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Quantum Field Theory of Exciton Correlations
and Entanglement in Semiconductor Structures

M. Erementchouk, V. Turkowski and Michael N. Leuenberger
NanoScience Technology Center and Department of Physics, University of Central Florida
USA

1. Introduction

The usual ideology when dealing with many-body systems using second quantization is
to treat elementary excitations, say electrons, as the main entities determining the physical
properties of the system: the states are enumerated by population numbers, the response is
described using Green’s functions defined in terms of the elementary excitation, and so on.
The situation changes drastically when interaction allows for the formation of bound states.
The whole view of the system has to be revisited. Perhaps the most famous example is given
by superconductors. In the normal state the material fits the canonical universal description
when, roughly speaking, most of the properties are explained (at least qualitatively) by
the position of the Fermi level. In the superconducting state, however, one has complete
reconstruction of the ground state. Now properties of the material are defined by Cooper pairs
with behavior qualitatively different from that of individual electrons. For one the exclusion
principle has significantly diminished effect, so that pairs can even condense. Such change
in the character of elementary excitations leads to significant consequences: resistivity drops
practically to zero.

In the present chapter we review the basic approaches to treating such new states in
semiconductors, where elementary excitations, electrons and holes, have opposite charge
and the Coulomb attraction leads to formation of excitons, bound states of electron-hole
pairs. Excitons are the major factor determining the semiconductor optical response below
the fundamental absorption edge: they are responsible for resonant absorption at these
frequencies, where in the absence of excitons the material would be transparent. Therefore the
problem of main interest addressed in the present chapter is the interaction with an external
electromagnetic field tuned in resonance with interband transitions.

In Section 2 we present the general description of semiconductor optical response based
on the perturbative treatment of light-matter interaction. We develop a diagrammatical
representation of the perturbation series which we use to discuss the optical response
of initially unperturbed semiconductor and semiconductor where dark excitons form
Bose-Einstein condensate. The essential component of such a description is the solid
knowledge of the dynamics of semiconductor many-body excitations. In Section 3 the
application of time-dependent density functional theory (TDDFT) to the problem of exciton
dynamics is reviewed. TDDEFT is a rapidly growing area of research, which shows a great
potential to be used in studies of the dynamics of real systems, including ultrafast processes.
We review our recent results on studies of the bound states, excitons and biexcitons, using this
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approach. Also, we discuss some nonlinear effects in the excitonic systems obtained by means
of the TDDFT approach.

2. Semiconductor optical response

2.1 Dynamics of semiconductor excitations

In the most general setup the problem of combined time evolution of semiconductor
excitations and electromagnetic field requires considering very complex Hamiltonians of
electrons in a periodic lattice and coupled to quantized field, whose dynamics, in turn,
may be affected by the spatial variation of the dielectric function. However, the physics of
phenomena of our main interest, as will be seen, is quite rich on its own. Therefore, in order
to demonstrate the major effects we consider the simplest case of a semiconductor with well
separated spherical bands excited by a classical electromagnetic field. An example of such a
material is GaAs, where the approximation of spherical bands proved to be good. Keeping in
mind the applications of techniques discussed below for GaAs we consider the case when
the states in the valence band are characterized by the projections ¢ = £3/2 of angular
momentum (heavy holes).

We will be interested in interband optical transitions, when the external electromagnetic
field has its frequency tuned close to the value of the gap separating the conduction and
valence bands. Due to the high main frequency the vector potential can be presented in a
form convenient for adopting the rotating wave approximation A(x,t) = Aq/(x,t)e " +
A} (x, t)e ¥ with relatively slowly changing amplitude Aq(x, ).

The dynamics of excitations is described by the semiconductor-light Hamiltonian H = Hgc +
HF + Hexe, which is composed of the Hamiltonians of the nonperturbed semiconductor Hgc,
the free electromagnetic field Hr and the light-matter interaction H.x.. We will concentrate on
interband optical transitions so that the frequency of the relevant photon modes is close to the
value of the gap (throughout the chapter we use units with /i = 1). If the external field is not
too strong such an interaction is well described by the rotating wave approximation that takes
into account only resonant transitions. Adopting this approximation and using the coordinate
representation we have in the rotating frame

2 2
Hsc = [ dx lzcm (e g = 3) 60 = Eab) (e0+ 3 = 30) w(x)]
+ ; /dxldxz ng c;rl (xl)c;rz(xz)V(xl — X2)Cs, (X2) s, (X7) o
45 [dada ¥ of, (x)oh, 0o)V(x = x2)oe, ()00, (x1)

01,02

=[x ¥ el (xa)ob(xa)V (x1 — x2)ow (x2)es ().

s,0

Here we have introduced c] (x) and v, (x), operators creating electron with spin s and hole in
spin state ¢, respectively, at point x. These are fermion operators satisfying the canonical
anticommutation relations {cs, (x1),¢s,(x2)} = {cl (x1), ¢, (x2)} = {vo,(x1),00,(x2)} =
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{031 (x1), 71;2 (x2)} =0and

{es ) )} = bt —x2),  {om(x), 0k 00) | = dnndx—x). @)

The first line in Eq. (1) represents the Hamiltonian of non-interacting electrons and holes with
m, j, being the respective masses and €. and €, denoting the positions of the bottom of the
conduction band and of the top of the valence band, respectively, so that €. — €, is the gap.
The last three lines describe the electrostatic interaction with the Coulomb potential V(x).

The Hamiltonian of interaction with external electromagnetic field is

Heve = / ax Y [Aq(x 1) - dsotl (X)el () + Af (1) - dascs (X)o0 (%)), 3)
s,0
where ds ¢ = dy; = —i(s| V|o)e/mg, with mg the electron mass in vacuum, quantifies

coupling between the respective states in conduction and valence bands. Interaction of light
with the semiconductor occurs through absorption and emission of electron-hole pairs thus
specifying the quantity of main interest.

Because the main technical tool used in this part is perturbation theory, it is convenient to
incorporate the time dependence into the Heisenberg representation of quantum operators

O = efftsctOe=Msct 5o that i00 /9t = [Hgc, O]. For electron-hole pair operator the equation
of motion has the form

i%vg(XZ)C:(Xl) = _/L\S,O'(X'l,XZ)U;I;(XZ)C-SI-(Xl) — v?;(xz)cg(xl) [L{(xl) — M(XZ)] , (4)

where operator Ls,(x1,xp) describes the one-pair dynamics

L R
zme Vl %VZ V(Xl Xz) (5)

/I:S,O’(Xl/ X2) =€ —€y— O —

and U (x) accounts for interaction of the pair with surrounding charges

U(x) = /dx’ V(x—x) [Zv;(x’)vg(x/) ~ Y (K)es(x) |- ©)

In the case when its contribution vanishes (for instance, when operators in Eq. (4) act
on vacuum state, i.e. state with empty conduction band and filled valence band) the
semiconductor dynamics becomes very simple and the structure of excitations is determined
by the spectral decomposition

Es,cT(XerZ)f(xerZ) = ZE;J‘P;(XI/XZ) /dxlldxlz $u (Xllrxlz)f(xllfxlz)r )
M

where the formal summation over y implies summing over the discrete quantum numbers
and integrating over continuous ones. In Eq. (7) E;, and ¢, are, respectively, the eigenvalues

and the eigenfunctions, fcpy = Ey¢y. The operator L is self-adjoint and, hence, its eigenvalues
are real and the eigenfunctions form a complete orthonormal set. Convoluting both sides of
Eq. (4) (taken with &/ = 0) with ¢, we find that operators

Bl = [ dxidxa gulxa, %)k (xa)el (x1) ®)
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acting on vacuum create eigenstates of the semiconductor Hamiltonian ”H,SCB;Z |0) =

EP,B;Z |0). Such electron-hole states are called excitons and, respectively, B; are called exciton
operators. As follows from Eq. (7) excitons are characterized by a set of quantum numbers
describing the solutions of the respective Schrédinger equation. For convenience we also
include the spin variables into this set, so that u = {s,, 0y, ny, £y, K, }, where K, is the
momentum of the exciton center of mass, 1, is the principal quantum number, and ¢, is
orbital momentum.

Among the full variety of exciton states not all of them play an equally important role in the
dynamics of a semiconductor interacting with external electromagnetic field. In order to see
this we employ the fact that wave-functions ¢, form a complete set and obtain the relation
between electron-hole and exciton operators

oy ()l (x1) =Y Big(xi,x), €)

15,00

where the sum is taken for fixed values of electron and hole spins. This relation allows us to
express Hexc in terms of the exciton operators

Here = Y (A;;(t)b’y + Ay(t)B;r,) ) (10)
H

where A (t) are the projections of the external field onto the respective exciton mode

Au(t) = / dx Mgy (%) - ds o, (%, ). (1)

As a result only states with ¢ = 0 are directly coupled with the electromagnetic field. Among
four possible heavy-hole exciton states two of them are dark because the respective transitions
between valence and conduction bands are dipole-forbidden (Ivchenko, 2005). This results
in a life-time of dark excitons that is significantly greater than the life time of bright states.
Additionally, the interaction of bright excitons with light raises their energy compared to dark
excitons (Combescot & Leuenberger, 2009). These circumstances are very important from the
perspective of exciton Bose-Einstein condensation as will be discussed below.

2.2 Dark excitons

A simple way to see why the dark exciton states have lower energies than the bright exciton
states (Combescot & Leuenberger, 2009) is to rearrange the electron-hole exchange scattering
diagram as shown in Fig. 1. Then it becomes obvious that the electron-hole exchange
corresponds to the exchange of a virtual photon between electron-hole pairs. Since only
bright excitons interact with photons, it is only possible for bright excitons to exchange
virtual photons among each other. This interaction pushes the energies of the bright excitons
above the energies of the dark excitons. The reason for adding energy can be intuitively
understood by comparing direct and exchange Coulomb interactions for electrons; i.e. the
direct interaction among electrons leads to repulsion, corresponding to adding energy, while
the exchange interaction leads to attraction, corresponding to reducing energy. In the case of
the Coulomb interaction between electrons and holes, this situation is completely reversed;
i.e. the direct interaction between electrons and holes leads to attraction, corresponding to
reducing energy, while the exchange interaction leads to repulsion, corresponding to adding
energy. It is this exchange-based repulsion which lets the bright exciton energies be higher
than the dark exciton energies.
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Fig. 1. Interband Coulomb exchange interaction which shifts the bright exciton energy above
the dark exciton energy. Transition process either in terms of valence-conduction electrons
(b) and (c), or in terms of electron-hole (d). This interband Coulomb process is nothing but an
exchange of virtual photon between electron-hole pairs.

2.3 Perturbation theory

Coupled operator equations of motion of semiconductor excitations and electromagnetic field,
turn out to be too complex for a detailed analysis and, therefore, a reliable approximation
scheme must be applied. While such scheme can be worked out at the level of the equations
of motion it is convenient to start from the Hamiltonian formulation of the problem and to use
the standard approach developed in the quantum field theory on the ground of interaction
representation.

The equation of motion of the external electromagnetic field driven by semiconductor
excitations has the form of classical wave equation

1

SAM ) = VEA(ot) = —pol (x. 1) (12)
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with a source

J(X, t) — ng’ylsy(l)y (X, X) <By> . (13)
K
This shows that the effect of material excitations is described by the exciton polarization

Py(t) = (By) =Tr [p(t)By] , (14)

where p(t) is the density matrix at instant f. Specifying the semiconductor state by the density
matrix allows one to address the most general situation. We, however, start from the special
case when the system at all times is in some pure state [¥(t)), so that P, (t) = (¥ (¢)| B, [¥(t)).
Next, we treat the interaction with the electromagnetic field, H.x as a perturbation and follow
the standard prescription. First, we account the nonperturbed dynamics by introducing
“Ai}(t)> = exp [iHsct] [¥(t)), which satisfies id “T’(t)> /Ot = Hexe(t) “?(t)>, where Hexc(t)
is the Hamiltonian of light-matter interaction in the Heisenberg picture

ﬁexc(t) — gifsctyy, e~ Hsct, (15)

Iterating the equation of motion we find

F(t)) = S(1)[F(0)) = S() [¥(0)), (16)
where -
S(t) =1+ r; (—i)" / e /tlg...gt,,gt dty . ..dty Hexe(tr) - .. Hexe(tn)- (17)

In what follows we will need the explicit form of such expansion. For a compact notation,
however, it is convenient to introduce the time ordering operator 7., so that one has

S(t) = Trexp {—i fot At Heoxe(t) } Following the same line of arguments we can also derive
<‘T’(t)) = <‘T’(0)‘ ST(t), where ST(t) = T_exp {ifot dt’ﬁexc(t’)}. Thus we obtain for the
exciton polarization (and, actually, for any observable)

Pu(t) = (¥(1)

eiHsctBef iHsct

‘T’(f)> = (Y(0)| ST ()Bu(t)S(1) [¥(0)). (18)

Finally, the perturbational series for P, (t) is obtained substituting instead of S(t) and S(t)
their expansions following Eq. (17).

This was the general consideration, which is applicable for arbitrary system and perturbation.
For the problem of our main interest, however, the fact of great importance is that exciton
operators entering H.xc change the total number of electrons and holes. In particular, if the
initial state |¥(0)) is characterized by a definite number of particles this form of perturbation
implies that only terms with matching numbers of exciton creation and annihilation operators
would make nonzero contribution. At the same time a lot of terms enter even low orders of
the perturbation series [as illustrated by Eq. (21) below]. Therefore, for analysis of the series it
is convenient to represent terms graphically using as building blocks

(V = i A5, (1)By(t),

o (19)
o= HADE] (1),
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The raising (lowering) line corresponds to the exciton annihilation (creation) operator in
the interaction representation at particular instant and a hollow vertex attached to the line
corresponds to the external field taken at the same instant. Thus the order of the diagram is
determined by the number of vertices. Integration over time is shown by filled vertex and
taking the diagonal matrix element is indicated by a horizontal line, for example

N SIS _/Otdtz /sz dt A () Av(t) (Bu(t)Bl (1)) . (20)

While writing down an expression corresponding to particular term in the perturbational
series for P, (t) one should take into account that elements to the left and to the right from

B, originate from expansions for ST and S, respectively, which have factors i and —i in
correspondence rule (19). The diagrammatical representation of the first few terms of the
perturbational series for P, (t) has the form

Pu(t) :Z*VO\*O/V f.o. = <z§,,(t)>w—

- i/ot at’ <l§y(t)l§$(t/)>‘¥ Ay(t) +i/0t dr’ <l§v(t’)l§y(t)>T AS(F) + ...

(21)

2.4 Linear and nonlinear responses of initially unperturbed semiconductor

We illustrate the application of this analysis by considering the optical response of a
non-perturbed semiconductor (Erementchouk & Leuenberger, 2010b; Ostreich et al., 1998),
that is when the initial state is vacuum |0) (empty conduction band and filled valence band).
We will emphasize this fact by using the dashed horizontal (vacuum) line in diagrams. It is
seen that only diagrams starting and ending at the vacuum line and above it provide non-zero
contributions into the series. The total number of lines in this case is even and, hence, the total
number of vertices is odd implying that we have only odd orders of the perturbation theory
in this case. In particular among the diagrams shown in Eq. (21) only the second diagram
survives yielding the polarization of linear response

P (1) = 1N = —iZ/Ot dt’ (Bye Mscl=IBY) Ay (7). (22)

For the following consideration it is constructive to analyze this expression in somewhat
excessive details. We introduce the vacuum exciton propagator CDLOR,(T) = <Bye*m5cTB:§>

A 0
and differentiating with respect to T we find that it satisfies the dynamical equation
PiN(T) = —i (Bue M5 g, BY]) = ~iE, D) (23)

with the initial value @;,?1),(0) = 6,4, where we have taken into account that B, B} [0) = 4, |0)

following from the commutation relation for the exciton operators
1.
[By, Bvi| - 5],{/1/ - C],l,y. (24)
Operators C v describe the deviation of excitons from bosons
Cuy = / dxydxodxydxy ¢y (x1,%2) v (X1, X5)

(25)
X |0F, ()2, (x2)d5,,5,0 01 = x1) + c, (x)es, (x1)d,,,0 (02 = x3) |
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Thus we find ,
P (f) = —i/o dt'e E=) A, (1), (26)

Simple but important feature of the linear response is that wave vectors containing in the
external excitation directly transferred to the linear exciton polarization. For example, if

A(x) x e'®X then Pp(,l) x (K, — K).

In the next (third) order the exciton polarization is given by the following diagrams

B0 =1\ + o NN

AL N @

In order to present this expression in more familiar form we differentiate Eq. (27) with respect
to t remembering that we also need to differentiate the upper limits of the respective integrals.
This yields

where the elements with the hollow vertices are taken at the instant ¢ and the respective
diagrams describe the modification of the instantaneous effect of the electromagnetic field
and thus account for the phase-space filling effect. It can be seen that fifth and fourth
diagram cancel each other by virtue of [B;,B,] = 0. The first and the second diagrams
combine together yielding —iA,(t) ¥, |P1£1)(t)|2. This term is canceled by the commutator
appearing after combining the third and the sixth diagrams. Thus the phase-space filling
effect is described by

Ku(t) =i 1 (BaCuuBl) AP (0P (0) (29)

KA,V

The effect of the Coulomb interaction is described by the last term in Eq. (28), which has the
form

* t t3 . ~. ~
Mu(t) = ¥ P8 [t [t Au(ts) Ax(t) (P Bl (1)BE(R)) (30

KAV

where we have introduced D, , = [B s [By, H sc} } . This operator can be presented as

Dy, = /dxldxzdx’ldx/zBA(XLXz)By(xi/xé)X (31)

[Via=x1) + Vi —x) = Vi —x) = V(g —x)],
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where we have denoted By (x1,%2) = ¢u(x1,%2)cs, (x1)vs, (x2). Thus operator D, ,, describes
the Coulomb interaction between excitons A and p. Taking into account the symmetry with
respect to v <+ k we can rewrite My, (t) in terms of polarizations of linear response resulting in

* t
M, (t) :; Y V() {iﬁ};’;P,Sl)(t)Pv(l)(t)jL/o ar' By (e — )P ()P ()|, )

KAV

where [SK’; = <DA,FB$B,J§ >0 and FX; = <DA,ﬂe*iH5‘?tD,‘:IK>O. These coefficients contain

typical average of the form (B, B, BB} ), which determines the spin selection rules governing
different optical processes. In order to derive them we present this average in terms of the
electron and hole operators and rearrange operators to have (vvo'o®) (ccc’ct), and then
expand each term using the Wick theorem for fermions. It produces four terms, which are
represented by the diagrams in Fig. 2. The points on the upper line of a diagram represent the
spin states of electrons in the conduction band and the points on the lower line stand for the
spin states of holes in the valence band. For example, the anticommutator {U}K, Vo, } % Oo, 0,
requires the equality of the respective hole spins in the valence band. We denote this equality

by connecting the vertices k¥ and y on the lower line by the arc.

(a) (b) (©) (d)

L N NP 5 AN, S S S N NP P N S

Fig. 2. The spin diagrams corresponding to non-zero terms in (3, B, B{ B} ). Upper and
lower lines correspond to electron and hole spins, respectively. Arcs connecting two vertices
denote equal spins. The diagrams (a) and (b) lead to helicity selection rules o 6y ¢, 9y, ¢, and
« g, 0, 00,0, TESPectively. Diagrams (c) and (d) enter the average with minus sign and for
bright excitons require the spin states in the conduction band to be the same.

Also, diagrams in Fig. 2 show which coordinates are identified by delta-functions appearing
after anti-commutation and thus demonstrate how exciton wave functions are convoluted in
such averages. Thus diagrams in Fig. 2a and 2b describe direct exciton scattering, while those
shown in Fig. 2c and 2d take into account scattering with exchange by electron or hole.

The memory term in Eq. (32) accounts for the effect of exciton-exciton interaction.
Unfortunately, an exact evolution of this integral is impossible (it is related to four-particle
propagator) and one has to rely on approximation schemes. It should be noted, however, that
the most significant effect of this interaction is when excitons form a bound state (possibly
metastable). When the contribution of such a state is small or non-existent (e.g. there are no
bound states in the spectrum of two copolarized excitons) one can employ a short memory
approximation, which accounts for the effect of the nonlocal term as a modification of ﬁ;’t';

The essential difference between linear and nonlinear responses is that the latter is a
combination of several linear polarizations. As a result if the external excitation has
components with different wave vectors the nonlinear polarization contains not only all of

them but also their combinations. More precisely one can easily show that PP([O’) x(Ky+K) —
K, — Ky). The four momenta have to add up to zero and therefore this is called four-wave
mixing response. Because the direction of the response is different from the direction of
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excitation this allows observing the effect of interaction that is not blurred by linear response
or non-absorbed light. This makes four-wave mixing spectroscopy possible.

We would like to emphasize the generality of the derivation of the exciton optical response.
For example, the specific form of the exciton states has not been used for the derivation of
main formulas and therefore the same arguments can be repeated for excitons in arbitrary
confinement potential. This allows using this approach for description of nonlinear optical
response of disordered quantum wells (Erementchouk et al., 2011).

Another important feature of the diagrammatic representation is that it establishes the
connection between nonlinear optical response and other phenomena which involve exciton
dynamics. As an example we would like to discuss the problem of entanglement of photons
interacting with a semiconductor quantum well. For simplicity we neglect the possible
effect of variation of the dielectric function and assume that the states of the quantized
electromagnetic field are plane waves so that the vector potential is presented as

1 1
A o O

where k = {0, k} combines all photon quantum numbers, polarization and wave vector. Then
the two-photon states are described by the density matrix, which in the interaction picture has
the form

lkx ++hC (33)

oBE (1) = (¥(t) at af oy ap [¥(1)), (34)

where |¥(t)) is the state of the semiconductor-photon system. As the first approximation
it suffices to consider vacuum as the initial state of the semiconductor [¥(0)) = |0) and to
neglect the processes of photon re-absorption, which is justified if the photon lifetime within
the quantum well is short (it should be noted that the situation may change in a cavity). In the
lowest approximation the photon annihilation operators in Eq. (34) act on a two-photon state

yielding the factorization pk vk (t) = ‘I’;‘Alﬁz (t)TEfz (t), where

¥ 5 () = (o, (g, (0S(1)) (3)

0

where a;(f) are the photon operators in the Heisenberg representation. The interaction
Hamitonian in this case has the form H,y. = Y (AL B, + Ay (t)B;Q) , where

A:

M 3/22\/7

Thus the same diagrams as before can be drawn with the only difference that B line is
accompanied with A*. Quick analysis shows that only two diagrams contribute into ¥

do,s, - eﬁa%/dx Pu(x, x)e'kx, (36)

L= N\ Nt N 57)

It is immediately seen that the first diagrams describes the emission of photons along the
direction of external excitation and the emitted photons are disentangled: the polarization
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two-photon state is the direct product of the external excitation polarization. The two-exciton
process represented by the second diagram, however, admits oblique emission with
non-trivial dependence of entanglement of emitted photons on the direction of observation
and the polarization state of the excitation field (Erementchouk & Leuenberger, 2010a) as
is summarized in Fig. 3. The polarization of external excitation is described using Poincare
sphere, that is the excitation is presented as a combination of left- and right-polarized
components with amplitudes A = ¢~ X/2sin(f/2) and A, = ¢'X/?cos(B/2), respectively,
where B is the polar angle on the Poincare sphere and x is azimuthal angle (x /2 is the angle
between the axis of the ellipse of polarization and the plane spanned by the wave vectors
of emitted photons). Near the frequency of the heavy-hole exciton resonance entanglement
may reach maximum Ey = 1 only in the case of linear polarization of the pump field
and entanglement demonstrates interesting dependence on the orientation of the plane of
polarization. Near the light-hole exciton resonance the most advantageous orientation of the
ellipse of polarization is x = 0, however, the direction along which the most emitted photons
are emitted strongly depends on the ellipticity of the external excitation.

Entanglement

Fig. 3. Dependence of two-photon entanglement on detection angle and on polarization of
external excitation in the vicinities of (a) heavy-hole and (b) light-hole exciton resonances.

2.5 Optical response of Bose-Einstein condensate

Bose-Einstein condensation (BEC) is a phenomenon when at non-zero temperature the
majority of particles occupy only a few states. This is in striking contrast to a distribution
prescribed by the classical theory, where it is governed by the Boltzmann exponent
exp(—E/kgT) and significant difference in occupations may be expected only when the
energy levels are sufficiently far away from each other AE/kgT > 1. The Bose-Einstein
condensation, as is well known from the standard textbook consideration of ideal Bose gases
(see e.g. Chapter 12 in (Huang, 1987), where it is clearly shown how a condensate emerges
during the transition to the thermodynamic limit), does not require such level separation and
may as well appear in a system with continuous spectrum.

The effect of BEC is tightly connected to such highly unusual from the classical point of
view phenomena as superconductivity and superfluidity, which enjoy detailed developed
theories (Lifshitz & Pitaevskii, 2002) and still are inexhaustible sources of new questions.
In contrast to superfluidity and superconductivity, for which experiments have taken the
lead over theoretical considerations, experimental studies of BEC fall well behind the theory
(Moskalenko & Snoke, 2000): being predicted in 1925 BEC was obtained in a laboratory
only in 1995. The difficulty of observing BEC motivates the constant search for more
optimal systems. With this regard the significant attention has been paid to excitons in
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semiconductors. The physics of transition of semiconductors into the condensate state is
similar to the superconducting transition (in conventional superconductors). While the
elementary excitations are electrons, at sufficiently low temperatures Cooper pairs of electrons
play the important role, which are formed by phonon-mediated attraction. Pairs are no
longer subject to the exclusion principle and, moreover, at low densities obey the boson
commutation relation. Thus, they may undergo the transition into the BEC-state. With
excitons in semiconductors a similar scenario may take place and may even be more favorable
because the Coulomb interaction binds electron and hole instead of preventing them from
forming a bound state as it is in superconductors.

The finite life time of excitons, however, makes it difficult to reach the condensate state —
excitons decay before the equilibrium is established. Therefore, recently indirect excitons in
coupled quantum wells became the object of special interest (Butov, Gossard & Chemla, 2002;
Butov, Lai, Ivanov, Gossard & Chemla, 2002; Snoke et al., 2002). The electrons and holes
are spatially separated in such a structure that leads to increased life-time. Recently another
possibility, BE condensate formed by dark excitons, started to attract attention (Combescot &
Leuenberger, 2009).

The obvious difficulty related to dark excitons is how to observe them. One of possible ways
to test properties of dark excitons is to use indirect interband spectroscopy, which relies on
dynamics of bright states modified by the presence of dark excitons.

The problem of the optical response can be approached along the same lines as in the previous
sections. The Hamiltonian of light-matter interaction is treated as perturbation and using the
interaction picture the exciton polarization of bright excitons P = (B) is found in terms of S
operator, which produces the perturbation theory. Before we apply this ideology we need to
revisit the notion of averaging in formulas containing (...). In Section 2.4 the initial state of
semiconductor was taken to be vacuum. Here, however, we need to take into account that
initially the system is in thermal equilibrium and therefore its state is given by density matrix
p rather than by a vector of state. Thus for an operator O we need to consider

(0) = Tr [pO] . (38)

In the case when the system has BE condensate this expression significantly simplifies because
the main contribution results from the condensate states, which contain the macroscopic
number of particles. This observation is formally expressed by the spectral decomposition
for the density matrix p = Y, wy |¢n) (Pn|, where |¢p,) are some orthogonal states and wj,
are their weights. The ratio of the weights of non-condensate and condensate states is small,
Wpe/we < 1, and thus the contribution of the respective terms in Eq. (38) can be neglected

leaving us with
(0) = Y we (§e| Qlyc) - (39)

We model the condensate state by a coherent state, which is obtained from vacuum by
Glauber s shift operator |¢.) = DI (A) |0), where

Do (M) = exp [A (Bj - Bc)] (40)

with BY = [dxydxy x(x1,%2)v5(x2)cf (x1). Here A and function y are parameters of the state
o o s p

and will be determined later. It should be noted, however, that translational symmetry of the
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system implies that x(x1, x2) should posses the symmetry with respect to translations of both
arguments x(x; +a,xp +a) = e¥'3x(xq,x;) with some P. Clearly P can be eliminated in a
moving frame and, hence, among states created by 3. the smallest energy would be of those
with P = 0. Thus we need to consider

Bf = /dx1dxz x(a —x2)08 (x2)el (7). (41)

The spin states of hole and electron entering the pair creation operator ;. are denoted by
o = {0,s} and are such that the pair does not interact with the electromagnetic field. As has
been shown above, there are two such states witho— = {3/2, —1/2} and oy = {—3/2,1/2}.
In the absence of external static magnetic field the energy of these states is the same thus we
naturally have fragmented condensate approximately described by the density matrix p =
([w4) (P4 | + |p=) (P—]|)/2, where |p+) = D:;i |0). Using this approximation in Eq. (39) we
obtain

(0) =3[9+ 101y} + (| O1p-)], 2)

which reduces the problem of finding exciton polarization to the problem with pure initial
state similar to analyzed in Section 2.4. The first and the second terms in Eq. (42) turn into each
other under the inversion of spins in the condensate, which does not present any difficulty.
Therefore, we consider in details only the first term. In order to simplify notations we denote
the spin states of the condensate by simply ¢ and s and the complementary values by & and
5. Thus for |1 ) we have ¢ = —3/2 and s = 1/2 while ¢ = 3/2 and § = —1/2. The bright
excitons correspond to spins {7, s} and {c, 5}, while {7, 5} are the spins in the another fraction

(spanned by |¢p_)).

Applying the diagrammatic representation of the perturbation series (as illustrated in Eq. (21)
one can immediately see that the series will contain only the same diagrams as in Section 2.4.
In contrast, if the condensate was made of bright excitons then all diagrams shown in Eq. (21)
would contribute. For example, the first diagram, without the external field, would describe
the radiative decay of excitons in the condensate. For dark condensate, however, this diagram
turns to zero because (cs),, = (cz)y, = 0. Thus one can see that only diagrams with
matching number of creation and annihilation operators of electrons or holes not containing
in the condensate are not vanishing and one need to keep only diagrams with the vacuum
line, where vacuum is understood for electrons with spin 5 or for holes with spin 7.

Unitarity of the shift operator D4 (A) allows one to present the average as taken over vacuum
(Y| Olpy) = (O(A))y, where

O(A) = D+ (A)ODE (A). (43)

Only electron and hole operators with spins s and ¢ are affected by this transformation. In
order to find how they transform it is convenient to use the momentum representation, e.g.
ve(x) = (2m)742 [ dkvy(k)e’ X with d being the dimensionality of the problem. In this
representation we have

B = [ dicx(k)e} (k)el (—k) (44)

and thus

51 0o (GA) =D () B, 00 (k)| DLV = —x(~K)et (~k; ). (45)

www.intechopen.com



138 Advances in Quantum Field Theory

Solving the system of equations we find the transformation induced by the shift operator is
equivalent to the Bogoliubov transformation

ve(IGA) = v (K)a(k) — cl (~k)B(—k),  cs(kA) = cs(k)a(k) +vi (—k)B(—k),  (46)
where
a(k) =cos[Ax(k)],  B(k)=sin[Ax(k)]. (47)

In order to clarify the physical meaning of the transformation we present Eq. (46) in coordinate
representation

Ve (1) = v (x) — /dx’b?(x —xNos(x') — /dx’,B(x —x)cf(x), (48)

where @(x) is the Fourier transform of 2 sin?[Ax (k) /2].

Under transformation (43) the Heisenberg representation e/*sct@e~#*sct is mapped into the

Heisenberg representation with transformed Hamiltonian esc()fOQ(A)e=Hsc(ME, Thus the
transformation can be interpreted as a transition to new particles. The condition of the
quadratic part of Hsc(A) to be diagonal yields an equation with respect to function x (k)

£09 -2 [ dav (- @)f(a)| al9p() = 1200 - £210)] [ dqv(k— @n(a)p(a), 49

where E (k) = ec—€,— QO+ Kk2/2m, + k2/ 2my. As the zeroth approximation we obtain
a(k) = 1 and B(k) = cp(k), where ¢(k) = 24/2r3/[r(r3k? + 1)?] is the Fourier transform

of 1s-exciton states in 3d and rp is the exciton Bohr radius. The constant c is found from the
“normalization condition": the electron (or hole) density is equal to the condensate density

= (00e0)) | = oy [ ke 4789 (el g A )es(@i0)) = s [ diep?0),

(50)

+
that is ¢ = 1.4 (277)3. In the dilute regime, when the condition
n=64mniry <1 (51)

holds we have B(k) < 1 and hence Ax(k) ~ c¢(k) thus completely defining the condensate
state.

The major effect of the dark condensate on bright excitons is that the condensate changes
the structure of excitons. In order to see this we consider the polarization of linear response
given by Eq. (22) with transformed exciton operators. Let us consider for definiteness the case
of right polarized external excitation, which is coupled to bright exciton with o = {0,5} =
{—3/2,—1/2}. The time dependence of propagator @, ,(7) is determined by

Dy (A) [Hscfvfr(kl)cg(kz)} DL(A)[0) = - /qu(klsz}q)U;(kl —p)ci(kz +p) [0)
+ [ dpdqV(p) [eh(k: — p)c (i)alky — p) (52)

—vg(kp)ct (I — P)tx(k1)} vy (q)cl (p —q)A(p,q)[0),
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where A(p,q) = «(q)B(q —p) —a(q—p)B(q) and

kZ

k2
Lk keiq) = |cc €0 = O+ 51+ [[dpV(p)plia — P)A(p, ki) + 5.2 | 5(a)

2
2m, (53)
—V(q)[1 - p(k1)A(q, —ki)].

The last term in Eq. (52) yields the modification of the energy through perturbation of the
condensate. This term can be estimated to lead to relatively long beatings in the linear
response and will be neglected in the following.

Similarly to the case of the dynamics of initially unperturbed semiconductor Eq. (52) provides
the structure of elementary excitations given by the spectral decomposition of the kernel
L(ky, ko Ky, k) = 6(kg + ko — ki — Kb)L(ky, ko; kg — ko): its eigenfunctions define the
modified exciton operators, which then should be used in expansion (9). We present results
for the lowest energy state in Fig. 4.
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Fig. 4. Modification of bright excitons due to interaction with dark BE condensate. (a)
Variation of the exciton binding energy (left scale) and the exciton radius (right scale) with
the condensate density [see Eq. (51)]. (b) Absorption spectra for different values of #: solid,
dashed, dotted and dash-dotted lines correspond to # = 0,0.3,0.6,0.9, respectively. The inset
shows the exciton wave function in the momentum representation.

The exchange by hole with condensate leads to renormalizations of the mass of the hole
and its interaction with electron within the bright exciton. As a result the observed exciton
states exhibit a blue shift for the binding energy and increasing radius (see Fig. 4a and inset
in Fig. 4b) as functions of the condensate density. In Fig. 4 we have plotted the absorption
spectrum for different densities taking into account the variation of the exciton oscillator
strength, which is determined by |¢(x = 0)| o 1/73 ().

3. Ab initio approach - time-dependent density functional theory

In this Section, we present an alternative, ab initio, approach to describe ultrafast processes,
based on time-dependent density functional theory (TDDFT).(Runge & Gross, 1984) The main
advantage of this approach compared to the Green’s function many-body theory methods
is its simplicity. Being an effective single-electron theory, TDDFT uses time-dependent
single-electron density to describe the nonequilibrium response. The corresponding
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single-particle Kohn-Sham wave equation depends on one vector coordinate and one time
variable, which gives a big advantage compared to the Green’s function approaches,
where in strongly nonequilibrium case one needs to take into account many-time Green'’s
functions, and the truncation used to have a finite system of equations is often not well
justified. Moreover, technically to solve this system of many-time Green’s functions is a very
complicated task since in general case there is no time translation invariance, and one cannot
use Fourier transforms and needs to consider time variables on the complex Keldysh type
time-contour (see for example (Kadanoff & Baym, 1962)). This analysis can consume a very
large amount of time (see, e.g., Refs. (Freericks et al., 2006; Onida et al., 2002)).

Another difficulty in the Green’s function case comes from the correct treating of the Coulomb
interaction. In the case of pulses shorter than the Coulomb scattering time, one cannot take
these effects into account within a phenomenological scattering time parameter, like in the
Boltzmann equation approach. Thus, one needs to take into account the electron correlation
effects more accurately in this case, which is a very complicated problem in the majority of
cases. In TDDFT, provided one has the correct exchange-correlation (XC) potential, these
effects are taken into account exactly in the framework of a simple single-particle Kohn-Sham
equation with relatively simple XC potential responsible for the electron correlation effects.
Even though the form of such a potential in the case of materials containing transition
metal atoms or atoms with f-electrons in the valence band is not solved yet, in the case of
familiar semiconductor and molecular systems standard local-density approximation (LDA)
and generalized gradient approximation (GGA) are often proved to be good approximations,
like in description of single-electron excitations in molecular systems.(Elliott et al., 2009)

One of the most important questions in TDDFT is its ability as an effective single-particle
theory to describe multi-particle effects, including multiple-electron excitations and bound
electron-hole states, like excitons and biexcitons. To be more specific, one needs to find
the form of the corresponding XC potential to describe these effects. At the moment
our knowledge about the structure of such potentials is rather limited. Though, recently
significant progress in this direction has been made.

In the case of a weak and slow perturbation, the algorithm based on the many-body
Bethe-Salpeter equation (BSE) to construct the XC potential able to describe excitonic
effects was proposed in Refs. (Botti et al., 2004; Marini et al., 2003; Reining et al., 2002).
It was shown also that in the linear response regime in frequency representation one
can construct a pure TDDFT potential, the time-dependent optimized effective potential
in exact-exchange approximation (XX-TDOEP), to describe excitonic effects in the optical
absorption spectra.(Kim & Gorling, 2002a;b) Despite the progress of the approaches
mentioned above, these methods are rather complicated, which makes them difficult to apply
in general nonlinear case of strong ultrafast perturbations. Moreover, the question whether
they can describe higher order effects, like biexcitons or other nonlinear collective effects,
including Bose-Einstein condensation of excitons remains open.

Recently, we proposed formally simple and rather general TDDFT approach based on the
density-matrix representation, which is able to describe some of the phenomena mentioned
above.(Turkowski et al., 2009; Turkowski & Ullrich, 2008; Turkowski et al., 2010) In this
Section, we present the general formalism used in this approach. In particular, we present the
system of the TDDFT equations for the density matrix elements, which is the TDDFT version
of semiconductor Bloch equations, that includes nonlinear excitonic effects in all orders of
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magnitude. As we demonstrate, the solution of these equations in the case of excitons, and
their generalization on the case of biexcitons, gives the corresponding energies of the bound
states and wave functions, allows to analyze nonlinear effects like exciton-exciton interaction,
which can be applied to the description of four-wave mixing experiments. Finally, we discuss
the possibility to describe with the approach a highly nonlinear, collective effect of the Bose
condensation of excitons.

3.1 General formalism

In TDDFT the time evolution of the system is studied by solving time-dependent Kohn-Sham
equation:

i%‘l’(r, t) = H(r, t)¥(r,t), (54)
where the time-dependent Hamiltonian
. V2
H(t) = ===+ Viue (v) + Vi [n](x, 1) + Vie[n] (1, £) + V(r, 8), (55)

consists of the kinetic energy part (first term), the nuclear potential V,,,,.;(r) for the electrons,
the Hartree potential Vy[n](r) = [dr'n(r')/|r — /|, the XC potential Vyc[n](r,t) and the
external field term V(r, t). Generally speaking, in the case of an external electric field
E(r, t), this field has to be included into the Kohn-Sham Hamiltonian through the standard
substitution V. — V — (i/c)A.xt(r,t), and the scalar potential term @.r¢(r,t), where the
external vector potential A,y (r, t) and @.x¢(r, t) define the electric field:

10A Lt
E(r,t) = —V@ext(r, t) — E%r)

In the case of extended systems one needs to use the vector potential in order to describe
the periodic system. Moreover, one should use the current-TDDFT with the macroscopic
current that leads to the periodicity of the system. However, in the case when the field
frequency is larger than the level spacing, the scalar potential V(r,t) = @ex(r,f) =
—E(t)r, which significantly simplifies the solution and which we shall use below, is a good
approximation.(Schéfer & Wegener, 2002)

(56)

The XC potential takes into account all electron exchange and correlation effects beyond the
Hartree approximation. The Hartree and the XC potentials depend on the time-dependent
electron charge density, which can be expressed in terms of the wave-functions ‘Pi((r,t),
solutions of Equation (54),

n(r,t) =2Y [¥i(r,1)]*0(er — &), (57)
ik

where k is the momentum and i is the band (with the energy ezl)(i) and all other quantum
number indices, and ef is the Fermi energy in the case of extended bulk system. The
bandstructure and the Fermi energy can be obtained from the stationary solution of the
Kohn-Sham problem (standard DFT theory(Kohn, 1999)). It is easy to generalize the
corresponding problem on the case of finite systems. The simplest well-known approximation
for the XC potential (the exchange only part) is the adiabatic LDA approximation:

Vitpa(n(r)) = —(3/ 7'()1/ 311/3(r). In the case of highly-correlated systems and strongly
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nonequilibrium processes more complicated forms for Vi.[n|(r,t) have to be used. In
particular, in the case of the ultrafast processes the memory effects (dependence of the XC
potential on the charge densities in all previous times) can play an important role.

In order to study the optical transitions in the system, it is convenient to express the
time-dependent wave functions as linear combinations of the ground-state wave functions:

it =1 |6 (09 (0 +6 7 (09 ()], (58)
]

L ) WA

where c;]( '(t) are momentum and time-dependent complex coefficients, and I; = v;,¢; are

the valence and conduction band indices. One can solve the problem by studying the

time dependence of these coefficients, however from the physical point of view it is more
vl vil,

a7 *
convenient to analyze the solution for the density matrix: pﬁ”,’(l]";)l”(t) = 04 (1) [ck . (t)} .

The elements of this matrix correspond are related to the probability of the optical transitions
between different bands and their occupation. The density matrix satisfies the Liouville-von

Neumann equation:

.8 il 1,1 I l” vz,l”l’ Vil G
iz (1) = [H(b), pl ™" =) | H () —p " (OH ()]
l//

(59)

where

Ll},

il Vi () + Vi (1), (60)

mly L I l Ll
gy () = [ drp” (H(D9g (r) = e ay,p; + E(H)dy

l’“l =/ celldﬂrb )rtpif(r) are the dipole matrix elements, and the space integration is

performed over the unit cell. In Eq. (60), Vgﬁ, (t) and Vx’gk” (t) are the matrix elements for the

difference between the time-dependent and ground state (at t < to) potentials Vy[n](r,t) —
Vi ([n](x,ty) and Vxc[n|(x,t) — Vxc[n](x, tg) . The Liouville-von Neumann equation has to be
solved together with the corresponding charge density equation

nnt) =2 Y ple(tg (1wl (r0(er —e). (61)

il K,q,p

As follows from the last equation, the density matrix defines the time-dependence of the
electron charge density. It also allows to calculate many other physical quantities, including

the dynamical polarization D(t) = Y1 1 1c.q,p pi”é Pl (t)di;’é’".

3.2 Exciton states

To analyze the possibility of excitonic states in the optical absorption spectrum of the
system, in principle it is enough to find the dynamical polarization from the solution of the
Liouville-von Neumann equations (59) in the case of an external perturbation, like an external
femtosecond pulse: E(t) = Ege /™ (T ~ 1 — 100fs). The optical absorption spectrum A(w)
can be found from the expression for the polarization P(w): A(w) = —2Re[P(w)/E(w)]. In
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the last equation the total polarization is the sum of polarizations for all possible interband
transitions:

P (w) = i(47c/ /ep) (¢ — e )t | (2”271‘)3 [ate a2 ) (62)

where ¢, is the dielectric constant, e(c)i — sgj is the corresponding bandgap and () is the

volume of the unit cell.

For simplicity, in this Subsection we shall concentrate on the two-band case with 2 x 2 density
matrix with two independent matrix elements: the conduction band occupancy p;f(t) and
the polarization p’(t). The other two elements, the valence band occupancy py’(t) and the
polarization de-excitation matrix element p;°(t), can be found from the first two elements by
using the conservation of particles equation pp° (t) + pi’(t) = 1 and the definition of the matrix
elements, which gives p{“(t) = p{’*(f). The independent TDDFT matrix equations have the
following form:

0
5Pk (1) = —2Im [(E()di + Vi + Viadeic (1], (63)

9 0i2(0) = il — 10 (6) — o (1) — P (DED
—ilpP (1) — PO (VER(E) + VER(D)
_i[VIC{ ( )+ xck( ) - VIZ?{(( ) xck( )]pk< ) (64)

They correspond to the many-body theory semiconductor Bloch equations,(Haug & Koch,
2004) but in the TDDFT case the correlation effects are taken into account exactly without
making the Hartree-Fock truncation.

In order to get a better feeling of the correspondence between both theories, it is instructive
to compare both systems of the equations. Applying the same expansion of the wave
function in terms of the stationary wave functions and writing down the corresponding
Liouville-von-Neumann equation for the density matrix in the case of the Hartree-Fock
equation

YL (1) V2 Y Yo (1, )Ye ()
i = {‘7“3 e [ e S ()
Yq Yq (v, )¥g(nt)
/d’ 4 r— YU (1, 1), (65)

one can obtain familiar set of the semiconductor Bloch equations (in linear expansion in the
polarization, see below):

%pii”(t) = — 2Im [( £)d5? — q)pSi(t )) Piic(t)}, (66)
0 == -k~ <zdf>av<k — Q)5 (1) — o5 (1)l (1)

— i) - 0] (B0 — [ g vik-apg(). @)
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Comparizon of the systems of equations (63), (64) and (66), (67) suggests that the electron-hole
interaction term [ % V(k — q)pg’ (t) resposible for the Rydberg series of the bound states in

the Bloch equation case is contained in the nonlinear functional of the polarization pg’ (t) of the
matrix element V5 () (through the polarization that enters in the charge density, Eq. (61)).

We have analyzed the optical absorption spectrum in the case of several XC potentials and
found that in some cases the spectrum contains an excitonic peak below the conduction band
edge.(Turkowski & Ullrich, 2008) In particular, we have found that the optical absorption
spectrum demonstrates a pronounceable excitonic peak when the XC kernel contains the
Coulomb singularity 1/42, like in the case of the KLI and Slater potentials.(Krieger et al., 1992)
This result is in agreement with Kim and Gorling (Kim & Gorling, 2002a;b) who showed that
in the translational-invariant systems in order to have the excitonic peaks one needs to have
such a singularity. On the other hand, it was found that the standard LDA and GGA potentials
are "too weak" to produce the peaks.

In order to get a deeper understanding of the structure of the XC kernels necessary to produce
the excitonic bound state one can analyze the linearized TDDFT equation for the polarization
which corresponds to the Wannier equation [—(V?/2m,) — (1/er)] ¢(r) = E¢(r) for the
exciton eigenenergies and eigenfunctions (1, is the reduced electron-hole effective mass and e
is the static dielectric constant of the material).(Wannier, 1937) The solution of the last equation
demonstrates a Rydberg series of the excitonic binding energies qualitatively described by the
Elliott formula (Haug & Koch, 2004).

The corresponding TDDFT Wannier equation can be obtained by linearizing equation (64):
) [wif’%q + qu(wﬂ pq (w) = wpi (w) (68)
q

with the effective electron-hole interaction

Fieq(w) = § | [ g6 paalr) e, 0) g (1) (1) (69)

(in the momentum representation).  The corresponding real-space equation can be
obtained after the Fourier transforms p(R,w) = Yje *Rpf(w) and V,,(R,R,w) =

Yk,q e‘ikRqu(w)eiqR', where R is a direct lattice vector. Since the excitonic wave function
extends over many lattice sites, one can consider R as a continuous variable. In this case the
TDDFT Wannier equation takes the following form

hzvz KS 3.,/ / /
— o TE —w Pi(f)Jr/aH A1 Ve (1,1, w)pi(r') =0, (70)
;

space

(m; 1 = m71 + my1! is the reduced mass and E(Igfs is the KS band gap). The solution of the
last equation gives the exciton eigenfunctions p(R,w) and eigenenergies, which are defined
by a nonlocal, frequency-dependent electron-hole interaction V,,(r, ¥/, w). This interaction is
defined by the XC kernel. The analysis of the solution in the case of the of LDA kernel, shows
again that it is too weak to produce bound states. On the other hand, it was found that a
phenomenological local kernel fSoMa¢t(y, t') = —A§(r —t’) (A is a positive constant), and a
long-range kernel with the Coulomb singularity ~ 1/4? in the momentum space, fLRXC(r,1') =
—a/47|r — r'| (« is an adjustable parameter, which might be interpreted as an effective inverse
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screening), give correct lowest excitonic energy at proper choice of the parameters A and «.
These values are of the same order of magnitude for one group of semiconductors - zincblende
or wurtzite, but can be one or two orders of magnitude different for the semiconductors from
different groups.(Turkowski et al., 2009) This suggests that these kernels, similarly to the LDA
case, might be defined by system parameters, in particular the electron density and the volume
of the unit cell. The generalization of this formalism, based on two-particle density matrix,
was used to study the biexcitonic binding energies.(Turkowski et al., 2010)

3.3 Biexcitons

The above formalism can be generalized to the case of multiple excitations, in particular
on the case of biexcitons, correlated double electronic excitations.(Turkowski et al., 2010)
In principle, one can obtain double excitations and possibly coupled (biexcitonic) states
within single-particle TDDFT in the case of non-adiabatic XC kernel. In this case, nonlinear
Casida equation for the eigenenergies will have extra solutions in addition to single-particle
excitations. In this Subsection, we analyze how one can obtain biexcitonic states within
adiabatic approximation since this case corresponds to a transparent biexciton eigenproblem.
In order to find such an approach, one may use the natural orbital (NO) representation for the
stationary electron eigenfunctions.(Giesbertz et al., 2008; 2009; Pernal et al., 2007) In this case
multi-particle excited states can be described by elements of one- and two-electron density
matrices, defined as

v(xq, X, 1) = N/dx2/dxg,.../de‘P(xl,xz,...,xN,t)‘I’*(xﬁ,xz,...,xN,t), (71)

T(x1,x0,x),%5,t) = N(N —1) /dx3.../de‘I’(xl,xQ,...,xN,t)‘I’*(xﬂ,xé,...,xN,t), (72)

where ¥ is the N-particle wave function and x; = (r;,s;) denotes the space coordinate and
spin index.(Giesbertz et al., 2008; 2009; Pernal et al., 2007) In principle, all ground state
properties can be obtained from the the single-particle matrix y(x1,x]), due to one-to-one
correspondence between the matrix and the ground state many-body wave function ¥ (the
density matrix functional theory generalization of the Hohenberg-Kohn theorem (Gilbert,
1975)). Though to study the excited states the two-electron density matrix is necessary. We
shall concentrate on an effective two-electron theory described by the Hamiltonian

H(rl, rp,t) = jpd (r1,t) + jpd (1o, t) + wlny|(r1, 12, 1), (73)

where /129 is the single-particle TDDFT Hamiltonian (55). In order to have biexcitonic
states in the adiabatic approximation, one can introduce an effective two-particle interaction
w(ny(r1, 1y, t) which depends on two-particle density ny(rq,1p,t) = ¥*(ry, 12, 1) ¥ (11, 12, 1).
Similar to the excitonic case, one can expand the two-electron wave-function in terms of the
NOs xi(r), which in the singlet case gives ¥ (r, v/, t) = ¥ ; Ciy () xx(r) x1(r'), where Cyy(t) is a
symmetric matrix with respect to quantum number indices k abd [. In this case, it is easy to
show that

v(xq, %1, 1) Z’Ykl )X (x1)x7 (x1), (74)
F<x1/x2,x1/ le Z 1—‘klmn Xk xl)?(l(x2>?(m(x1)7(n( ) (75)
klmn
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where 4 (t) = 2, i (1)C T (#) and Tgpyp (£) = 2Ck (£)Chri (). Some of the elements of the
last two matrices are proportional to the excitonic and the biexcitonic wave functions (with
indices cv and ccvv in the notations of the previous Subsection, correspondingly). Matrix
elements Cy;(t) satisfy the following equation of motion:

iacglt(t) = Z(hkr(t)c ( ) + Ckr + Zwklrs Crs (76)

2

with the initial condition Cy;(t = 0) ~ Jy;. The matrix elements /i, (t) are defined above and

Witmn(t) = /drl/drzxi(fl)xf(fz)w[nz] (11,12, ) Xm (1) Xn (12). (77)

From equation (76) one can obtain the equations for vy (t) and Ty, (£):

9Tk .
at = Z(hkr')’rl - r)/krhrl) + Z (rkrsmwmsrl - 1—'krsmwmsrl) ’ (78)

r r,s,m

atmn = Z(hkrrrlmn + hrlrkrmn - hi’mrklrn - hrﬂrklmr) + 2 (wklrsri’smﬂ - w;knnrsrklrs) '(79)
7,8

r

This is a closed system of equations and is the generalization of the single-electron problem
problem from the previous Subsection (at w = 0 and I' = 0) on the two-electron case. Namely,
at w = 0 in the linear approximation for two bands one obtains the TDDFT-Wannier equation:

Efqrhq = L | (6hq — &) G + P | 75q (80)
k/

where k is the electron momentum and q is the sum of the electron and hole momenta (we
consider more general case of nonzero exciton momentum). The electron-hole interaction F ;.
is defined in Eq. (69).

Similarly, in the case of two-bands one can obtain the equation for the biexciton function:

— C 0 Y ccov CCcov
0= at —€l1q ~ E T E T Eotq | Tl qic i kitq ZGk+q,k/ Ktk R+l kg kR K +q 7
(81)
where G, +qkik+q K Kk +q are the matrix elements of the one- and two-electron density

kernels ¢1(r,11,1p) = fn‘f’:lf:z)) and gp(rq,1p,13,14) = fsij((:;:f)) with respect to the Kohn-Sham

eigendunctions, similar to F,/ (we refer the reader to paper (Turkowski et al., 2010), where the
explicit expression for the matrix elements is presented). Eq. (81) can be solved by expanding
the biexcitonic function in terms of the complete set of the excitonic functions 77/, q with
eigenenergies Ej q (1 is the number of the bound state). These quantities can be found from
the solution of Eq. (80). The next step is to antisymmetrize the corresponding function with
respect to interchange of holes and electrons. Then one can get the following expressions for
the singlet (—) and triplet (4) biexcitonic functions(Schéfer & Wegener, 2002; Turkowski et al.,
2010):

cclvo'+ v v + v v +
Iﬂk—kq,k’ kk'+q Z [’Yn,k+q,q’)/m,k’+q,—qbnm,q + IYn,k’,k/—k7m,k+q,k_k/bnm,k/_k . (82)
n,m
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The solution of the eigenproblem for b,}im,q

[(w - Enq - qu) 5nn/5mm/5qq H,, } bni’m’,q/ =0, (83)

nmn'm',qq’
nllm/’ql

gives one the biexcitonic eigenvectors and eigenenergies. In the last equation Hfm im,qq’

are functionals of the excitonic functions and interaction elements F,,/ and Gkk’ p (see
Ref. (Turkowski et al., 2010)).

We tested the formalism in the case of several semiconductors by using phenomenological
local one-particle kernel fSOMact(y ') and two-particle "contact biexciton" kernels
gioal(r,r, 1)) = —CoA18(r — 11)0(r — 1) and g%l (r, ¥, 1, 10) = —Axd(r — v')o(r —
r1)d(r — rp). It was found that indeed the TDDFT can describe the biexcitonic states in the
adiabatic approximation.

3.4 Nonlinear effects

It is straightforward to extend the formalism developed above to the nonlinear case, including
dynamical exciton-exciton interaction and memory effects. These processes play an important
role in the case of ultrafast processes, including four-wave mixing experiments. So far, these
nonlinear effects were studied only in the framework of many-body effective models. In most
cases, the problem was analyzed by solving a third-order polarization equation. Beyond the
importance of developing the TDDFT approach to describe the ultrafast processes, there is
another important reason for this. Namely, from the experimental data one can learn about
the non-adiabatic structure of the XC kernels, since our knowledge on the non-adiabatic
kernels is much more limited comparing to the static adiabatic case. Below, we analyze
some possible types of the response of the system by taking into account the memory effects
and by using the known asymptotic limits of the XC kernels at low and high frequencies,
and compare qualitatively the TDDEFT results with the corresponding phenomenological
many-body solution.

From equation (64) one can obtain the system of equations for the first and the third order
polarizations:

. a C 0 CcO
lﬁplil)(t) = [e} — ek P1(<1)(t) - ;/dt/‘xkq(tr t/)Pél)(t/) + diE(t), (84)
9
i P = [ — €] P +Z/dmkq (1,1 P (1) [PV (#)2
+ Y /dt /dt”/dt’”ﬂkqpp (t,,¢",¢") i1 )(t/)Plgl)(t”)P}(})(t”’), (85)
q.p.p’
where
Rieq (b)) =2 / dr / de T O ()9O (1) fre (1,0, 1 )L ()9O () (86)
g (1) = 2 / dr / dr O (w00 (1) foo (1,0, £, )5 O () w20 (), (87)
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and Biqpp (¢ t',¢",t"") is a sum of matrix elements of fxc and its first two derivatives
with respect to the particle density, similar to Egs. (86) and (87). In the case of four-wave
mixing experiments the system of equations (84), (85) can be solved by solving first the
linear equation, and then the nonlinear effects can be found by solving Eq. (85). To study
nonlinear effects one can also analyze the approximate effective third order equation for the
total polarization which corresponds to the system (84), (85):

2 (o) 3o S freome

similar to the many-body equation analyzed in Refs. (Ostreich et al., 1995; 1998). In the last
equation,

6 =ef — ¢,
B =2 [afiid) — afn — 20550 — 20557 (0,0)
+ 2B - )] (0,0,0) + 7755 (0,0,0,0)
E(t,1') / drdr'dr" ¥ (0¥ (1) e (6,0, 1,07, ) (90 () - 190 () P)

x PO (w0 (ry, (89)

() is the Rabi frequency and 7. is the maximum density corresponding to the Pauli blocking
term (we neglect the momentum variable below).

As it follows from Eq. (89), the nonlinear time-dependent effects are defined by the
memory function F(t —t'), which depends on the non-adiabatic part of the XC kernel.
In the many-body approach, the memory function usually depends on the exciton-exciton
correlation function, which is difficult to find, so in this case a phenomenological approach
has to be used. For example, as it was proposed in Ref. (Ostreich & Sham, 1999), in the case of
slowly varying polarization the memory term can be approximated by

% F Dk t
- ”; E(t— ¢)P(¥)2dt ~ —Zl;P(t)z/ F(t—t')dt, (90)

—0o0 0
so the time-correlation effects are defined by the functlon g fo t")dt'. This function
can be expressed in terms of the spectral density p(w): g f() dwp(w)w™le™ !, In the

low-frequency limit, which defines the long-time asymptotic behavior of the system, the
spectral density can be approximated by a power low-function p(w) ~ w®. This function
defines the dissipation processes in the system, i.e. the role of the environment (other excitons)
on the behavior of given exciton. In the cases when « is smaller, equal or larger than 1, the
dissipation is called "sub-ohmic", "ohmic" and "super-ohmic" (Caldeira & Leggett, 1983). Since
the spectral function must decay at large frequencies, the general form of the spectral density
was approximated by

p(w) = Awe «/wr, 91)

where wr is the frequency scale and A is the normalization constant. Thus, the memory
function can be approximated by(Ostreich & Sham, 1999)

F(t) = A/o dww e W/ WreTiWt, (92)
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In the case of an one-dimensional model for excitons, the authors of Ref. (Ostreich & Sham,
1999) found a = 1.

One can in principle construct an fxc such that the functions on the right hand sides of the
Egs. (89) and (92) are equal. In this case, the equation for polarization will coincide with the
many-body equation, and the solution in both cases will be the same. However, as we show
below due to some constraints on the frequency-dependent fxc, the last equation should be
corrected. Namely, it is known that the exact asymptotic of the XC kernel at large frequencies
is fxc ~a+ bw 2 (van Leeuwen, 2001). In the case of low frequencies, the information about
the exact behavior of fxc is more limited. In particular, it is known that it can have poles in
the case of finite system in the discrete part of the spectrum. To get an idea about possible
frequency-dependence of the XC kernel for all ranges of frequencies one can consider the case
of the homogeneous electron gas, when fxc(w — 0) — 0, fxc(w — ) — w™3/% (Marques
& Gross, 2003). From these results one can suggest the following rather general form for the
non-adiabatic part of the XC kernel:

(JJ“

1+ (w/wp)‘”ﬁ'

fxclw)=A (93)

where « is of order of 1, and B = 2, though the case § = 3/2 is also worth of special
attention. Below we solve Eq. (88) in the case of different values of x and p = 1.5 and 2.
We approximate the XC kernel in the following way: fxc(r,t,t') = fi-[n(x,t)]fxc(t —t),
where f{-[n(1,1)] is the adiabatic part and fxc(t — ') the last term is defined in Eq. (93).
Substitution of this expression into Eq. (89) leads to the following form of the memory
function: F(t) = A [, dww®[1+ (w/wp)*"F]~le~i@! where A is the integral over the
derivative of the adiabatic part with respect to the particle density multiplied by the static
wave functions (see Eq. (89)).

We analyze qualitatively possible solutions of Eq. (88) by considering two characteristic cases:
an approximate time-evolution of the excitonic density and collective excitations in the case of
two different memory functions: the exponentially decaying kernel (91) and the TDDFT-type
algebraically decaying kernel (93). The time-dependence of the excitonic density #(t) can
be obtained from the equation for polarization by using the ansatz Py = +/n(t)exp(i¢p),
which gives n(t) ~ n(0)[1 + n(0)Re fot g(t")dt']~1. One can show that the equilibration takes
much longer time in a more realistic case of the TDDFT spectral function, comparing to the
exponential one (see Fig. 5).

One can analyze the collective excitations in the excitonic system by separating the slow and
fast components of polarization, P = Py + Py, so the fast component satisfies the following
approximate equation: 9P;/dt = —|P|? [iﬁPl + fot F(t—t)Py(t)dt ] . The eigenvalues of
this equations can be found numerically from the corresponding equation in frequency
representation:

w/n:‘B—F(O)/OO p(w")dw’

0 w —w—i0 (04)

(for details, in particular for the normalization of the function p and the spectral sum rule
for F(t), see Ref. (Ostreich & Sham, 1999)). It is possible to show that the number of possible
collective modes increases from 0 to 2 with the exciton density increasing (the zero-frequency
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b)|

1.00F

n(t)/n

0.95}F

exponential spectral density
20

10 20 -
time time

Fig. 5. The time-dependence of the exciton density in the case of § = 2" (a) and exponential
spectral function (b). We have used the parameters for the 3D model of semiconductor from
(Ostreich & Sham, 1999): B = 52wy /3, F(0) = 14w?, wy = 6.7meV. The time is given in units
of 1/wy and n(0) = 0.1.

mode corresponds to the Goldstone mode). Since at small frequencies the change of the
right hand side of Eq. (94) with frequency is faster in the case of power spectral function,
the critical value for the density above which there are collective oscillations is lower in this
case. Also, the corresponding energies for these oscillations are lower in the case of power
spectral function.

Finally, similar to the many-body case, one can analyze the two-dimensional Fourier spectrum
of the system by taking into account memory effects. It is possible to show that the presence
of the memory function in Eq. (88) can not only result in a shift of the excitonic peak in the
spectrum but also lead to coupled exciton-exciton states. The detailed results of these studies
will be published in the nearest future.

To summarize, we have shown that our TDDFT approach for excitons, despite being at the
early stage of the development, shows to be a very promising and powerful method that can
be used in many applications, in particular in studies of ultrafast processes.
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