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Theory of quantum-coherence phenomena in semiconductor quantum dots
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This paper explores quantum-coherence phenomena in a semiconductor quantum-dot structure. The calcu-
lations predict the occurrence of inversionless gain, electromagnetically induced transparency, and refractive-
index enhancement in the transient regime for dephasing rates typical under room temperature and high
excitation conditions. They also indicate deviations from atomic systems because of strong many-body effects.
Specifically, Coulomb interaction involving states of the quantum dots and the continuum belonging to the
surrounding quantum well leads to collision-induced population redistribution and many-body energy and field
renormalizations that modify the magnitude, spectral shape, and time dependence of quantum-coherence ef-
fects.
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I. INTRODUCTION

During the last decade, advances in quantum optics le
experimental demonstrations of quantum-coherence p
nomena, such as lasing without inversion~LWI !, electromag-
netically induced transparency~EIT!, ultralarge refractive-
index enhancement, and slow light@1#. These development
brought worldwide attention because quantum-mechan
coherence and interference are realized in a macroscopic
tem. Additionally, one can envision the development o
new generation of highly efficient, coherent and incoher
optical sources and detectors whose noise properties and
sitivities go beyond the standard quantum limits.

To date, EIT, LWI and other pump-probe schemes expl
ing coherent polarizations have been investigated using
ferent approaches in a large number of physical settin
Many of these results are classics of the quantum-optics
erature and are discussed in recent review articles@2,3#,
where relevant references are also given. While m
quantum-coherence experiments involve dilute systems~as
in atomic or molecular vapors and doped solids! @4–7#, there
is also interest in realizing similar effects in semiconducto
A motivation is the potentially drastic increase in applic
tions because of the widespread use of semiconductor c
ponents in optoelectronics. Quantum-coherence phenom
involving intersubband transitions in semiconductor quant
wells were investigated theoretically@8# and experimentally
@9#. Recently, EIT was experimentally demonstrated us
exciton and biexciton transitions in a quantum-well struct
@10,11#. There are additional theoretical studies on LWI a
refractive-index enhancement in semiconductor nanost
tures for the purposes of coherent mid- to far-infrared rad
tion generation@12# and optical storage@13#, respectively.
There, steady-state results are obtained by assuming th
semiconductor system behaves analogous to an inhom
1050-2947/2003/68~5!/053802~10!/$20.00 68 0538
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neously broadened atomic system with strong dephasing
fects.

This paper explores in more generality the extension
quantum-coherence phenomena to semiconductors. By
amining the transient regime and employing a physica
more realistic description of a semiconductor structure,
find interesting differences in the physics underlying sem
conductor and atomic quantum-coherence phenomena. A
luded to earlier, dephasing processes are significantly fa
because of carrier-carrier and carrier-phonon scattering
overcome the greater loss of coherence, higher optical d
fields ~i.e., higher Rabi frequencies! are necessary. The tim
scale for system dynamics will be in the tens of femtos
onds to picoseconds@14,15#, instead of microseconds as i
an atomic system. Moreover, one can no longer assum
have an isolated three-level system. A semiconduc
quantum-coherence experiment will still involve a thre
level system, e.g., consisting of excitonic or quantum-
bound states. However, this three-level system will be en
getically in close proximity to other quantum-dot boun
states and to a continuum comprising states from the qu
tum well embedding the quantum dots. The Coulomb int
action couples discrete and continuum states, resulting
collision-induced carrier-population redistribution, as well
many-body energy and field renormalizations@16#.

Section II presents the equations necessary for investi
ing quantum-coherence phenomena in semiconductors.
derivation of these equations is described in the Appendix
semiclassical approach is used, which is based on the s
conductor Bloch equations@17# with many-body Coulomb
effects treated at the level of the screened Hartree-Fock
proximation. For this paper, a quantum-dot structure is c
sidered because we believe that the transition from ato
and molecular systems to semiconductors is best acc
plished with quantum dots. The three-dimensional quant
confinement gives an electronic structure that closely
©2003 The American Physical Society02-1
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sembles that of an atom, and may mitigate dephasing eff
by providing some degree of isolation between quantum d
and the surrounding region. For realistic predictions of op
cal response, the theory requires as input details of the e
tronic structure, in particular, the bound-state energies,
energy dispersions of the continuum, and the oscilla
strengths of the relevant transitions. Section III descri
how these properties are determined from a band-struc
calculation. The example of an InxGa12xN/Al yGa12yN
quantum-dot structure is chosen because it provides an
portunity to illustrate how quantum coherence can gene
short-wavelength~ultraviolet! coherent radiation in a sem
conductor system. To achieve this with conventional stim
lated emission would require one to replace indium with a
minum in the active region, which at present inevitab
increases defect density@18#.

Section IV applies the tools developed in the previous t
sections to study the nature of quantum coherence phen
ena in a quantum-dot system. We show that when driven
a short, intense optical pulse, a quantum-dot structure
exhibit inversionless gain and EIT, as the system evol
with time. We refer to EIT as the reduction in absorption
the probe field under the action of a coherent drive fie
Inversionless gain is said to occur if the drive field leads
gain in the probe transition without a population inversion
the drive or the probe transition. Considerable work has b
performed to distinguish inversionless gain from coher
population trapping@19,20# or Raman gain@21# under cw
~continuous wave! and pulsed conditions. The dephasi
time was assumed to be short in the former, and consider
longer than the pulse duration in the latter. In this paper,
focus is on the transient pumping regime, where pu
lengths are comparable to the dephasing time. We will sh
that the interplay between quantum coherence and m
body effects leads to transient behaviors that are diffe
from those found in atomic systems@22,23#. In particular,
modifications to the inversionless gain and EIT depende
on probe frequency by the coupling to other quantum-
bound states and to the continuum will be discussed. A
described is the refractive-index enhancement and the a
ciated group-velocity reduction. Finally, we discuss the r
of dephasing. To describe scattering effects at the level
quantum kinetic theory@24# is beyond the scope of thi
study. Instead, we use an effective relaxation rate approxi
tion and perform the calculations for the range of relaxat
rates reported in the literature.

II. THEORY

Figure 1 depicts a typical energy-level diagram of
quantum-dot structure. There are quantum-dot electron
hole bound states, as well as the continuum states of
quantum well that embeds the quantum dots. With
quantum-coherence experiment in mind, and governed
dipole matrix selection rules, one picks three states from
many quantum-dot levels. Following the notation used
atomic systems, we denote these states asua&, ub&, anduc&.
While optical transition matrix elements involving the ele
tron stateua& and other hole states are typically small b
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cause of envelope function overlap arguments, these s
~represented by dashed lines and shaded regions! still have to
be included in the analysis because they play a role in
carrier-population redistribution by collisions. As will b
shown later, these states additionally modify optical prop
ties via many-body Coulomb effects.

The experimental setup calls for two optical fields: a dri
field to pump the transition involving statesua& andub&, and
a probe field for measuring the optical response at the t
sition involving statesua& and uc&, as well as quantum-wel
electron and hole statesuek& anduhk&, respectively. Working
within the context of semiclassical laser theory, we write t
total electric field as

E~z,t !5
1

2
@Ed~ t !eikdz2 ivdt1Ep~ t !eikpz2 ivpt

1Ed~ t !e2 ikdz1 ivdt1Ep* ~ t !e2 ikpz1 ivpt#, ~1!

wherez is the position along the propagation direction,kj is
the wave vector,v j is the frequency, the subscriptsd andp
identify the drive and probe fields, and the slowly varyin
probe field amplitudeEp is complex to allow for a phase
difference between it and the drive field~real! amplitudeEd .
Derivation of the medium equations of motion is carried o
in the Heisenberg picture using a Hamiltonian that conta
the noninteracting plasma~free-carrier! energy, dipole-
interaction energy with the optical fields, and Coulomb int
action energy among carriers~see the Appendix!. Written
explicitly for the polarizations connecting statesua&, ub&,
and uc&, Eqs.~A7! and ~A8! in the Appendix become

dpab

dt
52~ ivab1gd!pab2 iVab~na1nb21!1 iVacpcb ,

~2!

εa

εb

εc

quantum 
well

a

b

c

quantum 
well

Edrive
Eprobe

electron 
energy

hole 
energy

FIG. 1. Energy levels for quantum-dot structure. A band g
separates the electron (ua&! and hole (ub&! states. The solid lines
indicate the levels directly involved in the quantum-coherence p
cess, while the dashed lines and the shaded regions represe
other quantum-dot states and quantum-well continuum states
modify quantum-coherence behavior. The drive and probe fields
also shown.
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dpac

dt
52~ ivac1gd!pac2 iVac~na1nc21!1 iVabpbc ,

~3!

dpbc

dt
52~ ivbc1gd!pbc1 i ~Vbapac2pbaVac!

1 iDbc
nd~nb2nc!, ~4!

where collision effects are approximated using an effec
dephasing rategd, i.e., ]pabucol'2gdpab , and the electron
~hole! populations in the dot and continuum states are
noted byna8 (nb8) and nek8 (nhk8), respectively. Both the
transition frequencyvab and the Rabi frequencyVab are
modified by many-body effects:

vab5vab
(0)1Dab

d , ~5!

Vab5
mab

\
E11Dab

nd , ~6!

where vab
(0) is the unexcited-material transition frequenc

mab is the dipole matrix element,E1 is the positive fre-
quency part of Eq.~1! with z50, and the many-body con
tributions are grouped into diagonal and nondiagonal te
Dab

d andDab
nd , respectively. Rewriting Eqs.~A14!–~A17! ex-

plicitly in terms of dot-dot and dot-well terms gives

\Dab
d 52(

a8
Wa8a8

aa na82(
b8

Wb8b8
bb nb8

1(
b8

~Wb8b8
bb

2Vb8b8
bb

!2(
k8

Wk8k8
aa nek8

2(
k8

Wk8k8
bb nhk81(

k8
~Wk8k8

bb
2Vk8k8

bb
!, ~7!

\Dab
nd 5 (

a8,b8
Wa8b8

ab pa8b81(
k

Wkk
abpk , ~8!

where the matrix elements for the screened and bare C
lomb interaction energyW and V are described by Eqs
~A20! and ~A22!, and the discussion following these equ
tions. We neglected terms associated with space-charg
fects ~Hartree terms! and polarizations between continuu
hole states. Implicit in the summations is no electron to h
or light-hole to heavy-hole coupling via the Coulomb inte
action. Furthermore, because of the likelihood ofgd*vab in
a semiconductor, we deviate from the atomic derivation a
include terms typically neglected in the rotating-wave a
proximation.

Similarly, Eqs. ~A9!–~A11! for the quantum-dot carrie
population become

dna

dt
5 i ~Vabpba2pabVba!1 i ~Vacpca2pacVca!2gnr

d na

2gc2c
d @na2 f a~me

p ,Tp!#2gc2p
d @na2 f a~me

l ,Tl !#,

~9!
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dnb

dt
5 i ~Vabpba2pabVba!2gnr

d nb2gc2c
d @nb2 f b~mh

p ,Tp!#

2gc2p
d @nb2 f b~mh

l ,Tl !#, ~10!

dnc

dt
51 i ~Vacpca2pacVca!2gnr

d nc

2gc2c
d @nc2 f c~mh

p ,Tp!#2gc2p
d @nc2 f c~mh

l ,Tl !#,

~11!

where gnr
d , gc2c

d , and gc2p
d are effective nonradiative re

combination, carrier-carrier scattering, and carrier-phon
scattering rates, respectively. The population relaxation te
~second line in each equation! approximate the collision-
induced particle exchange processes that tend to drive
population distributionsnb to quasiequilibrium Fermi-Dirac
functions f b at chemical potentials and temperatur
(ma

p ,Tp) and (ma
l ,Tl), whereTp andTl are the plasma and

lattice temperatures, respectively.
As discussed at the beginning of this section, the state

the quantum well that embeds the quantum dots can in
ence quantum-dot optical behavior. The equations of mo
for the quantum-well polarizations and populations~A12!
and ~A13! may be rewritten as

dpk

dt
52~ ivk1gq!pk2 iVk@ne,k1nh,k21#, ~12!

dne,k

dt
5 i @Vkpk* 2pkVk* #2gnr

q ne,k2gc2c
q @ne,k

2 f e,k~me
p ,Tp!#2gc2p

q @ne,k2 f e,k~me
l ,Tl !#,

~13!

dnh,k

dt
5 i @Vkpk* 2pkVk* #2gnr

q nh,k2gc2c
q @nh,k

2 f h,k~mh
p ,Tp!#2gc2p

q @nh,k2 f h,k~mh
l ,Tl !#,

~14!

wherek is the carrier momentum, and the other variables
the quantum-well equivalent of those for the quantum do
Equations~2!–~4! and ~9!–~11! are coupled to Eqs.~12!–
~14! by the chemical potentials and plasma temperature.
determine the chemical potentialsme

p andmh
p , we note that

total electron and hole densities are conserved in carr
carrier collisions. Hence,

Nd(
a

na1
1

A (
k

ne,k

5Nd(
a

f a~me
p ,Tp!1

1

A (
k

f e,k~me
p ,Tp!,

~15!
2-3
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Nd(
b

nb1
1

A (
k

nh,k

5Nd(
b

f b~mh
p ,Tp!1

1

A (
k

f h,k~mh
p ,Tp!,

~16!

where Nd is the density of quantum dots,A is the active
region area, and the summations overa and b involve all
electron and hole quantum-dot states, respectively. Also c
served in carrier-carrier collisions is the total electron a
hole energy, which specifies the plasma temperatureTp via

NdS (
a

«ana1(
b

«bnbD 1
1

A (
s5e,h

(
k

«s,kns,k

5NdF(
a

«a f a~me
p ,Tp!1(

b
«b f b~mh

p ,Tp!G
1

1

A (
s5e,h

(
k

«s,k f s,k~ms
p ,Tp!, ~17!

where «a («e,k) and «b («h,k) are the quantum-do
~quantum-well! energies for electrons and holes, resp
tively. For the quasiequilibrium distributionsf i(ms

l ,Tl) and
f s,k(ms

l ,Tl) reached by carrier-phonon collisions, the to
carrier density is again conserved, which gives

Nd(
a

na1
1

A (
k

ne,k

5Nd(
a

f a~me
l ,Tl !1

1

A (
k

f e,k~me
l ,Tl !,

Nd(
b

nb1
1

A (
k

nh,k

5Nd(
b

f b~mh
l ,Tl !1

1

A (
k

f h,k~mh
l ,Tl !. ~18!

However, energy is exchanged between carriers and lat
which we take into account by fixing the temperature of
quasiequilibrium distributions in Eq.~18! to the lattice tem-
peratureTl . An attraction of the above approach is that t
transport of carriers between the quantum-dot and quant
well subsystems is described as an integral part of the re
ation processes due to collisions.

III. BAND STRUCTURE

In Eqs.~5! and~6!, the transition energiesv i j
(0) and dipole

transition matrix elementsm i j are properties of the electroni
structure. As discussed in the Introduction, we conside
quantum-dot structure consisting of In0.10Ga0.90N quantum
dots embedded in a 2-nm-thick Al0.15Ga0.85N quantum well,
which is cladded by Al0.20Ga0.80N layers. The shape of a
In0.1Ga0.9N quantum dot is approximated by a 2-nm-hig
truncated cone, with top and bottom diameters of 4 nm an
05380
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nm, respectively. When calculating the electronic structu
we assume that the quantum confinement and built-in e
trostatic potential is appreciably weaker in the radial dire
tion than in the vertical direction, so that it is possible
make a separation of variables in the vertical and lateral
mensions@25#. With this simplification, the quantum-do
states are obtained by simultaneously solving Schro¨dinger
and Poisson equations in each dimension. The solutions
tain the effects of the quantum confinement, the built-in el
tric field, and the mixing between hole states. For comput
the quantum-well states, we use a multibandk•p model in
the envelope approximation@26#. The input to the electronic
structure calculations are the bulk material properties suc
the electron and hole effective masses, crystal-field and s
orbit energy splittings, elastic constants, lattice consta
and deformation potentials@27#. The remaining parameter
are the bulk material dipole matrix element (e32.3 nm),
background refractive index (2.28), permittivity of the ho
material (10.6«0), and band-offset energies~60:40 conduc-
tion:valence band-offset ratio assumed!.

To illustrate the electronic structure contributions to op
cal properties, we show in Fig. 2 the calculated linear abso
tion and gain spectra for different carrier densities. The
sorption or gain is a part of the complex susceptibilityx that
is related to the electron-hole polarization according to

kddn2 ig5nbkdx5
vd

«0nbcuEpuw

3S Nd(
a

(
b

mabpab1
1

A (
k

mkpkD ,

~19!

whereg is the linear~small signal! amplitude gain,dn is the
carrier-induced refractive-index change,«0 andc are the per-
mittivity and speed of light in vacuum,w is the thickness of
the active region, andnb is the background refractive index

3.2 3.6 4.0

3

0

-3

-6

qw abs x 0.01

ga
in

 (
10

2 c
m

-1
)

energy   (eV)

FIG. 2. Room-temperature absorption and gain spectra in
absence of a drive field, showing the optical transitions
In0.1Ga0.9N quantum-dot structure used in the present study. T
carrier densities areN51010 ~solid curve!, 1011 ~dashed curve!, and
1012 cm22 ~dotted curve!. The energetically lower~higher! peak
belongs to the electron to heavy-hole~light-hole! transition, which
corresponds to thea→b (a→c) transition in Fig. 1.
2-4
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To obtain the spectra in Fig. 2,pab andpk are computed in
the absence of the drive field and, consequently, with
quantum-interference contributions. We assume a dot den
of Nd5531010 cm22, an inhomogeneous broadening of 2
meV, dephasing rates ofgd5gq51013 s21, and quasiequi-
librium between quantum-dot and quantum-well populatio
The two-dimensional carrier density is

N52Nd(
a

na1
2

A (
k

nsak , ~20!

where, assuming charge neutrality, the summation need
be over either electron or hole states.

Figure 2 shows that at low carrier density, the spec
exhibit the familiar signature of excitonic absorption. Wi
increasing carrier density, the excitonic resonances
gradually bleached and, eventually, optical gain appear
the vicinities of the original exciton resonances. Contribut
to the quantum-dot portion of each optical spectrum are tr
sitions involving one electron and six hole quantum-d
states. Transitions involving the lowest-order lateral eig
modes give rise to two pronounced resonances, where
lower- ~higher-! energy resonance is a result of an electron
heavy- ~light-! hole transition. Also present are the stro
quantum-well exciton and interband absorption. The con
butions from transitions involving higher-order lateral qua
tum numbers are not resolvable because their amplitude
noticeably weaker as a result of dipole selection rules. T
spectra indicate that a carrier density greater than 1011 cm22

is necessary for the appearance of gain in the electro
light-hole, i.e., high-energy, transition. In the following se
tion, we will explore the feasibility of achieving gain at th
transition with a lower carrier density via quantum coh
ence.

IV. RESULTS

First, we consider the situation where we apply an opti
drive pulse to the quantum-dot structure described in
preceding section. The pulse is assumed to be resonant
the electron to heavy-hole transition at frequencyvab

(0) , and
we examine the optical response close to the electron
light-hole transition frequencyvac

(0) . The optical response i
determined by the time-dependent polarizationspab(t) and
pk(t). We present the results in the form of a gaing(t) and
refractive indexdn(t) as given by Eq.~19!, where the values
of pab(t) andpk(t) are averaged over the probe field pha

Figures 3~a! and 3~b! show the temporal relationship be
tween drive pulse and optical response to weak probe sig
In the calculation, we assume dephasing and collis
rates gd5gc2c5gq5gc2c

q 5231012 s21, gc2p5gc2p
q

5531011 s21, gnr5gnr
q 5109 s21, and we use the units o

cm21 ~inverse propagation length! for the optical response to
facilitate comparison with gain and absorption produced
conventional excitation methods~as in Fig. 2!. For a probe
applied at slightly higher energy thanvac

(0) , there is an abrup
bleaching of the absorption after the onset of the drive pu
This is followed by the appearance of gain for a very sh
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duration, after which absorption reappears, but at a sma
value than prior to the drive pulse. Figure 3~c! indicates that
the a-b anda-c transitions are not inverted, even during th
period when the probe signal experiences optical gain
should be noted that, even though the individual transitio
are not inverted, there exists a Raman gainnhh2nlh5nb
2nc.0 for the duration of the pulse, in accordance with
result of Ref. @21#. Carrier density~created by the drive
pulse! at the gain maximum isN&53109 cm22, which is
over an order of magnitude lower than that necessary
reach transparency in the electron to light-hole transition
the absence of quantum interference~see dashed curve in
Fig. 2!. However, it should be noted that in this transie
inversionless gain case, the carrier distribution created by
drive pulse has a significantly lower kinetic energy, as ch
acterized by a plasma temperature ofTp5140 K in an
equivalent quasiequilibrium distribution.

Figure 4 describes, in greater detail, the nature of the
tical response. Each curve shows the probe frequency de
dence of the optical response at different times. At the s
of the drive pulse, one has the typical excitonic absorpt
resonance centered atvac

(0) ~dotted curve!. The dashed curve

-1 0 1 2 3
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-0.8

-0.9

-1

time (ps)

in
ve

rs
io

n e -hh

e - lh

(c)
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m
2 )

(a)
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3 c

m
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(b)

-1 0 1 2 3

10

0

-15

-30

FIG. 3. ~a! Drive pulse,~b! probe optical response, and~c! in-
version in electron to heavy-hole~solid curve! and light-hole
~dashed curve! transition vs time, which correspond, respectively,
the a→b anda→c transitions in Fig. 1.
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shows the presence of inversionless gain shortly afterwa
which evolves into the solid curve indicating the presence
EIT. Both features are highly transient, and the optical
sponse returns to the usual absorption spectrum at
times. The quantum-coherence effects occur concurre
with the bleaching of absorption due to carrier creation a
population redistribution. In the transient regime, the plas
is appreciably cooler than the lattice (Tp!Tl) because the
system dynamics is occurring on a time scale that is sho
than the carrier-phonon collision time.

Dephasing processes and the transient nature of the d
field determine to a large extent the system dynamics
scribed in Figs. 3 and 4. When extended to the steady-s
limit, our calculations show that the quantum coheren
leading to EIT remains, although the transient inversionl
gain disappears. To recover the inversionless gain, one
externally inject carriers intoua& and uc&, while still main-
taining an uninverted population between these states. E
nal carrier injection can also be used to prolong the g
duration in the transient case.

The exact spectral and temporal response naturally
pend on the details the drive and probe pulses. Additio
calculations~not presented! indicate that spectral feature
similar to those shown in Fig. 4 are also present for pro
pulse duration shorter than drive pulse duration, as may
the case in a transient pump-probe experiment. A param
study of the dependence of the optical response on
shapes, durations, and magnitudes of the drive and p
pulses is not the intent of this paper. Instead, we will n
concentrate on the differences to the optical response ca
by semiconductor many-body effects.

The curves in Fig. 4 exhibit features that are unique
semiconductors. These features are a result of many-b
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FIG. 4. Optical response vs probe frequency at~a! t50 ~dotted
curve!, ~b! 1.2 ps~dashed curve!, and~c! 1.6 ps~solid curve!.
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effects, specifically, the Hartree-Fock renormalizations a
population redistribution by carrier-carrier collisions. W
compare the present results with those obtained by neg
ing the Coulomb renormalizationsDab

d andDab
nd , and popu-

lation relaxation to quasiequilibrium distributions~setting
gc2c5gc2c

q 5gc2p5gc2p
q 50). In doing so, we have essen

tially isolatedua&, ub&, anduc& from other quantum-dot and
quantum-well states. Figure 5 shows the resulting optical
sponse prior to the drive pulse arrival~dotted curve!, and
when inversionless gain and EIT are most prominent~dashed
and solid curves, respectively!. We see that in this free
carrier approximation, the signatures for the inversionl
gain and EIT resemble those in the atomic case. Compar
with Fig. 4 shows that the many-body renormalizations g
rise to highly asymmetrical spectra resulting from redistrib
tion of optical response aboutvac

(0) . ~Note thatvac
(0) are dif-

ferent because of the contribution from the exciton bind
energy in Fig. 4.! To produce roughly the same degree
quantum-coherence effects in the two figures, a higher d
field amplitude is needed in Fig. 5, because of the absenc
Coulomb enhancement and the incoherent pumping of
a-c transition by carrier-carrier collisions that transfer hol
created by the drive pulse inub& to uc&.

Using Eq.~19! and the real part of the susceptibility, on
obtains the carrier-induced refractive index spectra. Fig
6~a! showsdn as a function of probe frequency before th
drive pulse~dotted curve!, at the peak of inversionless gai
~dashed curve!, and when EIT is most prominent~solid
curve!. For comparison, Fig. 6~b! shows the results when
Coulomb effects and collision-induced population trans
are neglected. The increase in structure caused by quan
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FIG. 5. Free-carrier optical response vs probe frequency du
the start of drive pulse~dotted curve!, peak of inversionless gain
~dashed curve!, and peak of EIT~solid curve!.
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coherence is clearly noticeable in both figures. However,
dot-dot and dot-well Coulomb interaction resulting in e
hancement of the absorption are even more prominent in
refractive index. Both the shape and the magnitude of
changes indn with detuning are distinctly different. Peak-to
valley changes indn are three times greater in Fig. 6~a! than
in Fig. 6~b!. These index variations with detuning transla
directly to modification in the group velocityvg via the rela-
tionship

vg5
c

@nb1vp~ddn/dvp!#
. ~21!

In Fig. 7, vpddn/dvp versus detuning for the three situ
tions is plotted. Before the appearance of the drive pulse
at zero detuning, we see the expected increase in group
locity ~i.e., vpddn/dvp,0) in an absorptive transition@Fig.
7~a!#. On the other hand, a reduction in group veloc
(vpddn/dvp.0) is predicted in the presence of inversio
less gain and EIT@Figs. 7~b! and 7~c!#.

As in the atomic experiments, dephasing plays an imp
tant role in the semiconductor quantum-coherence effe
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FIG. 6. Carrier-induced refractive-index change vs probe
quency~a! with and ~b! without many-body renormalizations an
population relaxation. The spectra are for the start of drive pu
~dotted curve!, peak of inversionless gain~dashed curve!, and peak
of EIT ~solid curve!.
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For a quantum-dot structure, there is much uncertainty in
carrier-carrier and carrier-phonon collision rates. Under h
excitation ~which is the case after the arrival of the driv
pulse!, the carrier-carrier scattering rate is typically an ord
of magnitude larger than the carrier-phonon scattering
and, therefore, determines the dephasing ratesgd and gq.
Values forgc2c reported in the literature range from 1011 to
231014 s21, depending on experimental conditions. To o
tain some indication of the sensitivity of quantum-coheren
effects to the dephasing rate, we perform calculations for
collision rates gd5gq5gc2c5131012, 231012, and
331012 s21. Figure 8 summarizes the results for the gain
absorption andvp(ddn/dvp). The same drive pulse as i
Fig. 3~a! is used, and the plotted curves are for times wh
coherence effects are close to maximum for the three ca
i.e., when either the inversionless gain or EIT signature
most prominent. By comparing the solid and dashed cur
in Fig. 8~a!, one sees that the system goes from having
versionless gain to exhibiting only EIT whengd increases
from 1012 s21 to 231012 s21. For gd5331012 s21, the
only evidence of the presence of quantum coherence is

-

e
FIG. 7. Group-velocity reduction factor~solid curve! vs probe

frequency during the~a! start of drive pulse,~b! peak of inversion-
less gain, and~c! peak of EIT. The dashed curves are the cor
sponding gain or absorption spectra.
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slight flattening in the absorption spectrum~dotted curve!. As
discussed earlier, the asymmetry around zero detunin
caused by many-body renormalizations involving t
quantum-dot and quantum-well population. In the dot
curve, this asymmetry is more visible than the spectral fl
tening, suggesting that many-body effects overtake quant
coherence effects somewhere betweengd5231012 s21 and
gd5331012 s21. Note the large multiplicative factors indi
cating the significant variation in spectral feature size for
small range of collision rates considered. The dotted curv
Fig. 8~b! clearly shows no group-velocity reduction forgd

5331012 s21. Even thoughvp(ddn/dvp) remains nega-
tive, its zero detuning value is substantially greater than p
to the arrival of the drive pulse. As shown by the dash
curve, the results change significantly when the depha
rate is reduced togd5231012 s21. Here, vp(ddn/dvp)
.0 at zero detuning, indicating the presence of gro
velocity reduction. Further decreasinggd to 1012 s21 gives a

FIG. 8. ~a! Probe gain or absorption and~b! group-velocity re-
duction factor spectra att51.6 ps for dephasing ratesgd

5131012 ~solid curve!, 231012 ~dashed curve! and 331012 s21

~dotted curve!.
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60-fold increase in group-velocity reduction@i.e.,
vp(ddn/dvp) increases from 3.5 atgd5231012 s21 to 220
at gd51012 s21]. Finally, we note that accompanying th
increase in group-velocity reduction is a sharpening of
spectral features, so that there is a tradeoff between maxi
ing quantum-coherence effects and tolerance to inhomo
neous broadening in the quantum-dot sample.

V. CONCLUSION

The implementation of recent advances in atomic qu
tum coherence and interference in a semiconductor syste
explored theoretically using a microscopic theory of optic
response. Our calculations predict the occurrence of in
sionless gain, EIT, and refractive-index enhancement in
transient regime for a quantum-dot structure, even
dephasing rates typical under room temperature and high
citation conditions. They also indicate important deviatio
from atomic systems, because of strong influences fr
other quantum-dot states and from the continuum consis
of states from the surrounding quantum well. As a resul
quantum-dot structure should not be treated as an isol
few-level system. The dot-dot and dot-well Coulomb inte
action gives rise to collision-induced population redistrib
tion and many-body energy and field renormalizations.
gether, they modify the magnitude, spectral shape, and t
dependence of quantum-coherence effects.
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APPENDIX: DERIVATION OF THE EQUATIONS
OF MOTION

For an interacting electron-hole plasma in a quantum-
structure, the Hamiltonian is

H5H01Hc2 f1HC , ~A1!

which contains contributions from the free-carrier energy

H05(
n

«nan
†an1(

m
«mbm

† bm , ~A2!

the carrier-laser-field interaction energy,

Hc2 f52(
n,m

~mnman
†bm

† 1mnm* bman!E~z,t !, ~A3!

and the Coulomb interaction energy,

HC5
1

2 (
n,m,r ,s

Wnm
rs ar

†as
†aman1

1

2 (
n,m,r ,s

Wnm
rs br

†bs
†bmbn

2 (
n,m,r ,s

Wnm
rs ar

†bs
†bman . ~A4!
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In the above equations,an and an
† are electron annihilation

and creation operators,bm andbm
† are the corresponding op

erators for holes,«n is the free-carrier electron or hole en
ergy,mnm is the dipole matrix element between statesn and
m, and the optical field is defined as in Eq.~1! in the main
paper. The english alphabet subscripts and superscripts
to either quantum-dot or quantum-well states. Later, wh
we distinguish between quantum-dot and quantum-well c
tributions, we will use greek alphabets to label quantum-
states and the wave vectork to label quantum-well states. I
instances where the carrier charge is not obvious, we
sn5e or h to define the charge in staten. Equation~A4!
contains the Coulomb interaction energy matrix element

Wnm
rs 5E d2r 1E d2r 2f r* ~r1!fn~r1!W~r12r2!

3fs* ~r2!fm~r2!

5 (
qÞ0

WqE d2r 1f r* ~r1!e2 iq•r1fn~r1!

3E d2r 2fs* ~r2!e2 iq•r2fm~r2!, ~A5!

where fn(r ) is the dot or well wave function in the
quantum-well plane,

Wq5
Vq

«q
5

1

«q

e2

2A«bq
~A6!

is the Fourier transform of the screened Coulomb potentiae
is the electron charge,A is the area of the quantum we
containing the quantum dots,«b is the host dielectric con
stant, and«q is the dimensionless longitudinal dielectr
function calculated using the static Lindhard formula@24#.

Using the above Hamiltonian, we proceed by working
the Heisenberg picture to derive the equations of motion
the polarizations , as well as the electron and hole pop
tions. For brevity, we consider only the quantum-cohere
scheme consisting of one quantum-dot electron stateua& and
two quantum-dot hole statesub& anduk&. After some simple
but lengthy operator rearrangements, followed by the fac
ization of four-operator terms into products of the interba
polarization pab5^bbaa&, intraband polarization pbk

5^bkbb
†&, electron populationna5^aa

†aa&, and hole popu-
lationsnb5^bb

†bb& andnk5^bk
†bk&, the results are obtaine

in the screened Hartree-Fock limit. For the polarizations,
equations of motion are

dpab

dt
52 ivab

(0)pab2
i

2\
@mab~na1nb21!2makpkb#E1

2 iDab
d pab2 iDab

nd ~na1nb21!1 iDak
ndpkb

1
]pab

]t U
col

. ~A7!

and
05380
fer
n
-
t

se

r
a-
e

r-
d

e

dpbk

dt
52 ivbk

(0)pbk2
i

2\
@makpbaE12mbapakE2#

2 iDbk
d pbk1 iDbk

nd~nb2nk!1 i @Dba
nd pak2Dak

ndpba#

1
]pbk

]t U
col

, ~A8!

where E1/2 is the positive/negative frequency part of th
optical field E(0,t), \vab

(0)5«a1«b , and \vbk
(0)5«k2«b .

The last term in each of the above and the following eq
tions with]/]tucol represents the collision contributions, an
the actual form used in our calculation is discussed in
main paper. In addition, there are equations of motion for
carrier population in the single-electron level:

dna

dt
52ImF1

\
~mabpba1makpka!E112~Dab

nd pba

1Dak
ndpka!G1

]na

]t U
col

~A9!

and the double hole levels:

dnb

dt
52ImS 1

\
mabpbaE112Dab

nd pbaD1
]nb

]t U
col

,

~A10!

dnk

dt
52ImS 1

\
makpkaE112Dak

ndpkaD1
]nk

]t U
col

.

~A11!

The derivation also gives the equations of motion for t
quantum-well operators, i.e.,

dpk

dt
52 ivkpk2

i

2\
mkE

1~nek1nhk21!2 iDk
dpk

2 iDk
nd~nek1nhk21!1

]pk

]t U
col

, ~A12!

dnsk

dt
52ImS 1

\
mkpk* E112Dk

ndpk* D1
]nsk

]t U
col

.

~A13!

Equations~A7!–~A13! contain contributions from many
body effects. In Eqs.~A7! and ~A8! we have diagonal~su-
perscriptd) Coulomb terms that renormalize the transitio
frequencies. For interband transitions, the renormaliza
energy is

\Dab
d 52(

n
~Wnn

aa2Wan
an!nn2(

m
~Wmm

bb 2Wbm
bm!nm

1(
m

~Wmm
bb 2Vmm

bb !1(
m

~Wbm
bm2Vbm

bm!, ~A14!

wherea, n (b,m) denote the electron~hole! states and the
summations are over both quantum-dot and quantum-w
states. For intraband transitions,
2-9
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Dbk
d 5Dak

d 2Dab
d . ~A15!

Also present in Eqs.~A7!–~A10! are nondiagonal~super-
script nd) Coulomb terms describing the Rabi frequen
renormalization,

\Dab
nd 5(

n
(
m

Wnm
abpnm , ~A16!

\Dbk
nd5(

m
(
m8

Wmm8
bk pmm8 . ~A17!

Similarly, for the quantum-well equations,

\Dk
d52 (

k8Þk
WukÀk8u~nek81nhk8! ~A18!

and

\Dk
nd5 (

k8Þk
WukÀk8upk8 , ~A19!

whereWuk2k8u is as defined in Eq.~A6!.
Finally, the Coulomb interaction energy matrix elemen

involving only quantum-dot states have the form
iry
e,

ss

ly,
.

d

e

.
ev
ys

-

e

05380
s

Wa8b8
ab

5 (
qÞ0

WqI aa8~q!I b8b~q!, ~A20!

wherea andb may be electron or hole states and the over
integral is

I aa8~q!5E d2r 1fa* ~r1!e2 iq•r1fa8~r1!, ~A21!

with the carrier chargesa5sa8 andsb5sb8 . For the cou-
pling of quantum-dot states to continuum states, the C
lomb interaction energy matrix element is

Wkk
ab5 (

qÞ0
WqI ak~q!I kb~q!, ~A22!

where

I ak~q!5E d2r 1fa* ~r1!e2 iq•r1fsak~r1! ~A23!

andfsk(r ) is the continuum wave function with momentu
k and charges. The matrix elementsVa8b8

ab and Vkk
ab are

obtained by replacing the screened Coulomb potentialWq
with the bare oneVq in Eqs.~A20! and ~A22!.
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