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Coherence dynamics of excitons and continuum excitations in InP
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~Received 20 February 1998; revised manuscript received 30 October 1998!

The coherent response of excitons and low-energy continuum excitations has been determined in InP at 5 K
using spectrally resolved four-wave mixing employing 40 fs pulses in a self-diffraction geometry. The excitons
were studied under simultaneous excitation with free carriers of density 1015,N,1017 cm23. Excellent
agreement between experiment and a simple theory based on excitation induced dephasing is obtained for an
exciton dephasing rate which varies asNa with a'0.5 in the density range. The sublinear dependence is
suggestive of carrier-exciton screening effects; however, a variation in exciton oscillator strength and/or phase-
space filling effects may also be contributing to the density dependence of the four-wave-mixing signal. For the
continuum excitations we spectrally resolve the influence of LO phonons on continuum dephasing. Below the
threshold for LO-phonon emission by electrons we determine a dephasing rate of;8 ps21 at N55
31016 cm23; for states just above the threshold for LO-phonon emission, the dephasing rate is.13 ps21,
our resolution limit.@S0163-1829~99!06024-5#
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I. INTRODUCTION

The coherent dynamics of carriers in semiconductors
been extensively investigated during the past decade.1,2 Since
the pioneering work of Schultheiset al.,3 who observed the
coherent response of excitons in GaAs, degenerate four-w
mixing ~FWM! has become the technique of choice to inv
tigate coherent exciton and continuum dynamics. Much
that research has focused on excitons in both bulk
quantum-well structures, because the dephasing time of
citons is typically 1 ps and the coherent dynamics can
easily resolved with nominally 100-fs pulses.4–12 Exciton-
exciton interactions~i.e., many-body effects! have been dem
onstrated to have a strong influence on exciton dynam
Relatively few experiments have investigated the effects
exciton-continuum interactions on coherent exciton dyna
ics, although, since the work of Schultheiset al. it has been
known that the dephasing rate of excitons increases sub
tially in the presence of free carriers due to exciton-car
scattering. Recently, experiments have been performed
such short optical pulses that it is possible to excite mutu
coherent excitons and continuum excitations simultaneo
with the same pulse.13–19 Under such conditions the excito
dynamics appear to be significantly different than that
served by Schultheiset al., which were obtained with nar
rower bandwidth excitation and an incoherent free-car
population. The intriguing feature of the exciton dynamics
an apparent violation of the uncertainty principle: the FW
coherent emission is spectrally narrower than the excita
pulse yet occurs only for temporally overlapped excitat
pulses.

Within the context of the semiconductor Bloch equatio
~SBE!,20 if the exciton dephasing time is independent of de
sity one expects a coherent interaction to produce emis
for pulse separations up to the exciton coherence time w
is related to the inverse of the linewidth. An explanation
the apparent violation of the uncertainty principle has be
discussed in terms of a model for exciton-continuum int
actions, which is referred to as excitation-induced dephas
PRB 590163-1829/99/59~24!/15740~8!/$15.00
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~EID!.21,18 EID was originally proposed to explain effects o
exciton-exciton interactions on exciton dynamics,22 and it
was shown that screening plays a role in determining
density dependence of the dephasing. For EID involv
exciton-free carrier interations, this model has been prima
used to explain results qualitatively.17–19 The EID mecha-
nism appears to be most important at low excitati
density,17,23 although this has not yet been explained a
equately by the simple EID model.

In this paper, we present results of spectrally resolv
~SR! and spectrally integrated~SI-! FWM experiments which
investigated both exciton and continuum dephasing dyn
ics in InP at 5 K following excitation by 30–50-fs pulse
centered at 1.46 eV. In particular, exciton FWM experime
have been conducted as a function of free-carrier dens
and analyzed in terms of the density dependence of EID
many previous analyses of exciton EID results, the excit
carrier scattering rate was assumed to be linearly depen
on excitation density, but we find that as the free-carr
density is increased from 1015 to 531016 cm23, a sublinear
~approximately square root! variation is observed, possibl
reflecting screening effects on exciton-carrier interacitons
well as exciton oscillator strength.

We also report results on the dephasing of near-band-e
continuum states. Compared to excitons, little is kno
about the dephasing mechanisms of continuum excitatio
ostensibly because the dephasing times are typically ten
femtoseconds or less and are difficult to reso
temporally.13,18,24–27The first measurements24 of continuum
dephasing rates in a semiconductor were carried out on G
with 620-nm pulses of 6-fs duration. These pulses exci
continuum states with energies of the order of several h
dred meV and over a bandwidth of;200 meV. Dephasing
was assigned to screened carrier-carrier interactions, and
curred on a time scale near the pulse resolution limit. T
authors reported that the dephasing rate varied with fr
carrier densityN asN0.3. Since the energy of an electron o
hole state determines whether certain phonon emis
events, including those involving intervalley transfer, can o
15 740 ©1999 The American Physical Society
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cur, it is not clear that all states within such a large excitat
bandwidth should have the same dephasing rate. Indeed
periments have now shown that the continuum depha
rate is affected by several scattering channels.15,25 However,
to our knowledge the effect of a simple mechanism such
phonon emission on continuum dephasing has not been s
trally resolved.

In Sec. II we give details of the experiments. This is fo
lowed in Sec. III by results and discussion of FWM expe
ments. In Sec. III A we compare the exciton dynamics
predictions of an EID model with a density dependence
the exciton-carrier scattering rate. In Sec. III B the co
tinuum dephasing rate is investigated over a range of en
which allows us to discern the onset of LO-phonon emiss
by electrons. Section IV summarizes our results.

II. EXPERIMENTAL DETAILS

The SR- and SI-FWM experiments were performed in
self-diffraction geometry on a 0.3-mm-thick sample of in-
trinsic InP. A heterostructure consisting of the thin InP lay
and a 0.5-mm stop-etch layer of InxGa12xAs was grown on
an InP~100! substrate. The InP film was isolated from th
heterostructure by performing a two-step chemical etch p
cedure that first removed the InP substrate and then rem
the stop-etch layer.28 The film was van der Waals bonded
a sapphire substrate and held at 5 K. The band gap of In
5 K is 1.42 eV, and the exciton binding energy is 5 meV29

The experiments employed a mode-locked Ti:sapphire la
producing;40-fs pulses tunable from 1.46 to 1.55 eV. Fi
ure 1 shows a low-resolution~3 meV! transmission spectrum
of the InP sample~taken with a white light source! and the
laser spectrum. In a degenerate FWM experiment, the l
beam is split into two approximately equal amplitude beam
with wave vectorsK1 and K2, which are focused onto th
sample by the same lens (f 550 cm). The FWM signal dif-
fracted into the direction2K22K1 is spectrally resolved
with a monochromator~1.3-meV resolution! and detected
with a photomultiplier tube. The diffracted spectrum is me
sured as a function of time delayt between the two pulses

FIG. 1. Transmission spectrum of 0.3-mm-thick InP sample at 5
K ~solid line!. A typical spectrum of laser pulses used in the FW
experiments is also shown~circles!.
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To investigate the EID diffraction mechanism, the excit
density was intentionally kept very low by tuning the laser
1.46 eV, which is well above the exciton resonance. The
fore FWM diffraction mechanisms that are nonlinear in e
citon density~e.g., free-induction decay and local-field e
fects based on exciton-exciton interactions! should be much
weaker than the EID mechanism.

III. RESULTS AND DISCUSSION

Figure 2 shows SR-FWM data as a function of delayt for
an ~electron-hole! excitation densityN5131015 cm23, and
clearly illustrates the apparent violation of the uncertain
principle. Note thatN is always much larger (;100x) than
the density of excitons. There is no detectable emission a
excitation energy~1.46 eV!. Rather, the coherent emission
centered at the exciton energy and is approximately 1 m
wide. The spectral resolution is only 1.3 meV, so the wid
and spectral profile cannot be determined precisely. A sp
tral width of 1 meV implies a dephasing time greater th
500 fs, but clearly no emission occurs for pulse separati
greater than the 40-fs pulsewidth. Figure 3~a! shows the co-
herent emission forN5531016 cm23; Fig. 3~b! shows the
same data as a contour plot. The exciton feature is simila
that observed at low density, but the spectral width is lar
as expected.@The modulation structure that appears on t
exciton peak as a function of time delay in Figs. 2 and 3~a! is
not understood at this time.# There is also a contribution
from the continuum states near the excitation energy;
will be discussed in detail below. The main point we wish
make here is that the exciton and continuum contributions
not have the same density dependence. We have verified
the continuum contribution scales asN3, which is expected
in the small signal~i.e.,x (3)) limit. The difference in density
scaling of the exciton and continuum signals is related
differences in the diffraction mechanism for the two cont
butions.

The density dependence of the exciton emission was
vestigated in a low resolution SR-FWM experiment. T
monochromator was tuned to the exciton energy~1.415 eV!

FIG. 2. FWM spectrum vs delay for excitation at 1.46 eV, and
carrier density of 131015 cm23.



tir
ou
on
r
e

it.
il-
m

an
,
h
o

n
er

r
a

ic
de
od
u

nce
of
the
and
ua-

he
-
de-
ects
he
lly
red

ee-
is
ll,
in

ed
lso
that
all.
eV,
dth
the

is
f

al
ec-

V

V.

ity
e
e

15 742 PRB 59G. R. ALLAN AND H. M. van DRIEL
and the resolution set to 13 meV, which allowed the en
exciton emission bandwidth to be detected while filtering
the continuum contribution. In Fig. 4, the integrated excit
emission is plotted versusN, and exhibits a nearly linea
dependence. Clearly this is very different from a cubic d
pendence which is typical of FWM in the small signal lim

The apparent violation of the uncertainty principle as
lustrated in Figs. 2 and 3, has been reported in other se
conductors, and interpreted as a coupling of continuum
exciton polarizations.13,14,5,17However, the EID mechanism
which is based on incoherent exciton-carrier scattering,
been known to affect exciton dephasing since the work
Schultheiset al.3 Below, where we concentrate on the de
sity dependence of exciton FWM results, we offer an int
pretation only in terms of an EID model.

A. EID model

A simple model of exciton EID due to exciton-carrie
scattering was presented by Wehner, Steinbach,
Wegener18 and Birkedal et al.19 We use the same bas
model but employ a different assumption for the density
pendence of the exciton dephasing rate. Since the EID m
is presented in detail elsewhere, we only outline it here. F

FIG. 3. ~a! FWM spectrum vs delay for excitation at 1.46 e
and a carrier density of 531016 cm23. ~b! Contour plot of the
same data. The contour spacingd is 50 units for the continuum
peak at 1.45 eV, and 150 units for the exciton peak at 1.415 e
e
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thermore our focus is on the free-carrier density depende
of the exciton FWM emission. The coherent dynamics
excitons and continuum excitations are calculated with
SBE assuming no coherent interactions between excitons
continuum states. In an exciton basis, the dynamical eq
tions for the exciton polarizationPx and occupationf x are20

S ]

]t
1 inx1gxD Px[ i ~122 f x!

mxE~ t !

\
, ~1!

]

]t
f x[2 i S mxE~ t !

\
Px* 2

mxE* ~ t !

\
PxD , ~2!

wheremx is the exciton dipole moment,nx is the detuning
frequency,gx is the dephasing rate, andE(t) is the compo-
nent of the electric field of the optical pulse which drives t
exciton. Equations~1! and~2! adequately describe many co
herent effects such as Rabi flopping and free-induction
cay, and can be extended to include such many-body eff
as local-field corrections and exciton-exciton scattering. T
excitation conditions of our experiments were specifica
chosen to generate an exciton density which is low compa
to that of free carriers. Under these conditions the fr
induction decay contribution to the exciton FWM signal
negligible and exciton-exciton local-field effects are sma
unlike the situation where excitons are resonantly excited
quantum wells.30 The macroscopic polarization associat
with the large bandwidth of excited continuum states is a
short lived compared to the exciton dephasing time, so
continuum-induced local-field effects should also be sm
In this regard we note that when the laser is tuned to 1.49
with a substantially reduced overlap of the laser bandwi
with the exciton peak than that associated with Fig. 2,
exciton FWM signal drops by.50 times, indicating that
coherent continuum-induced exciton excitation
negligible.31 This apparently differs from the case o
continuum-exciton coupling in a two-dimension
geometry.17 For these reasons we neglect local-field corr
tions and exciton-exciton scattering in what follows.

FIG. 4. Total diffracted power at the exciton energy vs dens
~circle! for excitation at 1.47 eV. The solid curve is a fit to th
model withm50.5 @see Eq.~15!# and the dashed curve is a fit to th
simple EID model (m51).
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The important features of the EID model are~i! the exci-
ton dephasing rate is a function of excitation density, and~ii !
the carrier density is spatially modulated. The phenome
logical dephasing rategx is assumed to depend onN, as a
result of exciton-carrier scattering. Before we discuss
model for exciton-carrier scattering, we determine theN de-
pendence of the EID mechanism under the assumption
gx varies linearly withN, i.e.,

gx5g01G0N. ~3!

The parameterG0 is proportional to the exciton-carrie
scattering cross section. The polarization amplitudes
E(t) are taken to be slowly varying with a reference fr
quency equal to the exciton resonance frequency~i.e., nx
50, but this does not imply resonant excitation of the ex
ton!. We takef x!1, since the sample is excited well abo
the exciton resonance. Therefore, the dynamics off x are not
calculated, andf x is taken to be zero for all time. The dy
namical equation forPx is, therefore

S ]

]t
1g01G0ND Px[ i

mxE~ t !

\
. ~4!

A dynamical equation forN is required to complete the
model, and is derived from the coherent dynamics of
continuum states. A set of equations similar to Eqs.~1! and
~2! is used to calculate the polarization and occupation
each continuum state~labeled byk). The energy of a con-
tinuum state is denoted by the detuningnk5Eb
1\2k2/2mr , whereEb is the exciton binding energy andmr
is the electron-hole reduced mass. Since the exciton dep
ing rate is assumed to be a function only ofN, the details of
the distribution functionf k are unimportant. Therefore, a de
tailed calculation of carrier scattering and cooling is not n
essary. For simplicity the phenomenological continuu
dephasing rategk is assumed to be independent ofk ~over
the bandwidth of the excitation!. The free-carrier densityN
5(k f k .

The model of coherent dynamics is applied to the FW
experimental geometry by employing a spatial Fourier tra
form of the exciton polarizations, carrier density and elec
field.20 For first-order diffraction, the spatial expansion c
be restricted to the following terms:

E~ t !5E1~ t1t!eiK1–r1E2~ t !eiK2–r, ~5!

Px[Px
(1)eiK1–r1Px

(21)eiK2–r1Px
(3)ei (2K12K2)–r

1Px
(23)ei (2K22K1)–r, ~6!

f k5 f k
(0)1 f k

(2)ei (K12K2)–r1 f k
(22)ei (K22K1)–r, ~7!

N5N(0)1N(2)ei (K12K2)–r1N(22)ei (K22K1)–r. ~8!

The component of the exciton polarization that propaga
into the diffracted direction 2K22K1 is Px

(23) and is
coupled only to the componentPx

(21) in this model. By sub-
stituting these spatial Fourier transforms into Eq.~4!, the
EID diffraction mechanism becomes clear. It should be e
phasized that since we have assumed no coherent intera
between excitons and free carriers,N can be determined in
o-
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dependently ofPx . The distribution of free carriers is there
fore part of the excitons’ environment, and contributes
dephasing.

Analytic expressions can be obtained by assuming the
citation pulses are short compared to the dephasing time,
can be approximated asd functions, i.e.,E1(t)5A1d(t1t)
andE2(t)5A2d(t). The dominant terms in the rate equatio
for Px

(21) are

]

]t
Px

(21)5 i
mxA2

\
d~ t !2~g01G0N(0)!Px

(21) , ~9!

which assumes that the amount of power diffracted is sm
compared to the amount transmitted~i.e., Px

(21)@Px
(23)).

The solution of the rate equation forPx
(23) is

Px
(23)~ t !5G0N(22)

mxA2

\
te2(g01G0N(0))tQ~ t !, ~10!

whereQ(t) is the Heaviside function. The diffracting exc
ton polarization increases in time initially and then deca
with a time constant determined by the dephasing rate.
emission spectrum due to EID is obtained by a Fourier tra
form and has a squared Lorentzian profile.21 The total dif-
fracted powerJ at the exciton energy due to EID is given b

J}E
0

`

umxPx
(23)~ t !u2dt, ~11!

yielding

J}
1

4

~G0N(22)!2A2
2mx

4

~g01G0N(0)!3
. ~12!

Thus J is not a simple function of density~with A15A2
corresponding to our experimental situation; note t
N(62)5N(0)) even though a simple approximation was us
for the exciton scattering rate in Eq.~3!. In some respects
this result is unexpected because the EID term contai
within Eq. ~4! is proportional toE3 and one would expec
J}(N(22))3. However, the temporal behavior ofPx

(23)(t) is
not so easily seen from Eq.~4!. The density dependence i
Eq. ~12! results from the fact that diffracting polarizatio
density must be ‘‘burned into’’ the exciton polarization de
sity over time@see Eq.~10!#.

The dependence ofJ on delayt is determined by solving
the rate equation forN(22). From Ref. 21 we obtain

f k
(22)5mk

2A1A2e2 i (Eg2Eb1nk)te2gkt@Q~t!Q~ t2t!

1Q~2t!Q~ t !#, ~13!

which then gives

N(22)5(
k

f k
(22)5mk

2A1A2e2gktQ~ t !d~t!. ~14!

Thus the EID mechanism is only operative for pulses wh
possess some temporal overlap. Since a density gratin
required for the EID mechanism, the two pulses cannot
orthogonally polarized. The exciton scattering rate is
sumed to depend only on carrier density and not on the
rier’s angular momentum.
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Figure 4 shows a fit of Eq.~12! to the experimental data
A linear dependence of the scattering rate withN gives poor
agreement at lowN. However, as was done by Beck
et al.,24 for free carriers we now consider that over the de
sity range of interest to usgx has the functional dependenc

gx5g01aNm5g01G~N!, 0,m,1. ~15!

In this caseG has spatial Fourier components, sinceN
does@see Eq.~8!#, with

G5G (0)1G (2)ei (K12K2)–r1G (22)ei (K22K1)–r, ~16!

and the expression for exciton FWM must be modified to

J}
1

4

~G (22)!2A2
2mx

4

~g01G (0)!3
, ~17!

with

G (22)5
1

volE G~N!e2 i (K22K1)•rdr , ~18!

where the integral is taken over the excitation volume~vol!.
As noted following Eq.~12!, for light pulses with the same
amplitude the spatial modulation ofN(5N(62)) is the aver-
age value ofN(5N(0)). From Eqs.~8! and ~18! and for m
50.5, we obtainG (22)}AN(0). Excellent agreement betwee
the experiment and calculation is indeed obtained for thim
value (60.05), for which the exciton-carrier scattering ra
scales asAN. We now consider possible origins of such
density dependence.

The scattering rate for an exciton interacting with fr
carriers depends on the strength of the screened Coul
~monopole-dipole! interaction and the occupany of final sca
tering states for the carriers.32 In the low-density~below that
considered here! and high-carrier temperature regime o
can ignore phase-space filling and screening effects of
carriers and obtain that the total scattering rate is prop
tional to N. This underlies the basis for EID mechanism
considered by others. As the carrier density increases
might expect to observe a deviation from this behavior
one or more of the following reasons:~i! a Fermi distribution
replaces a Boltzmann distribution forf k ; ~ii ! phase-space
filling becomes important as (1-f k) approaches zero; an
~iii ! the interaction matrix element is a function of dens
because the Coulomb interaction is screened. Immedia
after excitationf k!1 @the electrons~holes! are injected with
.40- (10-) meVaverageexcess energy# and most likely
remains small during most of the exciton coherence ti
since the most effective mechanism for carrier cooling,viz.
LO-phonon emission, can only influence carriers w
greater energy~see the remarks on continuum dephasing
low!. We therefore anticipate that screening of carri
exciton interactions will be the most important effect a
lead to a sublinear dependence of scattering rate on den
A N0.3 variation of the screened nonequilibrium carrie
carrier scattering rate was deduced by Beckeret al.,24 and
substantiated by Younget al.33 A complete picture of the
screened carrier-exciton interaction would be more diffic
to achieve since it is highly dependent on the dynamics
the screening process and details of the evolving nonequ
-
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rium carrier densities.1 Finally, our densities are also suffi
ciently high ~the intercarrier separation is as low as 20 n
comparable to the exciton diameter! that one might also ex-
pect a density dependence of the exciton oscillator stren
through screening of the bound electron-hole interacti
This would affect the variation ofJ with N. Our experimental
results do not permit a determination of the relative con
butions of all the effects outlined here, and more extens
FWM experiments examining, e.g., temporally and sp
trally resolved amplitude and phase of the FWM signal m
have to be carried out.30,34

Note also that the form of the density dependence ofgx is
only chosen for mathematical simplicty, and not meant
suggest a particular mechanism. However for an excit
carrier scattering rate which scales asNm, Eq.~16! allows the
ratio a/g0 to be determined. Form51 the ratio was deter-
mined to be 0.16310215 cm3, ~indicating that the exciton
dephasing rate would have increased by a factor of;8 over
our density range!, whereas withm50.5 the ratio was deter
mined to be 0.893(10215 cm3)0.5 ~indicating a factor of;4
increase!. The spectral resolution was too low to determi
the exciton dephasing rate accurately at low density.

B. Continuum dephasing

The dephasing rate of continuum states near the b
edge was investigated by analyzing the SR-FWM d
shown in Fig. 3. The peak of the continuum emission clea
occurs at a later delay than the peak of the exciton emis
because the two signals arise from different diffracti
mechanisms, EID in the case of the exciton emission, an
photon echo emission in the case of the continuum.2 The
feature we wish to call attention to here is the distortion
the contours at high energy and long delay times. The e
lution of the FWM spectrum is shown more clearly by spe
tral cuts through the SR-FWM surface at delayst5225, 25,
and 100 fs which are shown in Fig. 5 along with the las
spectrum. All spectra have been normalized to unity at
peak of the continuum emission for ease of comparison

FIG. 5. FWM spectra at delays of225 ~circles!, 25 ~squares!,
and 100 fs~triangles! @cuts through the data shown in Fig. 3~b!#.
The dashed curve is the laser spectrum and the other curve
guides to the eye.
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should be pointed out that the shift of the emission spect
to lower energy than the excitation spectrum is the resul
larger interband polarizability~Coulomb enhancement35! at
lower energies. Its effect is largest near the band edge.
land et al.36 showed that the FWM spectrum from an inh
mogeneously broadened transition can become distorted
long delays due to interference of different frequency co
ponents. However, we have verified by calculation that
our case the FWM spectrum would be symmetric about
peak of emission for all delays. If the dephasing rate w
constant over the entire energy range, the spectra would
change shape so dramatically at a long delay. Since the s
tra become asymmetric as the delay increases, the disto
is attributed to faster dephasing of continuum excitatio
above 1.46 eV. To estimate the average carrier energ
band-gap renormalization~BGR! must be taken into accoun
The BGR is estimated37 to be;7 meV. Therefore, electron
excited from the heavy-hole~HH! band have an energy of 4
meV and the hole energies are 6~HH! and 19 meV~light-
hole!. The plasmon energy forN5531016 cm23 is ;8
meV, too small to account for the increased dephasing
above 1.46 eV. The LO- and TO-phonon energies are 41
38 meV, but TO-phonon emission is symmetry forbidden
electrons near the center of the Brillouin zone (G valley!.
Since the holes do not have enough energy to emit TO or
phonons, the increased dephasing rate is attributed to
phonon emission by electrons.

From the decay of the emission versus delay, the po
ization dephasing rate can be estimated. Temporal sl
through the diffraction surface for 1.435, 1.455, and 1.4
eV are shown in Fig. 6~a!. Clearly the decay is very rapid fo

FIG. 6. ~a! FWM signal vs delay for three detection energi
@cuts through the data shown in Fig. 3~b!#; from top to bottom the
energies are 1.455, 1.435, and 1.475 eV. The solid line represe
30-fs decay constant. In~b! the numerically integrated FWM spec
trum for two energy ranges~solid curve is for energies below 1.4
eV and the dashed curve is for energies above 1.46 eV! is shown vs
delay. The SI-FWM signal using 1.51-eV pulses is indicated by
series of solid dots.
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all energies. However, decay constants should only be
tracted from spectrally integrated measurements, since s
trally resolved results can be affected by interference effe
The SR-FWM results were numerically integrated, from t
band edge up to 1.46 eV and from 1.46 eV to the hig
energy extreme of the spectrum, to analyze the decay c
stants above and below the threshold energy. The results
shown in Fig. 6~b!. To minimize the effect of pulse width
convolution, the decay constant is extracted from the data
delay t.100 fs. For\vs,1.46 eV, the echo decay time i
30 fs, which is close to the resolution limit with 50-fs puls
~the leading edge of the echo has a 22-fs rise time!. A line
with a 30-fs decay constant is shown in Fig. 6~a! for com-
parison to the SR data, which are affected slightly by int
ference. Since the emission is a photon echo, a 33-ps21 de-
cay constant corresponds to a polarization dephasing ra
1
4 , the echo decay rate, orgk;8 ps21. Because the echo
decay time constant is comparable to the pulse width
have assessed the influence of pulse width on the decay
stant. In particular the SBE were used for a distribution
electron-hole pair states with an energy distribution quadr
in the wave vectork. Calculations were performed usin
1000 points ink space from zero to 500mm21 in 1-fs steps
up to 1 ps. The pulse intensity was assumed to have a s2

temporal profile with full width at half maximum oftp . The
pulse width and dephasing rate were varied to optim
agreement with the experimental results. By inspection,
optimal parameters were determined to betp55565 fs and
gk51262 ps21. The numerical results indicate that th
echo decay rate may be larger than the 33 ps21 derived
directly from the data. The decay rate for the trace abo
1.46 eV is not resolved from the pulse profile, and theref
a phonon emission rate cannot be obtained directly from
comparison of the dephasing rates above and below
threshold energy. This is mainly due to the noise level rat
than the bandwidth of the pulses; att5100 fs the signal is
essentially at the noise level.

The value of the dephasing rate is not the significant re
here. More important is the fact that the dephasing rate
observed to change abruptly in SR-FWM below a thresh
of 1.46 eV, and that this threshold is clearly related to
onset of LO-phonon emission by electrons. The;33-ps21

decay constant cannot be entirely ascribed to an artifac
the pulse shape and/or convolution effects. The continu
dephasing rate is therefore at least 8 ps21 below the thresh-
old for LO-phonon emission by electrons at a carrier dens
of N5531016 cm23. Dephasing rates for continuum exc
tations in bulk GaAs have been reported at similar exc
carrier energy and density. Wehneret al. measured a con
tinuum dephasing rate of 20 ps21 in GaAs by FWM with
15-fs pulses.23 In other reports, continuum dephasing rates
5 ps21 were measured with 100-fs pulses.15,27 At much
higher photon energy and higher carrier density than the
periments reported here, the continuum dephasing rat
bulk GaAs was measured by FWM with 6-fs pulses24 to be
25–50 ps21, and to be a function of carrier density. Co
tinuum dephasing rates have also been measured from F
experiments in modulation-doped quantum wells25 and
quantum-well structures.26 Unfortunately these authors di
not estimate the influence of pulse convolution effects on
continuum dephasing rate.

s a

e



si
M

w
x

a
to

on

-
ch
ha
I

y
-

es
ct

a
es
te

d
s
ix
a
dt

n-
sm.
sity

e-
m-
has-

ults

ci-
the

and
um

y for
en-

e
-fs

and
esti-
e
an

LO-

e
of

wl-
un-
ith

15 746 PRB 59G. R. ALLAN AND H. M. van DRIEL
Since the dephasing rate above the LO-phonon emis
threshold was not resolved with 50-fs pulses and SR-FW
detection, an attempt was made to resolve the decay
SI-FWM and shorter pulses at higher energy. SI-FWM e
periments were performed with 30 fs pulses centered31 at
1.51 eV at a densityN5831016 cm23, and are shown in
Fig. 6~b!. The decay rate of the SI-FWM trace is 50 ps21,
implying a continuum dephasing rate.13 ps21. Therefore,
the LO-phonon emission rate is estimated to be at le
5 ps21. The LO-phonon emission rate in InP is calculated
be 10 ps21 using the expression for polar-optical-phon
scattering,38 and a value in the range 14–20 ps21 has been
estimated from photoemission experiments.39

Finally, Fig. 3~b! clearly indicates that continuum emis
sion peaks at earlier times for lower energies and approa
that associated with the exciton emission. This trend
been verified over a broad range of densities. Since E
emission peaks at zero delay~this defines when the densit
grating amplitude is maximum! while the photon echo re
sponse is characterized by a delayed peak,2 our result may
offer evidence of EID contributions from continuum stat
near the band edge. This may not be entirely unexpe
since a Coulomb enhancement of the absorption edge
pears in linear optical processes for excess carrier energi
several meV. Further work will be carried out to investiga
this aspect of coherent continuum dynamics.

IV. CONCLUSIONS

The coherent response of InP at 5 K has been investigate
over a 140-meV range near and above the band gap, u
spectrally resolved and spectrally integrated four-wave m
ing with 30–50-fs pulses. For excitation near the band g
excitons were excited simultaneously with a large bandwi
d
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of continuum excitations. The emission from excitons is co
sistent with an excitation-induced dephasing mechani
The dependence of the diffracted power on excitation den
was shown to be nearly linear from 131015 to 5
31016 cm23, and not cubic as would be the case for fre
induction decay. A simple model of coherent exciton dyna
ics based on a square-root dependence of the exciton dep
ing rate on carrier density was shown to explain the res
over a wide density range.

The coherent dynamics of continuum excitations asso
ated with the light- and heavy-hole valence bands and
electron conduction band were investigated from the b
edge up to 140 meV above the band gap. The continu
dephasing rate increases abruptly at the threshold energ
LO-phonon emission by electrons. Below this threshold
ergy, the dephasing rate was determined to be;8 ps21 at a
density of 531016 cm23. Above the threshold energy, th
dephasing rate was not resolved at this density with 50
pulses. By using perpendicularly polarized 30-fs pulses
spectrally integrated detection, the dephasing rate was
mated to be at least 13 ps21 for the continuum states abov
the phonon emission threshold. This is the first report of
increased continuum dephasing rate associated with
phonon emission.
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