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Abstract. This article presents a comprehensive many-body theory for optically excited semiconductors.
The coupled equations of motion for the correlation functions of the Coulomb-interacting electron-hole
system are derived and solved for different excitation conditions. The generation of a coherent excitonic
polarization and its conversion into incoherent populations is analyzed. The spontaneous emission proper-
ties of the excited system are evaluated using a fully quantized theory. Luminescence from excitonic and
electron-hole plasma populations is computed, and significant hole burning in the exciton center of mass
distributions is predicted. It is shown how different excitations states of the many-body system can be
identified by their characteristic signatures in the absorption spectra of a terahertz probe field.

PACS. 71.35.-y Excitons and related phenomena — 42.50.-p Quantum optics — 78.47.+p Time-resolved
optical spectroscopies and other ultrafast optical measurements in condensed matter

1 Introduction

Optically excited electrons and holes in a semiconductor
establish a Coulomb interacting many-body Fermion sys-
tem which exhibits characteristic dynamical features that
occur on a wide range of different time scales [1,2]. Res-
onant excitation of the semiconductor induces an inter-
band polarization which is subject to various interaction
processes leading to dephasing and/or conversion into in-
coherent populations. Besides dynamical rearrangements
and reconfigurations in their respective quantum states,
these populations can also decay radiatively by sponta-
neously emitting photons.

In order to microscopically model these effects, we have
to deal not only with the Coulomb interacting many-body
system of electron-hole excitations but also with their cou-
pling to the classical and/or quantized light field. For this
purpose, we use density-matrix theory to derive equations
of motion for the coupled carrier-photon-phonon system.
We consistently truncate the resulting hierarchies of the
relevant expectation values and compute photonic correla-
tion functions which are directly accessible in experiments.

The theory is applied to investigate the conditions un-
der which a truly incoherent excitonic population forms
and how it could be identified experimentally. Excitonic
features in linear absorption spectra are clearly not related
to any population effect since only the induced optical po-
larization and no population exists in the linear regime.
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The presence of some form of an electron-hole-pair popu-
lation is required to observe photoluminescence (PL) un-
der incoherent conditions. However, our calculations show
that the mere appearance of excitonic resonances in PL
spectra is not sufficient to draw conclusions about the
presence of excitons since also unbound electron-hole pairs
can give rise to these features [3].

As an unambiguous method to identify excitonic popu-
lations, we investigate terahertz (THz) spectroscopy which
can be used to probe transitions between excitonic eigen-
states [4-7] and other effects [8-11] in many-body sys-
tems. Under incoherent conditions, the observation of res-
onances due to these transitions is a clear signature of an
exciton population. The resonances in the THz absorp-
tion correspond to differences between energy eigenvalues
related to the relative electron-hole motion. They are in-
dependent of the exciton’s center-of-mass energy as long
as momentum dependent energy renormalizations are neg-
ligible. Therefore, the induced THz absorption is basically
insensitive to the exciton-distribution function.

This article presents an overview and a summary of
our many-body cluster-expansion approach. We start in
Section 2 with a presentations of the basic Hamiltonian
for the interacting electron-hole-photon-phonon system.
Then we summarize the equation of motion approach and
the consistent cluster-expansion scheme. Concentrating on
the semiclassical regime, we derive in Section 3 the general
semiconductor Bloch equations. We present examples of
their solutions for special cases, as well as the nonlinear
optical response related to the effect of excitation induced
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dephasing due to the many-body Coulomb interaction. In
Section 4 we then analyze the conversion of a coherent
polarization into incoherent populations. The spontaneous
emission from semiconductors is discussed in Section 5,
and in Section 6 we study the linear THz-response of a
Coulomb interacting electron-hole system. In all cases, we
pay attention to excitonic features and their microscopic
origin.

2 Consistent many-body theory

In this section, we outline the microscopic treatment of
a semiconductor many-body system which is coupled to
the quantized light field and lattice vibrations. Since dif-
ferent aspects this general problem have been discussed
thoroughly in the literature [1,12,13], we just briefly sum-
marize the fundamental properties relevant for this paper.

The optically active electrons in their Bloch bands are
described with the help of the fermionic operators aL N
and ayk, ) where, e.g., ax » annihilates an electron with mo-
mentum k and A is the combined band and spin index. In
many experimentally relevant situations, the carrier dy-
namics takes place between one conduction band (A = ¢)
and one valence band (A = v) such that we restrict the
analysis to such two-band systems.

For a quantum mechanical description of the trans-
verse electro-magnetic field, we start from the vector po-
tential A within the canonical quantization scheme [12].
The vector potential can be expanded in terms of the
steady-state mode functions Ugq,(r) where q is the wave
vector and ¢ is the polarization index. By using a complete
basis of mode functions, the operator A can be expressed
in terms of creation and annihilation operators of photons
corresponding to each eigenmode,

A(r,z) =) Eqfwq[Uq(r)Bq +h.c]

4,9z

(1)

where £q = \/hwq/(2€0) is the so-called vacuum field am-
plitude, wq = c|q| is the optical frequency, and By is the
bosonic photon destruction operator. The quantized lat-
tice vibrations can be treated similarly introducing the
bosonic operators Dy and DI, for phonons with momen-
tum p.

The total system Hamiltonian,

Hyor = Ho + He + Hp + Hp, (2)
consists of the non-interacting contribution Hy, the
Coulomb interaction among the carriers H¢g, the light-
carrier interaction Hp, and the carrier-phonon interaction
Hp. To elaborate the details in H;ot, we start from

‘ ! 1
Hy = Z [e;alkac,k + eiai,kav,k} +Z hwq <Bng + 5)
k q

1
+Y e <D;Dp + 5) . (3)
P
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which contains the non-interacting carriers, photons, and
phonons, respectively. The corresponding carrier energies
are

X h2k2
€k = o T Ey, (4)
h2k?2
€l = — ST (5)

with the band-gap energy I/, and the reduced electron and
hole masses me . The phonon dispersion is given by (2.

The Coulombic many-body Hamiltonian of the carri-
ers is

1 3 P
He = 5 Vq [a’c,kJrqac,k’fank'a’Cak
k. k’,q#0

T T
+ a"u,k-l—qa"u,k’—q,av,k’aﬂyk
T T
+ 2ac,k+qa"u,k’—qaﬂyk'a’cyk] (6)

with the bare Coulomb matrix element Vi [14]. The in-
teraction between the optical photons and carriers follows
from

Hp=— Z iFq (ai,kac,qu + alkav,k,q) Bq +h.c.,(7)
q.k

with Fyq = dy,Uq€q where d, . is the dipole-matrix ele-
ment. Finally, the phonon-carrier interaction is given by

Hp =) [G5(Dp + D' )al yacup
p.k

+ Gy (Dp + DT al yayxp). (8)

The strength of the phonon-carrier interaction is deter-
mined by the form factor Gy [15].

2.1 Equations of motion and hierarchy problem

In general, the system properties can always be traced
back to quantum mechanical operators O and their ex-
pectation values (O) = Tr[Op] where p is the statisti-
cal operator of the system. In the following, we apply the
Heisenberg equation of motion ih%O = [0, Hit) to derive
the quantum dynamics for the interacting carrier-photon-
phonon system of the semiconductor. To classify the phys-
ically relevant operators, we note, that

_ 1 T
On =ay...ayan...a1,

9)

always corresponds to an N-particle operator. Here, we
use the notation that the index j = (\;,k;) contains the
band and momentum index of the corresponding operator.
From a purely formal point of view, a single photon and
phonon operator correspond to a single-particle operator.
Thus, a general N-particle operator has the form

On =

B}..BY, D}..D} dl..a}, an,...a1Dn,..D1By;...B1,
(10)
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with all possible combinations of IV; fulfilling Ni + Ny +
N3 + N4+ N5 = N. According to this classification, H¢,
Hp, and Hp, correspond to two-particle interactions.

When the Heisenberg equations of motion are derived,
we notice that single-particle operators couple to two-
particle operators due to the Coulomb, light-matter, and
phonon-matter interactions. This coupling leads to an in-
finite hierarchy of operator equations, where all orders and
mixtures of operators are present. Since the equations of
motion for expectation values are directly obtained from
those of the operators, they inherit the same hierarchy
problem,

(N) =T[N)]+ VN +1)], (11)

where the N-particle expectation value (N) couples to
higher order (N + 1) quantities via the functional V. The
functional T" results mainly from the noninteracting part
of the Hamiltonian while V originates from the interac-
tions. Since equation (11) cannot be closed, we will used a
systematic truncation scheme to obtain controlled approx-
imations for the Coulomb correlations, the semiclassical,
and the quantum optical effects in solids.

2.2 Consistent truncation of correlation hierarchy

One successful approach to deal with the hierarchy prob-
lem is to use the so-called cluster-expansion [5,16-18].
This method is based on a scheme where one determines
all consistent factorizations of an N-particle quantity (V)
in terms of (i) independent single particles (singlets); (ii)
correlated pairs (doublets); (iii) correlated three-particle
clusters (triplets); up to (iv) correlated N-particle clus-
ters. A systematic treatment of the hierarchy problem
is obtained if one truncates the right-hand side of equa-
tion (11) such that one includes all clusters up to a given
level.

In practice, the cluster-expansion scheme can be deter-
mined recursively if we assume that we formally know all
expectation values from (1) to (N). A specific correlated
cluster then follows recursively via

(2) = (2)s + A(2) (12)
(3) = B)s + (1)A(2) + A(3) (13)
(N) = (N)s + (N —2)sA(2)

+ (N —4)sAR)AQR) + ... + AN).  (14)

Here, the quantities A(N) contain the purely correlated
part of the N-particle cluster. In equations (12-14), each
term denotes a sum over all possibilities to reorganize the
N coordinates among singlets, doublets, and so on by in-
cluding the possible sign changes due to the permutations
of the carrier operators. This way all cluster groups in
equation (14) are fully antisymmetric for fermionic carri-
ers and symmetric for bosonic photon and phonon opera-
tors.
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After the identification of the individual clusters, one
can easily introduce a consistent truncation, such as

(N)s = (N)nr,
(N)p = (N —2)sA(2) +

for singlets or doublets, respectively. In practice, (N)g is
given by the Hartree-Fock approximation with all possible
combinations containing only single-particle expectation
values. The doublet part follows from all expectation val-
ues with one or more correlated pairs A(2) combined with
the corresponding contribution of singlets (1).

If we only include plasma and exciton effects in our
analysis, an arbitrary N-particle expectation value can be
expressed consistently at the level of the singlet-doublet
approximation,

(N — 4)sA(2)A(2) + ..,

(N)sp = (N)s + (N)p (17)
This determines uniquely how the truncation of the hi-
erarchy has to be performed; we only need to solve the
dynamics of (1) and A(2) because any arbitrary (N)sp
consist only of the two-point expectation values and four-

point correlations. According to equation (11), we obtain

) =Ty (0] 4 Vi [2)g) + Vi [A )], (18)
i A(R) =T [A 2] + V2 [B)sp (19)

where T2y and Vj(g) are known functionals defined by
the specific form of the Heisenberg equation of motion.
The consistent singlet-doublet approximation is obtained
when (3) is approximated by (3)sp. As a result, the infi-
nite hierarchy is systematically truncated and the set of
equations (18) and (19) is closed.

3 Semiconductor bloch equations

The classical part of the light field results directly from
the coherent amplitudes (B,) and (B];} such that only the
electric field,

(B(r,t) =) [i€qUq(r)(Bq) —i€qU4(x)(B)] . (20)

q

is needed. To illustrate the basic features of light-matter
interaction at the semi-classical level, we first concentrate
on the excitations generated by such classical fields.

The Heisenberg equation of motion for (F) yields the
well-known wave equation

TlQZ 2 2
v - 2T B 0) = oz Pl

where we have assume light field propagation in the z-
direction perpendicular to a planar structure with back-
ground refractive index n(z). The semiconductor system
is assumed to be either a quantum well (QW) or a planar

(21)
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arrangement of quantum wires such that the polarization,
P(z), has only a spatial z dependency.

To determine P(z), we have to investigate the spe-
cific excitation of the planar semiconductor structure. If
we assume strongly confined quantum wells or wires, the
z-dependence of P(z) results only from the confinement
function g(z). Hence, the only real task is to compute
the amplitude of the macroscopic polarization. Using a
Bloch expansion, we can write the macroscopic polariza-
tion as P = (1/£%) Y, dyePx + c.c with the dipole-matrix
element d,. and normalization volume £?. Here, Py is
the microscopic polarization Py = (aLvak,C) of our two-
band system with one conduction (subscript ¢) and one
valence (subscript v) band; Px is also coupled to the oc-

cupation probabilities of electrons ff = (aL JOk,c), and

holes f{j = <ak7va;r( o)
From the Heisenberg equations of motion for the indi-
vidual operators, we obtain

] 9 = e .
iy Pl = @B~ [U= fi = fil] O~ ik, (22)
ko € q,k’.k c,c
5o = | At 3 VchchZD . (23)
L q,k’, A
ko h * q.k’ k v,V
5&]61( =Im | P25 — Z chv,Ay)\ﬂJ_ZDk,q . (24)
L a.k’, A q ]

with the renormalized kinetic electron-hole-pair energy

= e — Y View (fo+ 1), (25)
k/
and the renormalized Rabi frequency
Qe = dey E(0,8) + > Vie 1o Pier (26)

The last term of equation (22) contains the correlated two-
particle contributions

. o q,n.k V,C *
ilx = E Vq E Coxne ~ Dig| — e o)™

q

(27)

Here, the true two-particle correlations are defined as

qk' k _ T T

Cx v/ N = A(a,\,k%,k'av’,k’+qak’,k—q>
= (al Lal 10y 1 qar k—q)
= \O) k% k' k' +q@N k—q

T i
- <a/\,kau,k’aV’,k’+qa)\’7k—Q>S’

(28)
where the factorized single-particle contributions are re-
moved. Generally, Ik leads to the dephasing of the po-
larization. The corresponding phonon terms are defined
v o

by Dk,q = sz sz,qA“Dpz,q + D;zvq) aT/\,kav,k—q>- The
set of equations (22-24) defines the general semiconductor
Bloch equations (SBE).
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3.1 Coherent excitons

The homogeneous solution of equation (22) without the
two-particle correlations defines the eigenvalue problem

acpi (k) — (1= fi = i) Y ViewoN (K) = Ex¢f (k),
-

(20)
which has excitonic solutions for vanishing densities. For
elevated densities, f¢ and f! are nonzero such that
the problem becomes non-Hermitian. Consequently, equa-
tion (29) has both left-handed, ¢%(k), and right-handed,
¢%(k), solutions connected via

Loy On(k)
409 = 15 (30)
and normalized as
Z ok (k = (31)

Expanding the polarization in the basis of these eigenfunc-
tions, we obtain

Po=Y pofk),  m=Y kWA (32)
A k
This way, equation (22) can be transformed into
8 )
8tp)\ - E/\pA vc(bf(r = 0)<E(t)> - ZFA; (33)

which clearly shows that optical excitations involve only
s-like states since
=2 oAk

<Z) »(r=0)

vanishes for states with any other symmetry. Even though
equation (33) has a seemingly simple form, the consis-
tent solution with the two-particle correlation terms Iy is
highly nontrivial. In practice, because of the mathematical
structure of the exciton eigenfunctions, it is advantageous
to numerically evaluate the full problem in the original
electron-hole picture.

When the two-particle correlation terms in equa-
tions (22-24), e.g. I' term in equation (22), can be ne-
glected, the system is in the so-called coherent limit [1],
where the excitation does not suffer from irreversible de-
cay and we have the strict conservation law

1 2
<f - 5) + B = -

where fx = f¢ = fl'. Since the coherent limit implies that
the system does not have correlations, i.e. the Hartree-
Fock factorization is exact, one should be able to find the
many-body wavefunction in the form of a Slater deter-
minant. Thus, we seek for an exact wavefunction in the

form of
H L

(34)

(35)

(t)|%0), (36)

coh



M. Kira and S.W. Koch: Microscopic theory of optical excitations, PL, and THz response in semiconductors

where |¥) is the state of the unexcited semiconductor and
LL is a fermion creation operator such that |Won(t)) is a
Slater determinant. Since |[Peon(t)) does not lead to any
correlations, the only constraint is that it should produce
the correct coherent limit fx and Py fulfilling the condi-
tion (35). We choose the operator as

Li(t) = e Osinfy(t) al \ + cospi(t) al (37)

which has indeed fermionic character since [Ly, Ly/]+ =
[L;L,LL,]Jr = 0 and [Lk,L;r(,]Jr = 0k k. Furthermore, one
directly finds that

fe = (al pacs) = 1 — (a yavi) = sin?Bu(t), (38)
P = <al,kac,k> = sinfi(t) cosfi(t) eV (39)

By using the basic properties of the trigonometric func-
tions, it is easy to see that equations (38) and (39) fulfill
the coherent-limit condition (35). The explicit values of
Ok (t) and ¢k (t) are fixed by the inverse of equations (38)
and (39), i.e.,

Ok (t) = arcsiny/ fx, (40)
- B
et — < 41

Since the coherent limit can also be presented in the ex-
citon basis, i.e. equation (32), it is worthwhile to study
how excitonic features enter the exact wavefunction equa-
tion (36). For this purpose, it is convenient to introduce
an exciton operator

Xxa = Z ¢§(k)al,k_qhac,k+qea (42)
k

containing the center-of-mass momentum and de(n) =
(Meny/(me +my))q [18]. Its inverse transformation back
to the electron-hole picture follows from

al g Octera. = D 0% (K) X s q, (43)
A

where  we used  the completeness  relation,
Yy ok (k)pl(k) = dki. Next, we introduce the op-
erator

S = Z [C;X)\,O — C,\XI\,O} . (44)
A

This operator has the interesting property that

1
e o] Aol -
_ ei¢k(t)sin6k(t)ai T cosfk(t) ai k
= Ll(t)v

produces the fermionic LL(t) operator when we make the
identification

e () =) ea(t)X (k).
A

(45)

(46)
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Consequently, we can write LL(t) = esai’ke_s. Using this

general connection, the coherent-limit wavefunction can
then be expressed as

Weon(®) = [T (¢5a] se™) 100} = e (H *) )

k
=e” H ai,k|W0>7
k

since eSe™ = 1 and e~ W) = |¥). Form this form, we
also observe that ], aj} «|%0) = |¥g) is the ground state
of a semiconductor where the valence band is completely
filled. Thus, the coherent state can equivalently be pre-
sented by

[Weon (1)) = €°|¥c), (48)

which indicates that the operator e® generates the coher-
ent limit.
To study the coherent limit in more detail, we deter-
mine a functional
D[c] = el = ez*(CXXA*O_C*X;"), (49)
which generates the coherent-limit wavefunction,
|Weon(t)) = D|c]|¥q), according to equation (48). The
functional form of D resembles the displacement opera-
tor [19] generating coherent states for fully bosonic fields.
Due to this formal analogy, one can define that [Weon (1))
defines coherent excitons. However, one should note that
the operator X, is fundamentally non-bosonic [20]
such that |W.on(t)) cannot be interpreted as a bosonic
exciton. Moreover, |W.on(t)) is still a Slater determinant
of single-electron functions in a conduction-valence-band
superposition state. Hence, a coherent exciton is not

a truly bound electron-hole pair which must be — by
definition — a correlated two-particle electron-hole-pair
object.

A proper interpretation of coherent excitons is ob-
tained via equations (36) and (37) showing the full
fermionic substructure. One sees that a coherent exciton is
nothing but a state where any single carrier with momen-
tum k is in a superposition state between the conduction
and valence band. At the same time, the different carriers
are completely uncorrelated; only the conduction-valence
band mixture of each carrier is given by a collective phase
and amplitude determined by 8 and .

3.2 Elliot formula

Before we discuss the microscopic correlation contribu-
tions to the SBE, we first summarize the analytic solution
of the linear problem using a phenomenological expression
for I" [1]. This allows us to identify the principal effects be-
yond the coherent limit. To simplify the analysis, we start
from an incoherent semiconductor system, i.e., all polar-
izations vanish before the system is excited, and study
the linear response by linearizing the SBE. In this linear
limit, f¢ and fJ remain zero while only a small — linear —
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polarization Py is generated. When the microscopic I" is
replaced by a phenomenological value vpy, equation (33)
reduces to

fwpa(w) = (Ex — i) pa(w) = ducdi (1 = 0)(E(w)), (50)

where we Fourier-transformed to the frequency space. The
solution of this equations yields the Elliot formula [21] for
the linear semiconductor susceptibility

_ Z)\ dcv¢§(r = 0)p>\(w)
(E(w))

gy e =0
cv - EAfﬁw?Z")ﬂ

x(w)

(51)

which shows that absorption resonances occur at the
frequencies w = E) /A.

3.3 Excitation-induced dephasing

The analysis shows that the Elliot formula remains struc-
turally unchanged when the microscopic correlation con-
tributions I" in equation (33) are microscopically evalu-
ated. However, in this case (i) v becomes dependent on
both w and exciton state A; (ii) higher energy exciton
states experience a larger v; (iii) v increases for elevated
carrier densities, which leads to the so-called excitation-
induced dephasing, and (iv) one finds density-, exciton-
index, and frequency-dependent renormalizations of both
Ey and ¢y (r = 0) [22,23].

To illustrate theses effects, we evaluate x(w) numeri-
cally including the fully microscopic Coulomb scattering
while a bath approximation [15] is applied for phonons.
We use two geometrically different GaAs-type semicon-
ductor systems: (i) a 8 nm quantum well; and (ii) a pla-
nar arrangement of identical quantum wires. The quan-
tum wires are placed such that they are much closer than
the relevant optical wave length but, at the same time,
they are so far apart that the different wires are not elec-
tronically coupled. In this situation, each quantum wire is
electronically independent and optical effects do not lead
to a diffraction pattern. Consequently, the quantum-wire
arrangement is as close as possible to the quantum well. As
a major computational advantage, the quantum-wire ar-
rangement leads to a significantly reduced numerical effort
since it has much smaller dimensional correlations and in-
tegrals compared to the quantum-well systems. We choose
the standard GaAs-type parameters for the quantum well
and wire [18] such that the three-dimensional Bohr radius
is ap = 12.5 nm and the corresponding binding energy is
Ep = 4.2 meV. The sizes of the wire and well are taken
such that they produce the same energy separation be-
tween the two lowest exciton states. The lattice temper-
ature is assumed to be low such that it is sufficient to
include only acoustic phonons [15].

Figure 1 shows the computed absorption spectra for
a quantum well (upper frame) and quantum wire (lower
frame) for four representative carrier densities. The carri-
ers are assumed to be in 40 K Fermi-Dirac distributions;
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Fig. 1. Linear absorption spectra for (a) a quantum-well and
(b) a quantum-wire system at different carrier densities fol-
lowing 40 K Fermi-Dirac distributions. The insets show the
corresponding (f¢ + f").

(f¢ + fl) is shown as an inset. In both cases, the low-
est density (10° ecm~2 for the well and 10* cm~! for the
wire) show a rather similar (f¢+ f) which is always much
below unity. Consequently, both cases have clear absorp-
tion resonances at the ls- and at the 2s-energy. At the
same time, we notice that the 2s resonance is broader al-
ready at these moderate densities, which verifies that the
excitation-induced dephasing rapidly becomes stronger for
higher lying excitons states. For elevated densities, also
the 1s resonance is broadened. Even though the corre-
sponding (f¢+ f) is still relatively low, the 2s and higher
excitons are bleached. As a general feature for both well
and wire, we see that the spectral 1s position remains al-
most unchanged indicating that the microscopic scatter-
ing leads to energy renormalizations which compensate
the Hartree-Fock shifts. As the density is increased to
9x10'% cm~2 for the well and 3x10% cm ™! for the wire, we
see that the 1s resonance is nearly completely bleached. In
both cases, the corresponding (fg + f{j) is close to unity,
indicating strong phase-space filling effects which eventu-
ally prevent the possibility to have bound exciton states.
Only ionized exciton states are allowed beyond this Mott
transition [24].

4 Conversion of polarization into excitons

When the correlation terms become important, the co-
herent polarization can decay into incoherent correlations
which may contain true excitons. The exciton correlation
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is determined by cq’k k= c?’}fclf} and its singlet-doublet

dynamics is determlned from [5 18,25]

o , , ,
Z'hac?(’k ko 6q,k ,kc;l<,k k + Sq,k k
K1
+(1- fi— fl}cl—q) Zvlfkc?g ’
1
Lk
— (1= fioiq— 1) Zvl-k/céz
4iGK k. pakik | pakik o (59)
with
k' k —q,
iGY = (P — qu VZ%?AC _DZ'C—q
n,A

# (e = o) Vo e, Pl
(53)
The different contributions describe the renormal-

. . . / . .
ized kinetic energy e®¥X-kK and single-particle source

S which has the typical Coulomb scattering form
VIififa(=fs) A= fa) = (A = f1) (L = f2) fafa].  The
Coulomb sums with the phase-space filling factor
(1 — f¢ — f") describe the attractive interaction between
electrons and holes, allowing them to become truly
bound electron-hole pairs, i.e. incoherent excitons. The
G term contains the same ¢, . and D”¢ correlations
as I' in equation (27), showing how coherent excitons

are converted into cgl(’k/’k correlations which can include
true incoherent excitons. The remaining two-particle
contributions are denoted as Diest While T' symbolizes the
three-particle Coulomb and phonon terms treated here at

the scattering level. Also the other correlations, c(j\"l;/l’llf A

have a structurally similar dynamics as equation (53).
In the numerical solutions, we treat all of them together
with the corresponding equations for the singlets. This
way, we fully include one- and two-particle correlations
and obtain a closed set of equations providing a consistent
description of optical excitations in semiconductors. Once
again, the phonons are treated as a bath set to the lattice
temperature, the corresponding scattering terms are
given in references [15,18].

4.1 Incoherent excitons

Like the polarization, also the correlation c?gk”k

expressed in the exciton basis using

can be

A< Zé)\ q7k —an k+qe (54)
k. k’
e T = Z«m (K)o (K)AX] g Xua)- (55)
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By applying equation (55) in equation (52), we obtain

miam* Xuq) = (By — Bx) AX] (Xu.q)
+ (Eu - E)\) <X XV,CI>
+iGM (q) + D?e;< )+ T (a), (56)

where the singlet scattering, Sq’k/’k, in equation (52) leads

to a source
(X1 o Xva)s —Zm

The other sources are expressed symbolically as GM(q),
DXY(q), and T (q).

rest
If we assume completely incoherent conditions,

G*Y(q) vanishes. In addition, if we introduce an ap-

proximation where Drebt (q) is neglected while the triple
scattering is described phenomenologically via T2 (q) =

—ivA(X

fk+qefk q;L(ZSL( ) (57)

X,.q), we find a simple steady-state solution

B, — E\

—_— 58
EV_EA_Z"Y ( )

AX] Xug) =— (X] Xva)s:

provided that the carrier densities remain constant. We
notice that we have no true exciton populations, i.e. the di-
agonal contributions A(X;qX Aq) vanish. Consequently,
true exciton populations can be generated only if (i) triplet
scattering is described microscopically [18] or (ii) a co-
herent polarization is converted into populations via the
G*(q) term [25].

Next, we investigate the polarization-to-population
conversion via the full numerical solutions of the
singlet-doublet equations. Since, GM(q), D% (q), and
T*"(q) contain genuine fermion correlations, like
density-polarization and density-density correlations, the
consistent analysis must be performed in the original
electron-hole picture. However, from the results of these
computations, we can directly construct true exciton prop-
erties via the transformation (55). Especially, we can de-
termine the momentum distribution and density [5,18] of
a specific v exciton by using

(59)

(60)

respectively.

Due to the numerical complexity of the coupled equa-
tions, we perform the full computation only for the
quantum-wire system. To study the generation of incoher-
ent excitons in their different quantum states, we assume
pulsed optical excitation resonant with either the 1s- or
2s-resonance; the lattice temperature is 4 K. We repeat
the computations for two different pump intensities and
evaluate the evolution of the exciton density An, relative

to the generated carrier density n = (1/£9) 3", e(h).
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Fig. 2. System dynamics after excitation at the 1s-exciton res-
onance for (a) a low and (b) an intermediate pump intensity.
Plotted are the excitation pulse (light shaded area), the gener-
ated |P)? (dark shaded line), the carrier density (dashed line),
and the 1s-exciton density (solid line). The circles denote the
time moments for which further results are shown in Figures 6,
7, and 9.

4.2 Resonant 1s excitation

When the semiconductor is excited resonantly, one first
obtains coherent excitons, i.e. polarization which then may
be converted into true excitons. In order to determine the
corresponding dynamics, we investigate resonant 1s exci-
tation assuming two different intensities for the pulsed op-
tical excitation. In Figure 2, we show the excitation pulse
(bright shaded area), the computed polarization (dark
shaded area), the carrier density (dashed line), and the
1s-exciton density (solid line). We compare the results for
a low excitation intensity (Fig. 2a) and an intermediate in-
tensity (Fig. 2b). For the low excitation, the polarization
decays on a 2.8 ps scale and we reach a carrier density of
10* em ™!, whereas for the intermediate density we find a
more rapid decay time of 1.9 ps and a density approaching
10° ecm~!. The decay times are in good agreement with
the corresponding line width of the linear absorption of
Figure 1. Thus, we conclude that the higher excitation
decays faster due to the elevated excitation-induced de-
phasing. As the polarization decays, it clearly becomes
converted into true 1s-exciton populations. For the lower
excitation, the conversion efficiency is above 90%. This
large conversion fraction is expected since coherent and
incoherent 1s-excitons have an excellent energetic match.
However, the elevated intensity excitation produces only
around 25% conversion event though the excitation is still
relatively weak. As the excitation is increased further, the
conversion drops to zero thanks to the fermionic substruc-
ture of the excitons [24,25].
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Fig. 3. System dynamics following an excitation at the
2s-exciton resonance. Plotted are |P|? (shaded area), the car-

rier density (dashed line), the 2s-exciton density (dotted line),
and the 2p-exciton density (solid line).

4.3 Resonant 2s excitation

The results of calculations done for excitation at the
2s-exciton resonance are presented in Figure 3. Here, we
have used a 2 ps long excitation pulse the computed po-
larization (shaded area) practically follows its temporal
evolution; also the corresponding carrier density (dashed
line) as well as the exciton densities nog (dotted line) and
ngp (solid line) are shown. In the one-dimensional quan-
tum wire, 2p-exciton corresponds to the lowest exciton
with an odd symmetry ¢op(—k) = —¢op(k); it is practi-
cally degenerate with the symmetric 2s-exciton in analog
to the two-dimensional system. Figure 3 shows that the
generated polarization decays rather fast on a sub 1 ps
scale even though the carrier density is below 10 cm~!.
This is again a consequence of the fact that the excitation-
induced dephasing is much stronger for the 2s than for the
1s resonance as discussed in Section 3.3. As the polariza-
tion decays, the 2s-polarization is converted into a miz of
2s and 2p populations, which is not unexpected from the
point of view of the conservation of energy. However, the
significant generation of p-type excitons might be unex-
pected at first sight since it involves a symmetry change
of the optically generated s-type polarization.

In the case of 2s pumping, the polarization-to-
population conversion is dominantly mediated via the
Coulomb scattering [25]. In order to understand how the
Coulomb interaction induces symmetry changes in the po-
larization conversion, we now investigate the scattering
(I') and the conversion (G) mechanisms which stem from
the same fermionic correlation ¢, x x . = A(alaLaAaQ be-
tween polarization and fermionic density. Consequently,
the specific form of the polarization decay fully determines
the corresponding conversion in excitonic population.

As a first test, we make the simplest possible phe-
nomenological approximation

Vad_ edX.|  =igBdao. (61)
n,\

app.
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a) Decay model b) Diffusive model

S
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OO
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Fig. 4. Schematic presentation of two polarization-to-
population conversion schemes: (a) via the dephasing model
described by equations (62) and (63) and (b) via the diffusive
model described by equations (67) and (68).

By inserting this into equations (27) and (53), we find a
decay model

=30 [ Va ) dNe| —le=d =ivPe (62)
q n,A\
app
IGLK K = 2P P 3q,0- (63)

These approximations conserve the property that [P} P+

>q c‘;‘(’k K] is a constant of motion with respect to the
scattering such that polarization-to-population conver-
sion is properly described. However, this model only al-
lows for conversion of s-type polarization to s-like exci-
ton populations, in contrast to our microscopic results.
The corresponding polarization-to-population conversion
is schematically illustrated in Figure 4a.

For a better approximation, we look at the pro-
cess of excitation-induced dephasing [14]. We notice that
Coulomb induced dephasing is actually a diffusive redis-
tribution of the microscopic polarizations since it satisfies
strict conservation laws

> he=0
k
> gekk =g

kk’,q

Clearly, our first approximation violates these conditions.
In order to analyze the consequences of these fundamental
restrictions, we use a somewhat reduced model which still
has the same structural form as the second-Born solution
of ¢y xxc [14]. We approximate

q,nk

v, A, C =1, (

— Pcq)/2,  (66)

Va Z c
n,A

red.

where Uq is chosen to be a real-valued, nonlinear func-
tional of f and P. By inserting this into equations (27)
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and (53), we find a diffusive model
irged = Z Va cgf\’;‘ . [c ]
a n,A red
:iZUq(Pk—q_Pq)v (67)
a
GRS = (P =B g) |Vay_ e, 30
n,A\
red.
*
— (Potq — Bir) Vchgf\’;‘C
n,A
red.

= i(P; — B o)Uq(Biovq — Pir), (68)

which both obey the conservation laws (64-65). The
corresponding polarization-to-population conversion is
schematically illustrated in Figure 4b. We observe that
I; lﬁed removes polarization from the state P and redis-
tributes it to Px_q. A slightly more complicated redistri-
bution is observed for populations.

Due to the relatively simple form of Gyeq, we may now
express it in the exciton basis. Especially, the the conver-
sion rate to the exciton state v becomes

red Z (ZS

k,k’

= |My(q)|* fq,

RAG]
k

indicating that Coulomb scattering leads to the generation
of excitons with finite momenta, but no population in the
q = O state is produced. For low to moderate 2s excitation,
we may use the approximation Px oc ¢& (k). With the
help of the symmetries ¢f,(—k) = ¢4, (k) and ¢5},(—k) =
—<Z>§p(k), we find that 2s- and 2p-generation rates follow

k' Gq,k —an,k+qe

Mu (Q) PkJrqe - Pk*CIh] ;

from
Ms,(q Z b5, (k) [055(k +qe) — o5 (k+an)], (T1)
Map(q Z ¢2p ¢25 (k+qe) + o5 (k + Qh)] (72)

which both vanish for g = 0 but become clearly nonzero
for q # 0.

For 2s pumping, the energy conservation aspects of
Uq are practically the same for 2s and 2p since these
states are nearly degenerate. As a result, the overlap of
the wavefunctions with shifted arguments in M,(q) de-
termines the conversion rate such that |M,(q)|? can be
used to estimate the ratio of generated 2s and 2p popu-
lations. The q dependency of |Ma,(q)|? (dashed line) and
|Ma,(q)]? (solid line) are shown in Figures 5a and 5b for
the quantum well (wire) by using the low-density exciton
wavefunction. The computed 2p distribution is shown in
Figure 5c¢ for the wire after the polarization-to-population
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Fig. 5. Analytically computed |Mas(q)|® (solid line) and
| M2, (q)|? (shaded area) for (a) a quantum well and (b) a quan-
tum wire. (c) The numerically computed 2p distribution at the
final time moment of Figure 3.

conversion is complete. We observe that the approxima-
tive analysis produces qualitatively similar distribution as
the full computation. In addition, the quantum-well and
wire estimates are very close to each other. If we assume
that the q dependence of Uq can be ignored, -, [M2s(q) |2
and >, | Ma,(q)|? describes the relative conversion into 2s
and 2p-excitons, respectively. The approximative descrip-
tion of conversion produces a ratio of 1.36 of 2s over 2p
population for the quantum wire, which is close to the
numerical result in Figure 3a. Repeating the same calcu-
lations for the quantum well, we get a ratio 0.99 showing
that the generation of p-like states is strong and qualita-
tively similar for quantum wells and wires.

Since the Coulomb interaction conserves the angular
momentum, one may ask how this conservation law is ful-
filled when a 2s polarization is converted into 2p-excitons.
This problem is easily answered by noting that we have
a many-body system where only the total angular mo-
mentum is conserved. As a simplified example, we can
consider a many-body state consisting of two perfect 2p-
excitons. Thus, one exciton may be in a quantum state
|¢n,m) with the usual quantum numbers n = 1, m = +1
for 2p-excitons. Using the Clebsch-Gordan coefficients for
a two-dimensional system, we may construct a two-exciton
state with total (J =0, J, =0)

[o,0) = %[|¢1,m=+1>1|¢1,m=—1>2

+|o1m=—1)1101,m=11)2], (73)
showing that the many-body system can generate individ-
ual p-excitons even though the total angular momentum
remains in an s-like state.
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5 Semiconductor luminescence equations

The optically generated semiconductor excitation can re-
combine spontaneously due to the vacuum-field fluctua-
tions of the light field. To fully describe this aspect, we
have to quantize the light field. For this purpose, we apply
the cluster-expansion and investigate the semiconductor
luminescence. The incoherent light emission follows from
the photon-number type doublets A(BTB). For the planar
structures studied here, we separate ¢, and the in-plane
momentum q and find

0
ih_A<Bgz, Bq;7q>

ot = h(wy —wg) A<Bgz,qu;,q>

+szA

+]~‘*A< 2. Uk qlek)]-

,qa kv k— a)
(74)

This equation shows that A(BTB) is coupled to an ampli-
tude A(B'tafa.) which describes correlations in a process
where an electron is lowered from the conduction to the
valence band under simultaneous emission of a photon.
The corresponding correlation dynamics follows from

0
Zha A<Bgz,q Ay ke~ qac’k> -
(Br(@)—hwg) A(B]_ qal | qacx)

—[1—fg = fit_q) 2s0(k; g2, Q)

+ ij:lh,q [fliflil—q + Z A<ai71+qai7k_qac,kav,l>}
1

+ Dot + Tieq  (75)

where we have defined the renormalized kinetic energy

f(q) =& +é_q ZVk—l [+ gl (76)
1
and the stimulated contribution
2s71(k;q.q) = Z i}—q,q;A<B;z,qu;,q>
qa;
(77)

+ Z Vk71A<B;mqai71a571,q>.
1

The coupling to coherent correlations and correlated
triplets is described schematically by th and Ty g, re-
spectively. In general, equations (74) and (75) constitute
the semiconductor luminescence equations. The first line
of equation (75) resembles the semiconductor Bloch equa-
tions; renormalized kinetic energies € and phase-space fill-
ing, 1 — f¢— f", can be identified directly [1]. The second
line introduces a new source term: as long as there is a
carrier density excited in the system, the singlet contribu-
tion f¢f" drives photon-assisted recombinations leading
to a build-up of photon numbers even if the coherence
and correlation contributions vanish initially. As a result,
A(Bfala.) is generated, i.e., f¢f" provides a spontaneous
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emission source to the recombination process. According
to the factor fi/ f{f, « the spontaneous emission takes place
only if an electron at k and a hole at k — q are present
simultaneously. The spontaneous emission source is mod-
ified by the correlated part, A(afalaca,), which includes
the possibility to emit light directly from true exciton pop-
ulations. As the photoluminescence starts to build up, the
stimulated contribution {2 can alter the emission spec-
trum. To obtain a closed set of equation, one also has to
solve simultaneously the dynamics of the carrier densities,
Alalalaca,), Alalalaca.), Alalalaya,), and the phonon
terms.

5.1 Radiative decay
The spontaneous recombination adds a new term to the
density and exciton-correlation equations. The incoherent

source terms for the carrier distributions and the excitonic
correlations are

9 e
i filse = — 2Re

Z}—q,qu<BL ai,k—qac,k>] , (78)

q,9:
9 Wlse = —2Re qu,qu<BLai,kac,k+q>] , (79)
a,q:
Z‘ﬁgc%kl’ﬂs}g =

ot
—i (1= ff = fq=) D Faq ABL . al waeriq)
qz

—i (1 —fio—q— flib’) qu,qu<Bq,qz ai,kav,k—q% (80)

9z

respectively. As a distinct difference between the carrier
and exciton recombination, we notice that all momentum

states k of fli(h) can recombine radiatively, whereas the
exciton populations couple to the light field only if their
center-of-mass momentum matches with the in-plane mo-
mentum, q, of the photons.

To analyze the effect of spontaneous emission on ex-
citon and carrier distributions, we plot them at different
time moments after the same 1s excitation used in Fig-
ure 6. We observe that carrier densities are quickly gen-
erated and, after that, they do not show much evolution
since the total radiative loss rate is rather slow. The 1s-
excitons are clearly generated with a wide spread of mo-
mentum since for the chosen excitation condition, the con-
version is dominated by phonon scattering [25] which does
not have a strong momentum selectivity. After and during
the conversion, we observe that the very low momentum
excitons, roughly those with |qlag < 0.1, show a fast de-
cay due to photoluminescence related recombination. The
excitons in these momentum states are optically active,
i.e. these are the ‘bright excitons’ that give rise to lumi-
nescence. Due to its momentum selectivity this recombi-
nation leads to a significant hole burning in the exciton
distributions [5]. Since the typical radiative decay time for
these bright excitons is on the order of of 10 ps [26-28],
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Fig. 6. (a) Computed 1s-exciton and (b) carrier distributions
for a time sequence after the resonant 1s excitation described
in Figure 2. The inset shows the excitonic center-of-mass dis-
tribution in the vicinity of the optically active low-momentum
states.

the majority of all the excitons is predominantly in ‘dark
states’.

Since an electron with any momentum k can recombine
with a hole having a corresponding momentum, electron
and hole distributions do not show a momentum selectiv-
ity such that they change slowly on a nanosecond time
scale. This critical difference between exciton and carrier
distributions makes excitons highly nonthermal even if
carriers are in a thermal quasi equilibrium. This funda-
mental characteristics can be seen as nonequilibrium fea-
tures in exciton photoluminescence [23,28,29]. The related
luminescence spectra

0
Ipv(wa) = 5, A(BY. Ba.): (51)

which is strictly valid for steady state emission [13], are
shown in Figure 7 for matching times and excitation of
Figure 6. We observe that the luminescence follows the
hole-burning dynamics and that the 1s resonance remains
in the spectrum even when the optically active excitons
are significantly decayed.

5.2 Analytic luminescence formula

In order to gain some further insights into the spectral fea-
tures and the population dependence of the semiconductor
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Fig. 7. Photoluminescence spectra computed for different
times after the 1s excitation presented in Figure 2. The time
moments are identical to those used for Figure 6.

luminescence, we look for an analytic solution under in-
coherent conditions. In many experimentally relevant sit-
uations, the carrier system changes slowly such that the
populations f* and A(alala.a,) can be taken as constant.
For such situations, the incoherent equations (74) and (75)
are closed. We furthermore replace the specific form of
triplet scattering by a constant dephasing. If we gener-
alize the analytical correlation (58) to allow for exciton
populations, we find

A<Xi,qXV7Q> = AN/\(Q)(S/\,V
E, — E\

B 82
E, — Ex — iy (82)

<X/T\,qXV7CI>Sv
where AN, (q) determines the population of excitons in
state A while the remaining term is the correlated part
of the electron-hole plasma. For small enough ~v, equa-
tion (82) reduces to

AX] (Xuq) = ANX(@)dr 0 — (1= 0x0) (X] ( Xog)s,
(83)
which we will use in the further analysis.
Within this approximation scheme, we obtain a simple
expression for the photoluminescence spectrum which is
given as the steady-state photon flux,

2
Ipr(wq) = @
. 6(r = 0)2 [ANA (@) + (X] g Xaa)s ]

> E,\—hwq—i'y

(84)

As mentioned above, this result is valid only for low den-
sities and negligible broadening. However, the extension
for higher densities is straight forward in the same way as
for the Elliot formula (51). Consequently, we find sim-
ilar density-dependent features, such as frequency and
exciton-index dependent renormalizations of ¢,,, E,, and
v [23].

Comparing equations (84) and (51) we note strong sim-
ilarities. In particular, the frequency dependence of both
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Fig. 8. Comparison of computed luminescence spectra on a
linear (top figures) and a logarithmic scale (bottom figures).
The figures on the left-hand side show the results for the
quasi-equilibrium electron-hole luminescence at a temperature
of 77 K without any excitonic populations and the figures on
the right-hand side include 10% excitons in a thermal distri-
bution. The spectra have been computed for a carrier density
of 10'% cm 2.

equations is governed by the same denominator giving rise
to excitonic resonances. Hence, we can already conclude
at this point, that the appearance of these resonances is
independent of the detailed structure of the factor appear-
ing in the numerator of equation (84). In particular, the
singlet term,

(XL Xna)s = O 650 fiq fi_q k() (85)
k

describes excitonic photoluminescence from correlated
electron-hole plasma populations while ANy(q) corre-
sponds to the true exciton population luminescence. Since
the electron-hole plasma and exciton population terms ap-
pear additively in ANy, both contributions can lead to lu-
minescence and therefore also to emission at the excitonic
resonances. Thus, the mere appearance of luminescence,
e.g., at the 1s-resonance cannot be taken as a unique sig-
nature of exciton populations [3].

To illustrate these features, we show in Figure 8 nor-
malized luminescence spectra that have been computed
with (right column) and without (left column) an incoher-
ent excitonic population in a quantum-well system. First
of all, we note that the spectra are dominated by a strong
1s-resonance in both cases. Whereas it is basically impos-
sible to identify exciton population effects in the normal-
ized spectra on a linear scale (top figures), we see that
the logarithmic scale (bottom figures) reveals a character-
istic difference in the ratio of the 1s and 2s or bandedge
luminescence. A quantitative analysis of this ratio in a se-
ries of experimental measurements for different excitation
conditions makes it possible to extract informations about
the excitonic population of the optically active states [23].
However, the total exciton population is not directly ac-
cessible via PL experiments.
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6 Terahertz spectroscopy

An unambiguous method to identify excitonic populations
is to perform terahertz (THz) spectroscopy, i.e. to probe
transitions between excitonic eigenstates [4,5]. Under in-
coherent conditions, the observation of resonances due to
these transitions is a clear signature of an exciton popu-
lation.

For the theoretical description of THz processes, the
light-matter interaction discussed in this article has to be
extended to include the coupling to intraband quantities.
Microscopically, this interaction follows from

Hry, = —A(t) Z [jc(k)ai,kac,k + j@(k)az,kavvk}
k
Q2A%(t)
iy L [haten ol (50

k

which includes the current-matrix element

. Qhk - e,
ia(k) = oo (87)
with the effective mass m) and polarization direction of
the field e, which lies in the QW plane. The derivation
providing j) with an effective mass is performed, e.g., in
reference [30].

In general, the A? term only leads to refractive in-
dex changes and it is largely suppressed in Coulomb-
interacting systems [30], such that the THz absorption
follows entirely from the macroscopic current

T= " [je(R) fg + in(k) fit] - (88)
k

The relation between the many-body states and the THz
response becomes clearest when we focus on the situation
where all interband coherences vanish (i.e., P = 0) and
A is in the THz regime. Under these conditions, only the
excitonic correlations couple directly to THz field, which
makes THz absorption uniquely qualified method to di-
rectly detect many-body correlations under incoherent con-
ditions. In practice, we need to solve the following inco-
herent equations

1 .
JTHZ - g Z])\(k)fli7 (89)
k)

8 e 2 q,k',k q k' k

i fic=—31m D VierqokeE =D Ve k], (90)
q.k’ q.k’ ]

a h 2 q,k,k’ q.k’ k

ok =+7Im D VieoqoeE N =D Ve 1L (91)
a,k’ q,k’ i

L0 qK . '

zh&cgl(’k Ko, = +5(K + q — k)A(0, t)c%’k k. (92)

where only the THz part is expressed for c%’k/’k; the other

parts can be found in equation (52).
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Fig. 9. Terahertz spectra determined at different time mo-
ments after the resonant 1s excitation used in Figure 2. The
time sequence is identical to that of Figure 6.
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Fig. 10. Computed THz spectrum at the final time after reso-
nant 2s excitation as shown in Figure 3. The negative absorp-
tion indicates optical gain in the THz regime.

To illustrate the basic capabilities of THz spectroscopy,
we evaluate the THz absorption for the same computation
as in Figure 6 following a resonant 1s excitation. We ob-
serve that a clear 1s to 2p transition resonance can be seen,
verifying the presence of 1s populations. We also observe
that the hole burning of optically active excitons has only
a small effect of the THz absorption, showing that this
spectroscopy is sensitive to both bright and dark exciton
populations.

In the case of the resonant 2s excitation, one could
reach a situation where one has a population inversion
between the 1s and 2p states. Under such conditions, the
THz response shows clear gain signatures, as can be seen
in Figure 10, where we plot the THz response for the final
time of 2s excitation analyzed in Figure 3.

In order to obtain some analytic insights, we now make
adiabatic approximations which can be applied when
those parts of f¢ and cx that are independent of the
THz field have a slow temporal variation. Under these
conditions, the exciton correlation dynamics (56) can be
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generalized to include the THz excitation

)
I A(X] X
i A a) =

(B, — Bx) A(X] 4 X0q) —
+> [In AKX (Xuq) =0 s AX]
3

(B, — BEx) (X] 4 Xva)s

X@q)]A(t)JrTA’”(QL
(93)

where we have defined the THz transition matrix element

A= o (k)j(k)ea (k).

This expression implies the typical dipole selection rules,
i.e. J is vanishing for v = A, whereas e.g. v = 1s and
A = 2p gives non-zero contributions

If we assume that cq’ k Jeads to a simple decay of THz
currents and replace the trlplet term by a phenomenolog-
ical dephasing, we can write the analytic solution for the
linear THz susceptibility

(94)

XTHz (W) =

- e & (828 = [724n] ).

’/1

(95)
This solution involves the response function
(B, — Ej) J3 A

S¥: A [3 Jv.3J3, 96

Z Es—E, —hw — iy’ (96)

In the case that only exciton populations exist, i.e.
Any \ = 0, 2An,, = 0, 2An,, equation (95) reduces to

Xatom = — Z atom
- [Sgtom(*w)] )An,, (97)
|Du,ﬁ|2
atorn Z EB _ Ez/ _ m} . ’L’}/’ (98)

where D,y = (¢, |er - ep|¢py) defines the excitonic dipole-
matrix element. Equation (98) has a form that is typical
for an atomic absorption spectrum when different atomic
levels are populated according to An,,. Consequently, the
correlation An, has a one-to-one correspondence to the
atom number in state v. This identification supports the
concept of exciton populations and the separation of popu-
lation and correlated plasma contributions to the lumines-
cence, as used in the analytic luminescence formula (84).

7 Summary

The examples in this paper demonstrate the current sta-
tus of the systematic many-body approach to describe the
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semiclassical and quantum-optical properties of semicon-
ductor structures. The cluster-expansion of the relevant
correlation functions is a viable procedure to construct
closed sets of equations at well defined levels of approxima-
tion. For special situations, these equations can be solved
analytically, allowing us to gain important insights into
the basics of light-matter interaction. Besides the Elliot
formula for the semiclassical absorption coefficient, which
has been known since many decades, we derive a similar
equation for the light emission. As for the absorption, also
the emission resonances are determined by the character-
istic eigenergies of the Coulomb interacting system, i.e., by
the exciton resonances. Hence, for conditions where these
resonances are present, i.e. at not too high temperatures
and densities, they will dominate the emission spectra. As
a consequence, the luminescence is centered around the 1s-
exciton resonance, even if the electron-hole system exists
in the form of plasma populations without true excitons.

Under suitable conditions, the theory predicts the
presence of incoherent excitonic populations in the sys-
tem. Most properties of these excitons are strongly influ-
enced by the fermionic structure of the constituent quasi-
particles. Excitonic populations efficiently contribute to
the luminescence as long as the optically active, energet-
ically low momentum states are occupied. Consequently,
the radiative decay leads to hole burning in the excitonic
distribution, leaving most of the excitonic populations in
dark states. The calculations show that the presence of
excitonic populations in bright and dark states leads to
characteristic signatures in the induced absorption of a
THz probe field, which measures the transitions between
the excited quasiparticle states.

For resonant excitation, it is shown that the coher-
ent optical polarization can be efficiently converted into
1s-exciton populations for sufficiently low excitation level.
If the excitation is tuned to the 2s-resonance a mixture
of excitons in 2s- and 2p-states is generated leading to a
population inversion between the 2p- and 1s-states which
manifests itself in gain for a THz probe field.

This work was supported by the Optodynamics Center and
the Deutsche Forschungsgemeinschaft through the Quantum
Optics in Semiconductors Research Group.
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