+w excitons at low temperature in semiconductors are in general

more complex than those in simpler atomic type systems (see
for example [1-5]).

In a homogeneously broaden system, one can either meas-
Optical excitations near the bandedge of direct bandgap semire the line shape of the dipole transition, which will yield
conductors and semiconductor heterostructures are doma- Lorentzian corresponding to the Fourier transform of de-
nated by the contributions from strong excitonic resonancesay of the dipole coherence, or directly probe the decay by
that form just below the bandedge. In the absence of digime resolving the emitted coherent radiation following an
order leading to inhomogeneous broadening, the spectrahpulse resonant excitation. Figure 1 shows as an example
linewidth of these resonances reflects the decay of opticallthe time resolved free polarization decay (FPD) from homo-
induced quantum coherence due to dephasing. Understangeneously broadened exciton resonances in a bulk thin film of
ing the physics of the dephasing process, which can be dugaAs [6]. In this study, the sample was slightly strained to lift
to energy relaxation as well as pure dephasing, i.e., processté® heavy-hole (hh) and light-hole (Ih) degeneracy. The FPD
that lead to a loss of the coherence but with no changes ishows a simple exponential decay of the dipole induced co-
excitonic population, provides important information on in- herence with a series of dipole coherence beats superimposed
teractions between the exciton and the surrounding enviroren the decay representing the interference of the coherent ra-
ment including, for example, lattice vibrations and interfacediation emitted from the hh and Ih excitons.
fluctuations. This information is not only of fundamental im-  In heterostructures such as quantum wells and quantum
portance but also critical for many potential applications sucldots, the excitonic resonances as observed in photolumines-
as coherent control and quantum information processing prazence (PL) or photoluminescence excitation (PLE) are broad-
posed recently. ened far beyond the fundamental linewidth from dephasing

Dephasing represents the decay of the phase correlati@ue to inhomogeneous broadening induced by interface dis-
between two states that are prepared as a coherent superder. Confinement of excitons by the potential barriers leads
position state, for example?) = C1]1) + C,€“t|2) where to a shift of the excitonic resonances from that expected in the
hw = E; — E;. Dephasing can simply arise from a decay ofideal three dimensional case. Fluctuations in the well thick-
the probability amplitude of one of the states due to popuness, which are known to occur on various length scales,
lation relaxation such as spontaneous emission. Such enertpad to spatially dependent shifts in the energy level struc-
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Fig. 2. Optical configuration for 3-beam FWM in the phase conjugate geom-
etry
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citation density must remain very low. This is because of the
large scattering cross section for exciton-exciton and exciton-

10 electron/scattering [10—-13]. In the case of typical quantum
o5 6 0B 1 15 > o5 wells, it is thus important to avoid exciting the continuum
Time (ps) and to keep the exciton density well below? Bxcitongcn?.
I

In most cases, this is readily obtained, but requires the use
Fig.1. Time resolved emission of the free polarization decay followingof low noise geometries, phase sensitive detection, and sig-
excitation of the homogeneously broadened hh- and Ih-exciton lines {qq] averaging. It is then further necessary to confirm that all

a strained layer of bulk GaAsnset: frequency spectra of the co-polarized o
emission. The overall decay represents the loss of dipole induced coherem(?asurements are trUIy densny mdependent.

at the dephasing rate. The oscillations of dipole coherence beats between The lowest noise expg_rim_ental approach with the great-
the heavy-hole and light-hole exciton est measurement capability is based on 3-beam four-wave

mixing in the phase conjugate geometry, shown in Fig. 2.
An excellent review of the physics and the details pertain-

ture. A macroscopic average of these effects lead to signifing to the various measurements that can be made can be
cant inhomogeneous broadening of the resonance by typicalfpund for transient FWM excitation in [14, 15] and for cw
a factor of 10 or more. FWM in [16,17]. TheE; field is amplitude modulated al-

Two very different approaches can be used to obtain infowing for phase sensitive detection of the signal. In some
formation on intrinsic dephasing processes in these inhceases, it is important to amplitude-modulate at high frequency
mogeneously broadened systems. Near field linear [7] an@>100 MHz) to reduce the contribution to the signal from
nonlinear optical spectroscopy [8, 9] provide adequate spatialow contributions to the nonlinear optical response, such as
resolution to enable the study of single isolated excitons, thuthermal effects, or in some cases even undesirable physical
eliminating effects of inhomogeneous broadening associatgorocesses such as spectral diffusion [18]. For coherent tran-
with an ensemble average. Coherent nonlinear optical spesient excitation, the modern titanium-sapphire lasers provide
troscopy in the far field based on third order nonlinear opticakxcellent amplitude stability, but typically, their pulsewidth is
processes also provides similar information on dephasing @eo short resulting in a pulse bandwidth that excites multi-
well as enabling, with relative ease, a more complete deple states and the continuum. For dephasing measurements,
termination of various dephasing processes such as spectitis necessary to reduce the pulsewidth to 5-10 psec, though
and spatial diffusion and pure dephasing. It should be notedare is needed to ensure an adequate contrast in the pulse
that measurements at very high spatial resolution [7] havehape. Measurements presented in this paper were made, for
recovered the narrow linewidth first reported using coherenthe most part, with synchronously pumped modelocked dye
nonlinear optical spectroscopy. In addition, these studies aldasers which have excellent contrast in their pulse shape. For
show that in some cases, the dephasing process itself ctre frequency domain measurements, it is necessary that the
be the origin of the nonlinear optical response, as discussddsers be frequency locked and continuously tunable (e.g., the
below. model 899-21 or 899-29 series from Coherent, Inc.) Diode

Nonlinear optical spectroscopy based on the third ordelasers in principle are good, but do not yet have the necessary
nonlinear optical response can be viewed as a four-wave mitunability needed for many experiments, and in some cases
ing process and can be carried out in either the transierside band suppression may not be adequate.
or frequency domain. The most common approach in use is In the following, we will examine in detail results from
transient four-wave mixing which, in the presence of inhomo-both high resolution cw and coherent transient nonlinear op-
geneous broadening, leads to the ordinary or stimulated phdcal spectroscopic studies and show how these studies reveal
ton echo, depending on geometry. This technique highlighttundamental processes contributing to dephasing. In addition,
short time scale relaxation phenomena but lacks spectral sewe also show that the role of disorder is extremely complex,
sitivity. Four-wave mixing in the spectral domain is closely resulting in significantqualitative changes in the physical
related to the older methodology of spectral hole burningbehavior.
This approach tends to emphasize the relatively longer time
scale phenomena but provides excellent spectral resolution
and maximum intrinsic signal-to-noise since the duty cyclel CW spectral hole burning
for the measurement is 100%.

A significant challenge in these nonlinear optical measBecause of the high resolution of frequency domain spec-
urements, particularly for the time domain measurements, isoscopy, spectral-hole-burning is an extremely informative
that in order to probe intrinsic dephasing phenomena, the exespecially since it can also directly reveal spectral diffusion
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processes. In these experiments, the fields shown in Fig. 2 angigration of the localized exciton. The temperature depen-
derived from frequency stabilized tunable lasers. Typicallydence has been observed in transient hole burning experi-
wy — w1 = § andé is adjusted to be smaller than energy re-ments in an InGaA4nP QW where all excitons are localized
laxation time scales of interest. In the simplest case, the twby alloy disorder [21]. Measurements of the relaxation rate
fields come from the same laser ahe: 0. These fields are in this system confirm this behavior at low temperature, and
tuned to a given frequency within the inhomogeneous absorpghe dephasing is due to decay of exciton excited at the laser
tion profile. The signal is recorded as a functionw.af wavelength to another state.

A simple example of the result is shown in Fig. 3 where  From these measurements, it is hard to know if the width
data is obtained for a 2 meV broad photoluminescence htef the narrow line is due entirely to dephasing, or whether
exciton line in a 60 period multiple quantum well [19]. The it has a component due to spectral diffusion, a problem usu-
line shape is considerably more complex than that of a simally associated with cw measurements which are known to
ple inhomogeneously broadened resonance [16] which wouldmphasize long time scale events. Hence, time domain meas-
appear as a simple Lorentzian with FWHM gf4ndeed, itis urements are usually considered more advantageous in this
well known that cw measurements emphasize long time scakegard. However, it is in fact straight forward to suppress long
events. The low energy tail of this line shape is in fact due tdime scale events by setting a frequency difference between
spectral diffusion, i.e., the movement of excitons at endétgy fields E; and E; that is comparable or larger than the relax-
to energyE’. A measurement of the temperature dependencation time of the long lived components. This was required
of the rate of migration shows that the mechanism of migrafor studies of the excitog-factor and showed that the narrow
tion appears to be due to phonon assisted tunneling, thoudbature in Fig. 3 showed minimal broadening due to spectral
thermal activation may also contribute. At low temperaturesdiffusion [18]; i.e., the linewidth was due entirely to dephas-
the phonon assisted migration model developed by Takagaag due to phonon assisted migration.
hara [2] shows that excitons resonantly excited are in a non- While exciton-phonon interactions clearly lead to spectral
equilibrium state and can migrate to other sites by emittingliffusion and dephasing, other extrinsic mechanisms lead-
or absorbing acoustic phonons. The migration is due to thang to dephasing include scattering by incoherently generated
overlap of the exciton wave function in different sites whenelectrongholes and excitons. A comprehensive study of this
the inter-site distance is small; the inter-site dipole-dipole inbehavior was made using transient self diffracted four-wave
teraction mediates the migration process when the inter-sitmixing [10]. The measurements showed that generation of
distance is much greater than the localization length. The tydree electrons is about an order of magnitude more effective
ical magnitude of participating phonon wave vectors is withinat inducing dephasing than free excitons.

a few times of the inverse of the localization length corres-

ponding to phonon energies of order 0.01 t& ®eV. The

theory further predicts a distinctive temperature dependenc2 Transient four wave mixing

for the migration rate. At low temperatures, the dependence

is described by ex(BT*). In this expressionB is positive  Given the rapid development of ultrafast laser technology and
and independent of temperature but is expected to increasiee prevalence of these systems in laboratories, coherent time
with the exciton energy and depends on details of interfacdomain measurements provide a relatively easy means to fol-
roughnessy is estimated to be between 1.6 and 1.7. The prelow dephasing processes. An extensive review of the physics
dicted temperature dependence is quite different from that adf this measurement is given in [14]. In an ideal homoge-
variable range hopping used by Mott to interpret electronimeously broadened system, the FWM interaction leads to
conduction in the localized regime [20]. The difference hasemission of the coherent free polarization decay in the direc-
been attributed to the long-range nature of the inter-site intion determined by phase matching (counter propagating with
teraction and the phonon emission process involved in theespect toE; in the phase conjugate geometry). However, if
the system is inhomogeneously broadened, integration over-
all the radiators leads to destructive interference of the signal
following the third pulse and no signal, initially. At the time

t, —t3, following the third pulse, constructive interference oc-

T=5K curs, producing a signal called the stimulated photon echo (or
simply a photon echo in the case of two-beam self diffracted
Spectralioli FWM) [22, 23] with an amplitude that exponentially decays

according to 4 if the echo intensity is time integrated. In
. . a time resolved experiment, with transformed limited pulses,
Spectral Diffusion the width of the echo is determined by the inhomogeneous
width (assuming a simple Gaussian distribution). The first re-
port of the simplest echo, a two beam self diffracted time
resolved photon echo was presented in [24]. These measure-
ments provided the first indication that the rephasing of the
1.548 1.549 1.550 dipole coherences in an inhomogeneously broadened system
Exciton Energy (eV) needed to observe an echo (i.e., a signal that occurs at time
Fig.3. The FWM spectral hole burning response with the two forwardtz_tl after the second pulse) occurs fQY excitons in a semi-
beams tuned.b meV below line center. The data shows the narrow spectra(fon(:.IUCtor' In g(_aneral the the_ory for this process in a.n "?'ea'
hole as well as the presence of excitation below line center due to specti@miconductor is more complicated because of contributions
diffusion of excitons excited within the spectral hole from the continuum and can lead to more complex temporal

Response (a. u.)
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structure in the time resolved emission [25—29]. However, ir
the presence of disorder, the extended state nature ofthe wa |34
function is absent, and the data appears to be well describe¢= o
by the usual density matrix description of these systems, iz e
b (o]

o]

o

o]

1.6330eV 10K

appropriately generalized. o 1E43
Coherent transient spectroscopy has been particularly usg
ful in the study of disordered systems. A striking prediction’g B
due to interface disorder in two dimensional systems has bee3
the presence of a mobility edge [30]. The mobility edge is-g
the transition energy that divides localized states from ex_; 1E6{%
tended states and is characterized by a corresponding increé= @
in the exciton mobility (and diffusion coefficient) and dephas- °
ing rate. Strong evidence for this was first reported in [31] B7 %5
with similar behavior reported in hole-burning type experi-
ments described above [19, 32]. Indeed, the mobility edge ia)
believed to occur near the mid-point of the inhomogeneou
line, and in some cases hole burning was not observed abo
line center, indicating a fast dephasing time. However, the 4 T=18ps
understanding of this behavior remains incomplete as not a__ ° L=28ps
structures are characterized by this edge. A model that re3
lates the existence of the edge to a detailed description (~:>
the disorder is lacking in spite of excellent experiments chare
acterizing these states (see for example [33] and theory ar=
experiment in [34, 35]). g
More specifically, under experimental conditions that em-<
phasize the presence of disord@r<5K and low exciton %
density,n < 5x 10°cm™2) the coherent transient response /
shows the complex nature of localization. For example, inter ™
pretation of the time integrated coherent FWM response fo 001== .
either homogeneously or inhomogeneously broadened sy 1.631 1.633 1.635
tems that follow the theory for simple non-interacting two- b) Energy (eV)
level systems is well understqod (see. for exam_ple [14])|:i 4 a The time intear hoton ech measured near line cen-
Howe,ver' in the presence of dISOI‘deI:, Interpretation of thq’e?wit:a b?eg(p(;aner:t?gl a;itg‘gllplir?g ar?c(i: aosci‘r?g;:yex;::gnﬁgl fi%zmede °
time integrated response can be considerably more complexae). Also shown is the tripled laser pulse indicating the pulse-width limited
Measurements show that only at the lowest excitation levelgart of the photon echo decay.The decay associated spectra (DAS) cor-
is a simple photon echo observed in guantum well Struct‘?SPO”ding_ to the fasttr(a_ngl&s) and sIo_wer Qircl@) component of the
tures. At higher excitation levels, the time resolved emissio@fé‘ﬁ:&‘ﬁEgaéh%i‘fsai'h;egg’;ggoahﬁngp;ﬁ:égens'ty of the resonance. The
shows the presence of two signals corresponding a free po-
larization decay as well as a photon echo [36], each signal
arising from excitons characterized by different dephasingxciton component, demonstrates the theoretical prediction of
rates, exciton mobilities, etc, indicating the co-existence otfhe potential for both localized and extended states to coexist
both localized and extended states [37]. Such an interprext the same energy, though in different regions of the sample.
tation was clearly controversial [38], but further theoreticallt is assumed in this interpretation that the faster dephasing
support for such behavior has recently been presented [3%&te of the higher energy states corresponds to exciton states
which shows that localized and delocalized states can exist atith more extended wave functions. This assumption is sup-
the same energy, though spatially distinct. Compelling datported by the fact that these states were also shown to have
supporting this thinking is shown in Fig. 4a which showsrelatively high mobility compared to the lower energy states
a time-integrated response of the FWM response [40]. In thevith smaller dephasing rates which had no detectable mobil-
usual picture, this response is a simple exponential decaify, corresponding to strong localization.
characteristic of the usual Markoff approximation. However,  Another distinct advantage of coherent transient nonlinear
the decay in Fig. 4a is clearly multi-exponential. Moreover,spectroscopy such as stimulated photon echoes is its ability to
the magnitude of the prefactors associated with the differerdetermine both the population decéy,and the total dephas-
exponential components depend on excitation energy. Asng rate,y, thus enabling us to determine the pure dephasing
suming a simple bi-exponential and allowing the prefactors t@ontribution given byypnh =y — I'/2. While the concept of
vary with wavelength, the entire data set (the decay associatgaire dephasing is well established in atomic physics, pure
spectrum) is well fit without allowing the decay rates to bedephasing is not expected in ideal three-dimensional semi-
excitation energy dependent. Figure 4b shows the magnitudmnductors because of crystal momentum conservation. For
of the two prefactors as a function of energy along with theower dimensional semiconductors, however, pure dephasing
corresponding exciton lineshape. The data clearly shows th@rocesses become important since the breaking of translation
presence of two classes of excitons characterized by differesymmetry relaxes the requirement of crystal momentum con-
dephasing rates. This data, coupled with other measuremergsrvation. In this regard, disorder in semiconductors can also
showing different activation energies for relaxation for eachstrongly affect contributions of pure dephasing to the over-

Time Delay (ps)
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all dephasing process. In addition, the confinement in thes L L
structures can to a certain extent suppress energy or popul 3
tion relaxation. —_

A clear demonstration of pure dephasing in semiconductc =
heterostructures was carried out in a narrow GadSaAs = ¢
QW with a well width of 28 nm [41]. Lower energy excitons & |
in these narrow QWs have been shown to be confined in inte 3
face islands with a lateral dimension of 40 nm [42—44]. Theg
energy level structure of excitons also exhibits weak 3D conz
finement. Figure 5a shows experimental results that compa
directly dephasing measurement with population decay mea
urement by using the stimulated photon echoes. Note that tt L
population decay is characterized by two decay component
The fast component reflects overall population relaxation rat
of excitons and includes contributions from exciton spectra
diffusion, thermal activation to higher excited states as wel
as radiative recombination. The slower component is due t _«

a thermalized exciton distribution with the relaxation rate—- 6
determined by the exciton radiative recombination rate. Fig —
ure 5b shows the corresponding energy dependence of tt &
relaxation rates obtained at 10 K. To avoid complications dur S |
to exciton-exciton interactions, data shown in Fig. 5b (anc =, 2
later in Fig. 5¢c) were obtained by extrapolating the decay S
rates to the zero exciton density limit. As shown in Fig. 5b, ai R 0 SIS E— !
very low temperaturey ~ I'/2 and very little pure dephasing 7140 7160 7180
is observed. The absence of pure dephasing at very low terb) Wavelength (A)
perature has also been confirmed by studies based on sing

exciton spectroscopy.

Pure dephasing contributions become important with in: K ; . —
creasing temperature and become the dominant contributic o
to the dephasing process at elevated temperatures as shos?
by the temperature dependence of both dephasing and pao
ulation decay rates in Fig. 5c. The strong temperature de
pendence shows that the observed pure dephasing aris
from exciton-phonon interactions. Pure dephasing induce
by electron-phonon interactions can be understood qualite
tively by using the Huang-Rhys model and can also be viewe ]
as due to acoustic phonon side bands. Within the limit 0 0—=5~55"30"26 " 50 ©
the Huang-Rhys model, the primary effect of the exciton- T ture (K
phonon coupling is a shift in the equilibrium position of lat- © emperature (K)
tice vibrations and a temperature-independent polaron Shiﬁig. 5. a FWM response at 10K for excitons at 7184 galid lines show
of the exciton energy [45,46]. Thus, the ground and eXthe exponential fit to the respons&ight Panel) As a function off —t;
cited states of the coupled exciton-phonon system can bth t; =ts. Dephasing rates derived ar®®6 ps?. (Left Panel) As a func-

described (in terms of eigenfunctions of the uncoupled sysg?lg 8{);3;;12 f‘g;t?hg ;Sttz-asgpslfl')a“%grgsgﬁgn;atreeiggtiyeg )Er:‘gr‘gpile
. p w , iV y de-
tem) by|¢g)|(pm(X)) and|ge) lgn(x —a)), wherepm(x) is the pendence of exciton dephasing rategqes) and population decay rates

wave function for a phonon state with phononsx is the (sguares) at 10 K. Absorption spectrum of the lower energy hh exciton res-

phonon coordinate with a being a relative shift in the equi-onance is also plotted. Dephasing ratescircles) and half population decay

librium position induced by the exciton-phonon coupling, andrates!72 (triangles) as a function of the temperature. Témtid and dashed

¢g and ¢e are the wave functions of the electronic groundcurves s_how theqretlcal results _of c_iephasmg rates for the exciton grom_md

. . . . state with and without the contribution of off-diagonal electron-phonon in-

and excited states, respectively. The dipole matrix elemeqiraction& respectively

between the ground and excited states of the coupled system

is then(gg|r|ge) (¢m(X)|on(X — @)). The optical transition can

take place between states involving different phonon numeash lines in Fig. 5¢ shows theoretical calculations of dephas-

bers sincggm(X)|en(x —a)) # 0 even whem # n and can  ing rates with and without the contribution of off-diagonal

be viewed as transitions between two quasi-continuous manglectron-phonon coupling, respectively [41]. It should also be

folds. The resulting spectral broadening of the optical transipointed out for semiconductor nanostructures with strong 3D

tion depends on the relative strength of relevant transitions butonfinement such as CdSe nanocrystals, contribution from the

does not involve population relaxation of the excitonic statesoff-diagonal electron-phonon coupling to the pure dephasing
To describe the pure dephasing processes in excitons wifirocess can become negligible due to large energy separation

weak 3D confinement, it is also necessary to generalize tHeetween relevant excitonic states.

Huang-Rhys model to include off-diagonal electron-phonon  Finally, we note that dephasing, while usually being con-

coupling that mixes different excitonic states. The solid andidered a feature of the coherence decay rate reflected in

9
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either hole burning or coherent transient measurements, cars.

also be a source of the coherent nonlinear optical response.

This highly unintuitive result can be understood by consid 15. J. Shah:Ultrafast Processes in Semiconductors and Semiconductor

ering the simple relationship between dephasing and exciton

density. Namely, exciton induced dephasing (EID) is the re-1g.
sult of the fact that the dephasing rate is given by the intrinsic17.
dephasing ratey, and a contribution due to exciton scatter- 18-

ing, éNe, where¢ is a parameter related the scattering cross;

section, and\e is the exciton density. The full polarization g 1 tanaka, H. Sakaki: J. Cryst. Growah, 153 (1987)

21.

Ne = n|E|?, a simple Taylor series expansion for weak fields gg

is given byP = kEe ! [w — wg — i (yo+ ENe)] 1 + cc. Since

provides a third order polarization proportionaktathe EID
term. The initial evidence for the dominance of this term over
other manybody contributions to coherent nonlinear optical

response was quite striking as seen in a thin film of purezs.

GaAs [47]. In a quantum well structure, the issues are more
complicated as both local field effects [48] and the biexciton?

time dependent E-field polarization reveal the deconvolution
of these effects [49, 50].

the study of excitonic dephasing in heterostructures, and ex;
amined some of the basic physical processes underlying the

loss of quantum phase. The description remains necessarily.
gualitative as much remains to be understood in these sys32.

tems including the development of a microscopic theory for

disorder that is based on a more complete experimental unz>

derstanding.

34.
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