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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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[. INTRODUCTION neously broadened atomic system with strong dephasing ef-
fects.

During the last decade, advances in quantum optics led to This paper explores in more generality the extension of
experimental demonstrations of quantum-coherence pheuantum-coherence phenomena to semiconductors. By ex-
nomena, such as lasing without inversi@ivl), electromag- amining the transient regime and employing a physically
netically induced transparend§IT), ultralarge refractive- more realistic description of a semiconductor structure, we
index enhancement, and slow lighi]. These developments find interesting differences in the physics underlying semi-
brought worldwide attention because quantum-mechanicaionductor and atomic quantum-coherence phenomena. As al-
coherence and interference are realized in a macroscopic sylgded to earlier, dephasing processes are significantly faster
tem. Additionally, one can envision the development of abecause of carrier-carrier and carrier-phonon scattering. To
new generation of highly efficient, coherent and incoherenpvercome the greater loss of coherence, higher optical drive
optical sources and detectors whose noise properties and sdiglds (i.e., higher Rabi frequencigare necessary. The time
Sitivities go beyond the Standard quantum ||m|ts scale for SyStem dynamics will be in the tens of femtosec-

To date, EIT, LWI and other pump-probe schemes exploit2nds to picosecondsl4,15, instead of microseconds as in

ing coherent polarizations have been investigated using dif?? &tomic system. Moreover, one can no longer assume to

ferent approaches in a large number of physical settingé?ave an isolated three-level system. A semiconductor

Many of these results are classics of the quantum-optics liduantum-coherence experiment will still involve a three-
level system, e.g., consisting of excitonic or quantum-dot

erature and are discussed in recent review arti¢&S], ound states. However, this three-level system will be ener
where relevant references are also given. While mos? : ! y

guantum-coherence experiments involve dilute systémss getically in close proximity to other guantum-dot bound

. : ; states and to a continuum comprising states from the quan-
n atom.|c or mo.IecuIa.r vapors gnd doped .SC)|IE$—'7], there tum well embedding the quantum dots. The Coulomb inter-
is also interest in realizing similar effects in semiconductors

e ) o X ~~Jaction couples discrete and continuum states, resulting in
A motivation is the potentially drastic increase in applica- oy jision-induced carrier-population redistribution, as well as
tions because of the widespread use of semiconductor COMany-body energy and field renormalizatidas.

ponents in optoelectronics. Quantum-coherence phenomena section I presents the equations necessary for investigat-
inVOIVing intersubband transitions in semiconductor quantumng quantum_coherence phenomena in Semiconductors_ The
wells were investigated theoreticall] and experimentally  derivation of these equations is described in the Appendix. A
[9]. Recently, EIT was experimentally demonstrated usingsemiclassical approach is used, which is based on the semi-
exciton and biexciton transitions in a quantum-well structureconductor Bloch equationgl7] with many-body Coulomb
[10,11]. There are additional theoretical studies on LWI andeffects treated at the level of the screened Hartree-Fock ap-
refractive-index enhancement in semiconductor nanostrugroximation. For this paper, a quantum-dot structure is con-
tures for the purposes of coherent mid- to far-infrared radiasidered because we believe that the transition from atomic
tion generation12] and optical storag¢l3], respectively. and molecular systems to semiconductors is best accom-
There, steady-state results are obtained by assuming thatpéished with quantum dots. The three-dimensional quantum
semiconductor system behaves analogous to an inhomogeenfinement gives an electronic structure that closely re-
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sembles that of an atom, and may mitigate dephasing effects quantum _ electron
by providing some degree of isolation between quantum dots well ﬂ energy
and the surrounding region. For realistic predictions of opti- la) — ¢

cal response, the theory requires as input details of the elec- 4 é

tronic structure, in particular, the bound-state energies, the

energy dispersions of the continuum, and the oscillator Eqrive Eprove

strengths of the relevant transitions. Section Il describes

how these properties are determined from a band-structure

calculation. The example of an ,J8a ,N/Al,Ga N \b> — T &
guantum-dot structure is chosen because it provides an op- T T 7777 -

portunity to illustrate how quantum coherence can generate @~ | — =~~~ 1°-
short-wavelengthultraviolet coherent radiation in a semi- c) &

conductor system. To achieve this with conventional stimu- quantum Zﬁleergy
lated emission would require one to replace indium with alu- well _

minum in the active region, which at present inevitably

increases defect densifg8]. FIG. 1. Energy levels for quantum-dot structure. A band gap

Section IV applies the tools developed in the previous twaseparates the electrofiaf) and hole b)) states. The solid lines
sections to study the nature of quantum coherence phenongwicate the levels directly involved in the quantum-coherence pro-
ena in a quantum-dot system. We show that when driven byess, while the dashed lines and the shaded regions represent the
a short, intense optical pulse, a quantum-dot structure cagther quantum-dot states and quantum-well continuum states that
exhibit inversionless gain and EIT, as the system evolvesodify quantum-coherence behavior. The drive and probe fields are
with time. We refer to EIT as the reduction in absorption ofalso shown.
the probe field under the action of a coherent drive field.

Inversionless gain is said to occur if the drive field leads to

gain in the probe transition without a population inversion incause of envelope function overlap arguments, these states

the drive or the probe transition. Considerable work has beefrepresented by dashed lines and shaded regstiihave to

performed to distinguish inversionless gain from coherenbe included in the analysis because they play a role in the

population trappind 19,20 or Raman gairf21] under cw carrier-population redistribution by collisions. As will be

(continuous wave and pulsed conditions. The dephasingshown later, these states additionally modify optical proper-

time was assumed to be short in the former, and considerabljes via many-body Coulomb effects.

longer than the pulse duration in the latter. In this paper, our The experimental setup calls for two optical fields: a drive

focus is on the transient pumping regime, where pulsdield to pump the transition involving statés) and|b), and

lengths are comparable to the dephasing time. We will shova probe field for measuring the optical response at the tran-

that the interplay between quantum coherence and mansition involving statega) and|c), as well as quantum-well

body effects leads to transient behaviors that are differentlectron and hole statésk) and|hk), respectively. Working

from those found in atomic systeni22,23. In particular,  within the context of semiclassical laser theory, we write the

modifications to the inversionless gain and EIT dependencetal electric field as

on probe frequency by the coupling to other quantum-dot

bound states and to the continuum will be discussed. Also 1 Kz iont Koot

described is the refractive-index enhancement and the asso- ~ E(Z1)= 5[Eq(t)eTe 1@+ Ey(t)eot 1@

ciated group-velocity reduction. Finally, we discuss the role - o

of dephasing. To describe scattering effects at the level of a +Eq4(t)e kaztiodt 4 E;(t)e"kpﬁ'“’pt], 1)

guantum kinetic theonf24] is beyond the scope of this

study. Instead, we use an effective relaxation rate approximawherez is the position along the propagation directiénis

tion and perform the calculations for the range of relaxatiorthe wave vectorw; is the frequency, the subscripdsand p

rates reported in the literature. identify the drive and probe fields, and the slowly varying
probe field amplitudeE, is complex to allow for a phase
difference between it and the drive figietal) amplitudeE,.

l. THEORY Derivation of the medium equations of motion is carried out

Figure 1 depicts a typical energy-level diagram of ain the Heisenberg picture using a Hamiltonian that contains
quantum-dot structure. There are quantum-dot electron anfff€ noninteracting plasmafree-carriey energy, dipole-
hole bound states, as well as the continuum states of thigteraction energy with the optical fields, and Coulomb inter-
quantum well that embeds the quantum dots. With g2Ction energy among carriesee the Appendix Written
quantum-coherence experiment in mind, and governed b§Xplicitly for the polarizations connecting statés), [b),
dipole matrix selection rules, one picks three states from th@nd|c), Eds.(A7) and(A8) in the Appendix become
many quantum-dot levels. Following the notation used for

atomic systems, we denote these stateaps|b), and|c). dPap _ . i _ ,
While optical transition matrix elements involving the elec-  dt (1@apt Y Pap= i Qap(Nat My = 1) +1QacPep,
tron state|a) and other hole states are typically small be- 2

053802-2



THEORY OF QUANTUM-COHERENCE PHENOMENAIN . .. PHYSICAL REVIEW &8, 053802 (2003

dPac dn, _

T (fwact yd)pac_ 1Qac(Na+Ne—1) +iQapPpe, at 1(QapPba— Pabba) — 'Vgrnb_ Vg—c[nb_ fo(h Tp)]
() g |
_'}’c—p[nb_fb(ﬂhaTl)]a (10
dpp . .
dt f=— (lwpet 'yd)pbc+ i(QpaPac— Pballac) dn.
. nd W:'H(Qacpca_ pacha)_')’grnc
_HAbc(nb_nc)y (4)

. d _ p . d _ |

where collision effects are approximated using an effective Ve-elNe™ feluth Tp) 1= YeplNe=felun T,
dephasing rate?, i.e., dp,glco~ — ¥'Pag, and the electron (13)
(hole) populations in the dot and continuum states are de-

noted byn,, (ng) andnge (nye), respectively. Both the where ¥, ¥2_., and y2_, are effective nonradiative re-
transition frequency,; and the Rabi frequenc§),; are  combination, carrier-carrier scattering, and carrier-phonon

modified by many-body effects: scattering rates, respectively. The population relaxation terms
©0) 4 nd (second line in each equatipmpproximate the collision-
Wap=woptAyp, ©) induced particle exchange processes that tend to drive the
population distributions ; to quasiequilibrium Fermi-Dirac
QaﬁZM;:BE++A2%* 6) functions f; at chemical potentials and temperatures

(v, T,) and (ul,,T)), whereT, and T, are the plasma and

o) . ) " lattice temperatures, respectively.

where w,; is the unexcited-material transition frequency,  as discussed at the beginning of this section, the states of
Map is the dipole matrix element" is the positive fre-  the quantum well that embeds the quantum dots can influ-
quency part of Eq(1) with z=0, and the many-body con- ence quantum-dot optical behavior. The equations of motion
trlcs)utlons adre grouped into diagonal and nondiagonal termgy, the quantum-well polarizations and populatiofsL2)

Aap an_dAZB, respectively. Rewriting Eq$A14)—(A17) ex-  and(A13) may be rewritten as

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

dpx . .
hAgB:_E W - > Wgéglnﬁ’ T YOP— i Q[ Ne+np—1], (12
a/ B!
BB _\/BB \_ aa dney .
+§ (Wigrgr =Vigrg:) kZ Wierr Neks di =[Pk — Pk 1= YaNek— Ya_ d Nek
S W S (WEE VR ) (1) — fer(ul T 1= 7d plNes—fexre TH],
k' Kk’ (13)
RANG= > WP P+ 2 Wilpy, ®8) dmny
b a' B «'p prog Tk W:'[Qkpﬁ_ka:]_Vﬁr”h,k_Vg—c[nh,k

where the matrix elements for the screened and bare Cou- (P T = 70 [h = T
lomb interaction energyw and V are described by Egs. hkC AR Tl Ye—pL k™ Tk Ah o T
(A20) and (A22), and the discussion following these equa- (14)
tions. We neglected terms associated with space-charge ef-
fects (Hartree termpsand polarizations between continuum wherek is the carrier momentum, and the other variables are
hole states. Implicit in the summations is no electron to holeghe quantum-well equivalent of those for the quantum dots.
or light-hole to heavy-hole coupling via the Coulomb inter- Equations(2)—(4) and (9)—(11) are coupled to Eqs12)—
action. Furthermore, because of the likelihoodygk w,zin (14) by the chemical potentials and plasma temperature. To
a semiconductor, we deviate from the atomic derivation andietermine the chemical potentigld and u.f, we note that
include terms typically neglected in the rotating-wave ap-total electron and hole densities are conserved in carrier-
proximation. carrier collisions. Hence,

Similarly, Egs.(A9)—(A1l) for the quantum-dot carrier
population become

1
i NdE na+ K zk: ne,k
d_tr:1 =i (Qabpba_ pabea) +i (Qacpca_ pacﬂca) o ygfna

1
=Ng fo(ul T+ 5 > fer(ul Ty,
— 8 dna—fa(ul T 1= 72 J[na—fa(ub, T, - erp) T & Teklte, Tp

9 (15)
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1
N Ng+ — n
=Na2, fo(uh To)+ 7 2 Thicuh T, 0 NN
(16) 5 W .
where Ny is the density of quantum dot is the active £ 5 ‘
region area, and the summations owveland B involve all °
electron and hole quantum-dot states, respectively. Also con- qw abs x 0.01
served in carrier-carrier collisions is the total electron and
hole energy, which specifies the plasma temperafyreia . | | |
1 3.2 3.6 4.0
Nd(z Bana'f'z Sﬁnﬁ + — E 2 SU.‘kno.‘k energy (eV)
= 3 A =h T
FIG. 2. Room-temperature absorption and gain spectra in the
=N f P T )+ f P T absence of a drive field, showing the optical transitions of
d[% galalre: Tp) % &5l (n: Tp) Ino.1Ga gN quantum-dot structure used in the present study. The

L carrier densities arll=10'° (solid curve, 10" (dashed curje and
102 cm2 (dotted curveé The energetically lowerhighep peak
- P
A U:E&h ; eoklon(ba o), (I belongs to the electron to heavy-hdlight-hole) transition, which
corresponds to tha—b (a—c) transition in Fig. 1.

\(%Z?irr?tugrﬁ-w(;u&kgneargﬁlassf‘or(sglyé)ctrs:g :;]% ﬂglaensturpegl;(tec nm, respectively. When calculating the electronic structure,
. O S we assume that the quantum confinement and built-in elec-
tively. For the quasiequilibrium distributiorf§(s, . 7)) and  1gstatic potential is appreciably weaker in the radial direc-
fok(1y,T)) reached by carrier-phonon collisions, the totaltion than in the vertical direction, so that it is possible to

carrier density is again conserved, which gives make a separation of variables in the vertical and lateral di-
mensions[25]. With this simplification, the quantum-dot
2 N+ 1 z n states are obtained by simultaneously solving Sdiniger
ek

and Poisson equations in each dimension. The solutions con-
tain the effects of the quantum confinement, the built-in elec-
| 1 | tric field, and the mixing between hole states. For computing
:ng falpe, T+ A ; fex(me T, the quantum-well states, we use a multibang model in
the envelope approximatidi26]. The input to the electronic
1 structure calculations are the bulk material properties such as
Ndz Ng+ ~ 2 Nh k the electron and hole effective masses, crystal-field and spin-
A ' orbit energy splittings, elastic constants, lattice constants,
and deformation potential27]. The remaining parameters
= are the bulk material dipole matrix elemergX2.3 nm),
Ndz fﬁ('uh ')+ E . k('uh ). (18 background refractive index (2.28), permittivity of the host
material (10.6,), and band-offset energi€60:40 conduc-
However, energy is exchanged between carriers and lattic§ion:valence band-offset ratio assumed
which we take into account by fixing the temperature of the To illustrate the electronic structure contributions to opti-
quasiequilibrium distributions in Eq18) to the lattice tem-  cal properties, we show in Fig. 2 the calculated linear absorp-
peratureT,. An attraction of the above approach is that thetion and gain spectra for different carrier densities. The ab-
transport of carriers between the quantum-dot and quantunsorption or gain is a part of the complex susceptibijtyhat
well subsystems is described as an integral part of the relas related to the electron-hole polarization according to
ation processes due to collisions.

Kyon—ig=npk ©d
dON =19 =NpKgx = ———=—"—
IIl. BAND STRUCTURE &0oNKC|Ep|lw
In Egs.(5) and(6), the transition energies{” and dipole <N n 1
transition matrix elementg;; are properties of the electronic d% 2, Haghag A ; P |
structure. As discussed in the Introduction, we consider a (19

guantum-dot structure consisting ofghGay o\ quantum

dots embedded in a 2-nm-thick AG& g\ quantum well,  whereg is the linear(small signal amplitude gaingn is the
which is cladded by AJ,{Ga g\ layers. The shape of an carrier-induced refractive-index changg,andc are the per-
Ing 1Ga oN quantum dot is approximated by a 2-nm-high mittivity and speed of light in vacuunw is the thickness of
truncated cone, with top and bottom diameters of 4 nm and &e active region, andy, is the background refractive index.
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To obtain the spectra in Fig. p,,z andp, are computed in 2.4
the absence of the drive field and, consequently, with no
guantum-interference contributions. We assume a dot densityt
of Ng=5x10% cm™~2, an inhomogeneous broadening of 20
meV, dephasing rates off=y9=10 s, and quasiequi-
librium between quantum-dot and quantum-well populations.
The two-dimensional carrier density is 0

(€Y

m

12 |

Iy (MW/c

2
N:2Nd2 na‘f‘xzk nu.ak, (20) (b)

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

Figure 2 shows that at low carrier density, the spectra
exhibit the familiar signature of excitonic absorption. With
increasing carrier density, the excitonic resonances areg
gradually bleached and, eventually, optical gain appears ing
the vicinities of the original exciton resonances. Contributing
to the quantum-dot portion of each optical spectrum are tran-
sitions involving one electron and six hole quantum-dot
states. Transitions involving the lowest-order lateral eigen-
modes give rise to two pronounced resonances, where the
lower- (higher) energy resonance is a result of an electron to
heavy- (light-) hole transition. Also present are the strong .
guantum-well exciton and interband absorption. The contri-
butions from transitions involving higher-order lateral quan-
tum numbers are not resolvable because their amplitudes are
noticeably weaker as a result of dipole selection rules. The
spectra indicate that a carrier density greater thafh o2
is necessary for the appearance of gain in the electron to 1 0 ! 2 3
light-hole, i.e., high-energy, transition. In the following sec- time (ps)
tion, we will explore the feasibility of achieving gain at this
transition with a lower carrier density via quantum coher-
ence.

onse (10%cm-t)

ptical resp:

(o]

-30 1 : 1 |

-0.7

-0.8 |

inversion

-09

FIG. 3. (a) Drive pulse,(b) probe optical response, arid) in-
version in electron to heavy-holésolid curve and light-hole
(dashed curvetransition vs time, which correspond, respectively, to
thea—b anda—c transitions in Fig. 1.

IV. RESULTS

uration, after which absorption reappears, but at a smaller
alue than prior to the drive pulse. Figur&Bindicates that
ea-b anda-c transitions are not inverted, even during the

First, we consider the situation where we apply an opticae
drive pulse to the quantum-dot structure described in th
preceding section. The pulse is g;sumed to be resonant wi riod when the probe signal experiences optical gain. It
the electron to heavy-hole transition at frequendy), and  gpould be noted that, even though the individual transitions
we examine thg optical resp((aor)]se close .to the electrqn 9re not inverted, thgre exists a Raman gaip— ="y
light-hole transition frequency, . The optical response is _p >0 for the duration of the pulse, in accordance with a
determined by the time-dependent polarizatippg(t) and  result of Ref.[21]. Carrier density(created by the drive
Pk(t). We present the results in the form of a gaift) and  puise at the gain maximum iN=<5x10° cm 2, which is
refractive indexsn(t) as given by Eq(19), where the values  gver an order of magnitude lower than that necessary to
of p,s(t) andpy(t) are averaged over the probe field phasereach transparency in the electron to light-hole transition in

Figures 3a) and 3b) show the temporal relationship be- the absence of quantum interferen@ee dashed curve in
tween drive pulse and optical response to weak probe signatig. 2). However, it should be noted that in this transient
In the calculation, we assume dephasing and collisionnyersionless gain case, the carrier distribution created by the
rates =y, c=19=vd_=2Xx10”s",  y._,=¥d, drive pulse has a significantly lower kinetic energy, as char-
=5X10"s™%, v, =y, =10" s, and we use the units of acterized by a plasma temperature Bf=140 K in an
cm ! (inverse propagation lengtfor the optical response to equivalent quasiequilibrium distribution.
facilitate comparison with gain and absorption produced by Figure 4 describes, in greater detail, the nature of the op-
conventional excitation methodas in Fig. 2. For a probe tical response. Each curve shows the probe frequency depen-
applied at slightly higher energy th OC), there is an abrupt dence of the optical response at different times. At the start
bleaching of the absorption after the onset of the drive pulseof the drive pulse, one has the typical excitonic absorption
This is followed by the appearance of gain for a very shortresonance centered aﬁf} (dotted curve The dashed curve
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FIG. 4. Optical response vs probe frequencyaat =0 (dotted
curve), (b) 1.2 ps(dashed curve and(c) 1.6 ps(solid curve. FIG. 5. Free-carrier optical response vs probe frequency during
the start of drive pulsédotted curvg peak of inversionless gain
shows the presence of inversionless gain shortly afterwardsdashed curve and peak of EIT(solid curve.
which evolves into the solid curve indicating the presence of » o
EIT. Both features are highly transient, and the optical reffects, specifically, the Hartree-Fock renormalizations and
sponse returns to the usual absorption spectrum at |on@opulat|on redistribution by carrier-carrier (.:O||ISIOI’]S. We
times. The quantum-coherence effects occur concurrentifompare the present results with those obtained by neglect-
with the bleaching of absorption due to carrier creation andng the Coulomb renormalizations;, ; andA7z, and popu-
population redistribution. In the transient regime, the plasmaation relaxation to quasiequilibrium distributior(setting
is appreciably cooler than the lattic& <T,) because the Yc—c=Ye-c= Ye-p= Y- p=0). In doing so, we have essen-
system dynamics is occurring on a time scale that is shortgfally isolated|a), |b), and|c) from other quantum-dot and
than the carrier-phonon collision time. guantum-well states. Figure 5 shows the resulting optical re-
Dephasing processes and the transient nature of the driveponse prior to the drive pulse arrivaotted curvg and
field determine to a large extent the system dynamics dewhen inversionless gain and EIT are most promiridashed
scribed in Figs. 3 and 4. When extended to the steady-stagnd solid curves, respectivglyWe see that in this free-
limit, our calculations show that the quantum coherencecarrier approximation, the signatures for the inversionless
leading to EIT remains, although the transient inversionlesgain and EIT resemble those in the atomic case. Comparison
gain disappears. To recover the inversionless gain, one cawmith Fig. 4 shows that the many-body renormalizations give
externally inject carriers int¢a) and|c), while still main-  rise to highly asymmetrical spectra resulting from redistribu-
taining an uninverted population between these states. Extetion of optical response about\?). (Note thatw'®) are dif-
nal carrier injection can also be used to prolong the gairferent because of the contribution from the exciton binding
duration in the transient case. energy in Fig. 4. To produce roughly the same degree of
The exact spectral and temporal response naturally deguantum-coherence effects in the two figures, a higher drive
pend on the details the drive and probe pulses. Additionalield amplitude is needed in Fig. 5, because of the absence of
calculations(not presentedindicate that spectral features Coulomb enhancement and the incoherent pumping of the
similar to those shown in Fig. 4 are also present for probe-c transition by carrier-carrier collisions that transfer holes
pulse duration shorter than drive pulse duration, as may bereated by the drive pulse {ib) to |c).
the case in a transient pump-probe experiment. A parametric Using Eqg.(19) and the real part of the susceptibility, one
study of the dependence of the optical response on thebtains the carrier-induced refractive index spectra. Figure
shapes, durations, and magnitudes of the drive and prol&a) showsén as a function of probe frequency before the
pulses is not the intent of this paper. Instead, we will nowdrive pulse(dotted curvg at the peak of inversionless gain
concentrate on the differences to the optical response causédhshed curve and when EIT is most prominer(solid
by semiconductor many-body effects. curve. For comparison, Fig. (6) shows the results when
The curves in Fig. 4 exhibit features that are unique toCoulomb effects and collision-induced population transfer
semiconductors. These features are a result of many-bodyre neglected. The increase in structure caused by quantum
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FIG. 6. Carrier-induced refractive-index change vs probe fre- Hop—af) (meV)

quency(a) with and (b) without many-body renormalizations and FIG. 7. Group-velocity reduction factdsolid curve vs probe
population relaxation. The spectra are for the start of drive pulsdérequency during théa) start of drive pulse(b) peak of inversion-
(dotted curvg, peak of inversionless gailashed curve and peak less gain, andc) peak of EIT. The dashed curves are the corre-
of EIT (solid curve. sponding gain or absorption spectra.

coherence is clearly noticeable in both figures. However, th?:or a quantum-dot structure. there is much uncertainty in the
dot-dot and dot-well Coulomb interaction resulting in en- q ' y

hancement of the absorption are even more prominent in th(éarr.ierjcarrier.anq carrier-phonon collision rates. Under high

refractive index. Both the shape and the magnitude of thgxcnatlon (which is the case after the arrival of the drive

changes in Wifh detuning are distinctly different. Peak-to- pulse, th_e carrier-carrier scattering rate is typically an order

valley changes isn are three times greater in Fig&aﬁ than of magnitude larger than the carrier-phonon scattering rate
‘ ; i q

in Fig. 6(b). These index variations with detuning translateand’ therefore, determines the dephasing rafesnd .

i ; 1
directly to modification in the group velocity, via the rela- Valu%ifo,r}’c* repor.ted in the Iltgrature range.f.rom 1ao
tionship 2X10" s+, depending on experimental conditions. To ob-

tain some indication of the sensitivity of quantum-coherence
_ c effects to the dephasing rate, we perform calculations for the
9" [np+ wp(don/de,)]’ 2D collision rates Yi=99=vy,_ =1%x10% 2x10%? and
3x 102 s™1. Figure 8 summarizes the results for the gain or
In Fig. 7, w,ddn/dw, versus detuning for the three situa- absorption andv,(dén/dwy). The same drive pulse as in
tions is plotted. Before the appearance of the drive pulse anBlig. 3(@) is used, and the plotted curves are for times when
at zero detuning, we see the expected increase in group veeherence effects are close to maximum for the three cases,
locity (i.e., wpdén/dw,<<0) in an absorptive transitioiFig. ~ i.e., when either the inversionless gain or EIT signature is
7(a)]. On the other hand, a reduction in group velocity most prominent. By comparing the solid and dashed curves
(wpdén/dw,>0) is predicted in the presence of inversion- in Fig. 8(@), one sees that the system goes from having in-
less gain and EITFigs. 1b) and 7c)]. versionless gain to exhibiting only EIT wheyf' increases
As in the atomic experiments, dephasing plays an imporfrom 102s ! to 2x10"2s 1. For y9=3x10?s™?, the
tant role in the semiconductor quantum-coherence effect@nly evidence of the presence of quantum coherence is the

\Y
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6 60-fold increase in group-velocity reductionfi.e.,
wp(ddn/dw,) increases from 3.5 at?=2x 10" s™* to 220

at y9=10'2s71]. Finally, we note that accompanying the
increase in group-velocity reduction is a sharpening of the
spectral features, so that there is a tradeoff between maximiz-
ing quantum-coherence effects and tolerance to inhomoge-
neous broadening in the quantum-dot sample.

V. CONCLUSION

The implementation of recent advances in atomic quan-
tum coherence and interference in a semiconductor system is
explored theoretically using a microscopic theory of optical
response. Our calculations predict the occurrence of inver-
sionless gain, EIT, and refractive-index enhancement in the
transient regime for a quantum-dot structure, even for
dephasing rates typical under room temperature and high ex-
citation conditions. They also indicate important deviations
from atomic systems, because of strong influences from
other quantum-dot states and from the continuum consisting
of states from the surrounding quantum well. As a result, a
quantum-dot structure should not be treated as an isolated
few-level system. The dot-dot and dot-well Coulomb inter-
action gives rise to collision-induced population redistribu-
tion and many-body energy and field renormalizations. To-
gether, they modify the magnitude, spectral shape, and time
dependence of quantum-coherence effects.

probe optical response (10°cm-")

(a) -9

240

180

120

60

w, ( don/day,)
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FIG. 8. (a) Probe gain or absorption aritd) group-velocity re- APPENDIX: DERIVATION OF THE EQUATIONS

duction factor spectra at=1.6 ps for dephasing rates* OF MOTION

=1x10"2 (solid curve, 2x 10" (dashed curvyeand 3x 1012 s For an interacting electron-hole plasma in a quantum-dot
(dotted curve, structure, the Hamiltonian is

slight flattening in the absorption spectridotted curve As H=Ho+H._¢+Hc, (A1)

discussed earlier, the asymmetry around zero detuning is, . . I .

caused by many-body renormalizations involving theWhlch contains contributions from the free-carrier energy,

guantum-dot and quantum-well population. In the dotted

curve, this asymmetry is more visible than the spectral flat- Ho=2 endfant > embibm, (A2)

tening, suggesting that many-body effects overtake quantum- " m

coherence effects somewhere betweér:2x 102 s™* and

y9=3x10% s 1. Note the large multiplicative factors indi-

cating the significant variation in spectral feature size for the _ ot N

small range of collision rates considered. The dotted curve in He—r=~ % (Hnmobm* tnmPman) E(2,1),  (A3)

Fig. 8b) clearly shows no group-velocity reduction fof

=3x10s 1. Even thoughw,(ddn/dw,) remains nega- and the Coulomb interaction energy,

tive, its zero detuning value is substantially greater than prior

to the arrival of the drive pulse. As shown by the dashed :E 2
2n

the carrier-laser-field interaction energy,

1
rs T4t IS Wit
s anar asaman+ By E anbr bsbmbn

curve, the results change significantly when the dephasing c mr, 2 ninrs

rate is reduced toy?=2x10"s"t. Here, w,(don/dw,)

>0 at zero detuning, indicating the presence of group- _ WS abip.a Ad
velocity reduction. Further decreasing to 10 s~ gives a n,mz,r,s nmrEsEmen (A4)
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In the above equations,, and ax are electron annihilation dpg.

[
and creation operatorb,, andb' are the corresponding op- T w(ﬁolzpﬁk— %[/"LaxpﬁaE+ ~HpaPaxE "]
erators for holesg,, is the free-carrier electron or hole en-
ergy, inm is the dipole matrix element between stateand —iA?;KpBKJriAg‘,’((nB—nK)+i[A?3ipaK—A2‘ipBa]
m, and the optical field is defined as in EQ) in the main
paper. The english alphabet subscripts and superscripts refer + % (A8)
to either quantum-dot or quantum-well states. Later, when ot CO,'

we distinguish between quantum-dot and quantum-well con-

tributions, we will use greek alphabets to label quantum-dowhere E*/~ is the positive/negative frequency part of the
states and the wave vectorto label quantum-well states. In optical field E(01), io{}=¢,+ ey, andhof)=¢, &g
instances where the carrier charge is not obvious, we us€Ehe last term in each of the above and the following equa-
o,=e or h to define the charge in state Equation(A4)  tions with 9/dt|.,, represents the collision contributions, and
contains the Coulomb interaction energy matrix element the actual form used in our calculation is discussed in the
main paper. In addition, there are equations of motion for the
carrier population in the single-electron level:

Wgsm:f dzrlf d2r 7 (r1) dn(r)W(ry—ry)

dn, 1 N nd
X ¢:(r2)¢m(r2) W: —Im %(Mdﬁpﬁa—{_lu’akaa)E +2(Aal3pﬁa
Zig. n
=2 Wq | d’rygf (ry)e "9 Mgy (ry) +AMp, ) |+ =2 (A9)
q#0 e at col
% f d2r2¢;(r2)e—iq-r2¢m(r2)’ (A5) and the double hole levels:
dng 1 . ang
_F__ _ + nd + £
where ¢,(r) is the dot or well wave function in the dt lm(ﬁ“"‘ﬁpﬁ“E 2RapPpa| T ol
quantum-well plane, (A10)
W Vg1 ¢ (A6) an, Im(l PET+2AMp )+ i
== = 7 MakPra akMka
9 eq £q2Ag4q dt h I | o
(A11)

is the Fourier transform of the screened Coulomb poterial, o ) ) )
is the electron chargé is the area of the quantum well The derivation also gives the equations of motion for the

containing the quantum dots, is the host dielectric con- duantum-well operators, i.e.,

stant, ande, is the dimensionless longitudinal dielectric dpy _ i oy
function calculated using the static Lindhard form[24]. ar —lwPx— %,ukEWnekJr Np— 1) — 1A Py
Using the above Hamiltonian, we proceed by working in
the Heisenberg picture to derive the equations of motion for APk
the polarizations , as well as the electron and hole popula- — i AR (e N — 1) + il (A12)
col

tions. For brevity, we consider only the quantum-coherence

scheme consisting of one quantum-dot electron $tatend dn, 1 N
two quantum-dot hole statég) and|«). After some simple df[’ =—Im %,ukpf; E*+2A0%% ) + a{’
col

but lengthy operator rearrangements, followed by the factor-
ization of four-operator terms into products of the interband (A13)
polarization p,z=(bga,), intraband polarization pg,

- T i =(al
—(_beB),_eleg_:tron poPu'it'oTa_<aaaa>' and hole popu- body effects. In Egs(A7) and (A8) we have diagonalsu-
lationsnz=(bgbg) andn,=(b,b,), the results are obtained o 5erintd) Coulomb terms that renormalize the transition

in the screened Hartree-Fock limit. For the polarizations, thgrequencies. For interband transitions, the renormalization
equations of motion are

Equations(A7)—(A13) contain contributions from many-

energy is
dpaB . i o a
T =—I wgzolgpaﬂ_ ﬁ[#aﬁ(na—i_ nﬂ_ :I-)_Il'LaKpK,B:IEjL ﬁAgﬁ: - ; (Wnn _Waﬂ)nn_§ (Wﬁ”llr?_ ng)nm
—iAY p,s—iA"M(n,+ng,—1)+iA"p
apMap ap\Ma B akMKp
; + 2 (WRR- VAR + 2 (WER-VED),  (A14)
4 Papl (A7)
It e wherea, n (8,m) denote the electrothole) states and the
summations are over both quantum-dot and quantum-well
and states. For intraband transitions,
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Ae=Ag— ALy (A15) )
Br 8 Wars, = 20 Wyl war ()1 g 4(0), (A20)
Also present in Eqs(A7)—(A10) are nondiagonalsuper- a*

script nd) Coulomb terms describing the Rabi frequencyhereqx andg may be electron or hole states and the overlap

renormalization, integral is
d__ ] .
AATE= 2 2 Waom, (A16) o (@)= f d2ry gk (r)e 9 g, (ry),  (A2)
nd _ B with the carrier charger,= o,» andoz= o/ . For the cou-
filp % %“ Wonm Py (A7) pling of quantum-dot states to continuum states, the Cou-

lomb interaction energy matrix element is
Similarly, for the quantum-well equations,

. W= 2 Wl a1l ep(@), (A22)
hA=— Z Wik—kr|(Nek + Nigr) (A18) a70
ek where
and
@)= | e g, () (A9
AARY= > Wik Pk (A19)
Kk and ¢, (r) is the continuum wave function with momentum

whereW,, | is as defined in EQAG). k and charges. The matrix elementslz,ﬁ, and V¢? are
Finally, the Coulomb interaction energy matrix elementsobtained by replacing the screened Coulomb poteial

involving only quantum-dot states have the form with the bare on&/, in Egs.(A20) and (A22).
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