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Abstract

In this paper we first derive a Coulomb Hamiltonian for electron—
electron interaction in quantum dots in the Heisenberg picture. Then we
use this Hamiltonian to enhance a Bloch model, which happens to be
nonlinear in the density matrix. The coupling with Maxwell equations in
case of interaction with an electromagnetic field is also considered from
the Cauchy problem point of view. The study is completed by numerical
results and a discussion about the advisability of neglecting intra-band
coherences, as is done in part of the literature.

Keywords: Maxwell-Bloch model, quantum dot, Coulomb interaction, Cauchy
problem, Liouville model, positiveness properties.

1 Introduction

Bloch model is a very common model to describe the time evolution of a system
of electrons in different contexts such as gases of electrons, glasses or crys-
tals. The very classical case of gases and glasses involves isotropic media. The
electrons are supposed to be localized and non interacting. Their behavior is
averaged at the mesoscopic scale. This leads to relatively simple models where
matter energy levels are quantized and labelled by integers. The case of crystals
[BBFB+04] also involves integer indexed levels, but symmetries and directions
in matter have to be taken into account.

Bloch model has also been extended to the description of quantum wells
[HK96, KR92, HK09], and quantum dots [GH02, BF10]. In these models mat-
ter is described by the state of two species of particles (electrons and holes,
or equivalently conduction and valence electrons). In quantum wells, energy
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levels are indexed by vectors, which correspond to displacements over the un-
derlying lattice. In contrast the confinement of electrons in quantum dots leads
to integer indexed levels like in gases, which often leads to consider quantum
dots as pseudo-atoms, but this is a very raw vision. In particular, among other
differences, electrons at the same mesoscopic location do interact directly via
Coulomb interaction.

[BF10] is a preliminary paper that derives basic Bloch equations for two
species of electrons (conduction and valence) only taking into account the free
electron Hamiltonian and the interaction with a laser electric field. The aim
of the present paper is to include properly Coulomb interaction in this model.
Beyond the sole derivation of the model, we want in particular to study its math-
ematical properties. In the continuation of [Bid01, BBR01], we want to show
that a certain number of properties are preserved through the time evolution,
such as Hermicity and positiveness of the density matrix.

1.1 Outline

The outline of this paper is as follows. We devote the end of the Introduction
(Section 1.2) to the description of the basic Bloch model which does not include
Coulomb interaction but only the free energies of the electrons and the action
of an electromagnetic field. In Section 2 we derive the Coulomb Hamiltonian
in terms of the conduction and valence operators. The associated Heisenberg
equation is derived in Section 3, but it ends up with an open system of equations.
The system is closed using the Wick theorem, and the final Bloch equation has
a Liouville form, but is nonlinear. This nonlinearity does not allow to use
previous literature directly and we prove anew the Hermicity, positiveness and
boundedness results in Section 4. In Section 5 we show the impact of the
Coulomb contribution in numerical results and also compare our model with a
vanishing intra-band coherence model defined in [GH02].

1.2 The basic Bloch model

Let us first recall the main results obtained in [BF10] and fix the notations.

1.2.1 Commutators and Heisenberg equation

Let A and B be two operators, we define their commutator by [4, B] = AB—BA
and their skew-commutator by {A, B} = AB+BA. For an operator A, we define
the associated observable (A) = Tr(SpA) by averaging with respect to the initial
state density Sy of the system. If the system is described by a Hamiltonian H,
the time-evolution for this observable is given by the Heisenberg equation

ind,(A) = ([A, H]), (1)

where 7 is the reduced Planck constant. When the observable is the density
matrix, the Heisenberg equation of motion is called the Bloch equation.



1.2.2 Operators for quantum dots

A quantum dot is defined as a collection of conduction and valence electrons.
There is of course no conduction in quantum dots since the electrons are con-
fined in every direction, but this terminology is useful to distinguish between
the valence electrons — which are in fact the absence of holes in the valence
band — and the free, but confined, electrons. For each species, energy levels
are quantized and indexed by a set of integers, I° and IV, for conduction and
valence electrons respectively. For ¢ € I°, we define the creation and annihila-
tion operators c;r and ¢;. Likewise, for valence electrons, we define the creation
and annihilation operators v;r and v;.

Property 1.

{ci,c; =0, {ci,cj} = {c;r,c;f} =0,
{vi,v]} = 0. {vi,v;} = {o], 0]} =0,
where §; ; denotes the Kronecker symbol.
This implies in particular that c;c; = chz = 0, which means that it is

impossible to create twice or annihilate twice the same electron. This is the
Pauli exclusion rule: electrons are fermions. Of course any conduction operator
commutes with any valence operator.

1.2.3 Observables for quantum dots

The observable we are interested in is the density matriz. It includes a con-
duction density matriz, which elements are the pj; = <c;fcl> This matrix is

Hermitian and positive semi-definite. Its diagonal terms p§;, = (czcz) are also
called populations and give the probability to find an electron in state i. The
off-diagonal terms, pf;, i # j are called (intra-band) coherences. Of course we
also define a valence density matriz, which elements are the pj; = <v;rvl> Be-

sides we are interested in inter-band coherences defined by pf} = <v§-ci). The

entries of these matrices are the variables of the Bloch equation. They are cast

in a single density matrix
pC pCV
p = ( pVC pV

, which ensures that p is Hermitian and positive semi-definite.

CV *

where p¥¢ = p

1.2.4 Free electron Hamiltonians and interaction with a laser

The basic Bloch equation for quantum dot is derived in [BF10]. It takes into
account two types of Hamiltonians in the Heisenberg equation for the density
matrix, namely free electron Hamiltonians and interaction Hamiltonians with a
laser field. The free electron Hamiltonians read

c _ c .t v o_ v, I
H§ = E €1,C1,Ch Hy = E €LVLVE,
kere kerv



for conduction and valence electrons respectively. The coefficients €}, and €, are
the free electron energies associated with each electron level. The electron levels
are described by the wave functions 1}, and ), solutions to the free electron
Schrdinger equation subject to the boundary conditions of the quantum dot
(see [HK09]). The interaction with a laser characterized by its time-dependent
electric field E(t) is described by the Hamiltonians

1

HY = 53 (B()-Mjca+E (@) Miide).
(k,)e(I°)?
1

HY = 3 (B M+ EC() - Myivfu),
(k,DE(I)?

Hlev ST (E@) Mgl + EX (1) - Mg vfer),

(kD)elexTv

where the dipolar moment matrices are matrices with entries in C® and may be
expressed in terms of the wave functions associated to each level:

0 = / dr 9" (r) er g5 (1),
L= / dr () er Y (1),
o / dr o (r) er g5(r),

where e is the unsigned charge of the electron. Injecting these Hamiltonians in
the Heisenberg equation, the basic Bloch equations can be cast in Liouville form

ihdep = [Vo(t), p- (2)

In equation (2), Vo (t) = VE+VE(E(t)) is a sum of a constant term V¥ stemming
from the free energies collected in diagonal matrices E§ = diag({ef}iere) and
Ey = diag({€} }ierv), and a time dependent term due to the interaction with
the electric field:

ES 0 RE(t) - M°  E(f)- M

The scalar product of the electrical field and the dipolar moment matrix, is a
scalar product in C? which yields a matrix with entries in C, with the same
dimension as p, as is necessary to give a meaning to the right-hand side of (2).

1.2.5 Mathematical properties of the Liouville equation

Equation (2) clearly preserves the Hermitian structure of p. Its exact solution

i p(t) = exp (_711 /Ot Vo(r) dT) p(0) exp (711 /Ot ) dT) - ¥
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This expression allows to prove a certain number of properties (see [BF10]).
Let d = card(I®) 4+ card(I¥) be the total number of levels, given a positive
semi-definite initial data p(0) € M4(C) and a continuous electric field E(t),

e cquation (2) is globally well-posed, i.e. there exists a unique solution
p € CLH{RT; M4(C)) that exists for all times ¢ > 0 and which depends
continuously on the data (parameters, initial data);

e for all time p(t) is a positive semi-definite matrix;

e its trace is conserved through the time evolution.

2 Second quantification Coulomb Hamiltonian

Coulomb interaction can be introduced using field operators. We denote by
¢l(r) and 9§ (r) the creation field-operators of respectively a conduction elec-
tron and a valence electron at the space location 7, and 1.(r) and ¢y (r) the
corresponding annihilation field-operators. We consider that there are N rele-
vant electrons in the quantum dot, and can write the Coulomb Hamiltonians as

N
0= g 3 [ dndes VL)),

N
=530 [ [ dnde b))V i) )il ()

4,J=1

N
HV =) / dridry SLr)de (r)) VT (i, )Pl (e (ri), - (4o)

ij=1

where V¢, VV and V™V are the conduction—conduction, valence—valence and
conduction—valence Coulomb potentials. The Coulomb potentials have the form

ko

T

kc

Ve(r,r )y =VV(r,r") = =

and Ve V(r,r') =

where k¢ is Coulomb’s constant. The difference of treatment of conduction and
valence electrons stems from the fact that Coulomb interaction describes the
interaction of electrons and holes (see e.g. [HK09]) and that the presence of an
electron in the valence band is indeed the absence of the corresponding hole,
and vice-versa, which inverts the role of creation and annihilation operators.
The total Coulomb Hamiltonian is HC = H*=¢ 4+ HV~V + H°™V.

We want to derive Bloch-type equations including the Coulomb interaction.
Bloch equations have the advantage not to depend explicitly on the exact form
of the field-operators. To this aim we write

de(r) =Y Y5(r)ca, Gy =Y ve(r)el, (5a)

agl® agl®



= YL(r)va, i) =D e (rl (5b)
aclv aelv
They are weighted by the conduction and valence electron wave functions ¢S (r)
and ¥ (r), which are the same as those who occurred in the expression of the
dipolar moment matrices. In the sequel, to avoid unnecessary written complex-
ity, we will often omit to specify which set the indices belong to.
Inserting decompositions (5) in Hamiltonians (4) we obtain

¢ = C Tt
H - Z Rmaza’la’ Ca, CayCalCals (6&)
1,02,
!’ !’
Qq,Qp
M v T oot
H - Z Ra1a2a1a2va/va/2va2val7 (6b)
1,002,
!’ 7
Qp, Qg
=— o t
- Z ajazalal CayVat, Vo, Cals (GC)
041,Ot27
oy ,ap

where

RS s, = / [ drdr g WV Y 0 ), (7a)

N2
Rijeinen = g [ [ 400" (W, 0OV 0 W (00050, (1)

R g, =~ [ arar v 0, Ve i 00, 0 (70
The symmetries in the integrands of (7) induce the following properties.

Property 2. Since V(r,r') is an even function of r — 7/, variables r and 7’ play
the same role and

C C v _ v
Ralaza O( Ragala (!17 ROQO(QO( az Ragala a1
Since V' (r,r’) is a real valued function
c _ pCk v PV
Ra1a2a1a2 Ra1a2a1a27 Ra1a2a1a2 Ra ol a2’

*
C—V CcC—V
R ror = VRO, .
[e5 e S Yo 2Ne) [e 2PN D)
172 12

The Pauli exclusion principle (skew-commutation, Property 1) also induces
that some terms in H°~° and HY~V are necessarily zero.

Property 3. If a1 = ap or o) = o,

t ot _ ot —
Chyy Covy CatyCor = 0, Ve Vo Vg, Vs, = 0.



The order of the operators (which has to be read from the right to the left)
in the Coulomb Hamiltonians (4) has a meaning: in order that two particles
interact via Coulomb interaction they have to pre-exist at locations r; and r;.
Then they are annihilated while interacting and recreated at the same locations.

Definition 1. A product of operators will be said to be in the normal order,
if the annihilation operators are on the right and the creation operators on the
left.

He<~¢ already follows a normal ordered form and we can keep it untouched:

c—c __ C Tt
H ¢ = E Ralaw/ oy Covy Covy Cay Carl - (8a)

1,002,
’ ’
aq,00

Hamiltonians H¥~Y and H°™V given by equations (6b) and (6¢) do not follow
normal ordered forms.
To express HY™V we need to compute a normal ordered form of vy, vaév}; 21)3;1
sV 0L = GaiarOayal — Oarar U Var — OararOar s + Sty Vi, U
Uot UQQUQZUQI Qg OCQO(Z Oélalvaz’UOtQ al, 2Q1 at 102 al, 2Q1 azval
oo o alvaé — (5a2a/2vllva/1 + valvlz Vo, Vet -
Thanks to Property 2, Ra1a2a1a2 Rzzala/ ol therefore —d,, vLQ Uy, and
—Oazal, vl Vo lead to the same contribution. The same argument can be applied

t0 dayay azval and 04/, Ll . Hence

HY7V =2 Z Rﬁaa,ﬁ R o0 )v Vo + Z R oo agvlgvlgvazval- (8b)

a,a B 0¢1,0627
(Xl ,(XZ

In the definition of HY™" we have dropped the 04,0/ 0a,a; a0d —0asa, 00y
terms which would lead to zero contributions in the Heisenberg equation.
In the same way cleaévL2 Cal = Oayal, c&lcazl —cl ot Vo, Cos s hence

[eS e}
:—E RSV, el cor E el vl var e (8¢)
afa’Bra o ajazalal 061 Qg YO oy
a,a’ B 0‘1,,042/7
O(l,OLQ

3 Formulation of the Heisenberg equation

We now write Heisenberg equation (1) where A are operators c}ch v}vi or v;ci
and H are the Hamiltonians defined by Equation (8).

3.1 Wick theorem

For the free Hamiltonians and the laser interactions the computation of the com-
mutators led to expressions in terms of the two-operator densities, and therefore



to a closed set of equations [BF10]. This will not be the case any more here, since
the commutators stemming from Coulomb Hamiltonians will give rise to four-
operator densities. To go further we should a priori have evolution equations
for these observables via the Heisenberg equation, computing commutators with
the already defined Coulomb Hamiltonians. This would lead inevitably to six-
operator densities, and so on. To avoid this endless procedure, we have to close
the system at some point. This is the goal of the Wick theorem [Wic50] which
amounts in our case to write the four-operator densities as sums of products of
two-operator densities following e.g. the rule

) = (el

<ch cf CatCal

g Yo Ca, Ca > <Ca2ca2> - <CO61004 > < »Co) > ’

WT)

where the symbol 1 means ”is approximated through Wick theorem by”.

3.2 Commutators involving c;ci

In order to derive the Heisenberg equation we have to compute [c}ci, He ] and
[c}ci,HC*V] (since [c}ci,HV*V] is clearly zero).

3.2.1 Commutator with H°°

According to Equation (8a)

Te HCC] — c te of o
[cjei, HC] = RS, anat oy [€5Cis Cyy ChyCat Cat |-
1,002,

’ ’
Qqp,Qn

Remark 1. We already know many situations where [c;ci, ijlCLQCa; Cay] is nec-

essarily zero:
e if none of the indices ay, ag, &}, o) is equal either to i or j,
o if @1 = ap or o = o} (see Property 3).
We compute separately each commutator:

Te ot ot — Tt T
[cjcis by CoyCayCay] = 5za10]6a26a'26a1+5za2 jcmcaflcaé

R N A | )
6ja2 s Oqco/lcl Oja, Chyy Covy Cay Ci

Using Property 2, we see that

[C;L‘CZWHC C} = Z Rmaza 105 (25“"1 € azca’ Caf _25%“1 Oélcjlzca'zci)
all,(xQ,,
Qi ,0n
= 2 Z R“m O/c caca/ Caly — 2 Z Rmow&,ca1 ana/ci.
1,02,
(yl,oz2 o



We now apply Wick theorem which leads to

<[c}ci,Hc c> Wy Z Riporal <<c Co! ><c Cay) — <c}caé> <cha/1>)

al:az
-2 Z Rala”a cz> <CLQCO/> — <cLlca/> <cchi>)
o6,
= 2 Z fakar — Biaark) <CLCo/> <C}Ck>
a,’
2 (R = ) (el ()
a,a’

Defining matrix A¢(p) as
gk(p) =2 Z ( ;':ako/ - Rgoca’k) pfl’on (9)
(a,0’)€(I°)2

we can cast the result as
c—C (WT) C C
(leher, 1o77) "2 [A%(p), T35

3.2.2 Commutator with H¢™V

The same sort of computation as in Section 3.2.1 is performed on Equation (8c)
to compute [c;r-ci, He).
Using the matrices (Y(p), v~V (p), and n;, " where

Grlp) = > RiiaPias (10)
(a,’)e(1v)?
Vi) = = Y R (11)
(a,a’)eIV XI®
M = ZRfﬁkvﬁv (12)
peIY
we obtain that
-V WT) v —v CfV vV C—V*
(I 151) P27 0 017l + S 005 = Dt
k

3.3 Commutators involving v;vi
3.3.1 Commutator with HV™V

According to Equation (8b), we have to evaluate two types of commutators to
compute [v}vi,H V=V]. The first commutator is clearly computed in the same



way as [c .c;, H° ] replacing conduction electron operators by valence ones. For

the second part, we have to compute [v i, v var]. We obtain

(hoi 571) "2V 10 (0) + 17,070,

where AV(p) and " are defined as

A;/k (p) = 2 Z (R'\ilaka’ - RZoca’k) p;’z’a’ (13)
(a,)e(1v)?
Kjp = 2 Z (RZ%M - Réiﬁk)~ (14)
Berv

3.3.2 Commutator with H°™V

According to Equation (8c), the commutator [v;vi, H*¢™V] only involves the first

term of H°~V, which we can write as

T, pre— V _ [P
[vjvi, H Ralaza (o) chc o [V, 0}, V).

041 042’
ocl,a2

The simplifaction of the commutators and the Wick theorem leads to

(WT)

(Whoi, H71) "7 160, 7] + D2 0 = 2 o)
using the previously defined v°~V(p) and the new matrix (¢(p) defined by
Gk = Y. Rodwbia (15)

(e,a’)€(1°)?

3.4 Commutators involving v;ci

n

The commutators involving v;¢; are all possible to write with already defined

matrices, indeed we first compute [v;{ci, H¢~°] according to Equation (8a) and

recognize
c—cy\ (WT) v
(Wlei 77) "2 ST MG (o)efy-
k
Then equation Equation (8b) leads to

<[U}.Ci7HV_V]> (V\;T) _Z ih V szkﬁ;k37

k
and Equation (8c) to

<[”}Ci’HC7V]> N Z ik (P)Pk; +Z’sz )P
—Zm/ﬂ Z % Crj(p +Zn§k VP

k

10



3.5 Matrix formulation

We would like to cast the former results as

cTc vTc:
<K% U%J) HD W),

_ (V) Velp)
V= (i)

where

which implies
<[c}ci, HC]> Ve (p)pe + VE () = pVE(p) — VI (p),
<[v;vi, HC]> O v ()™ + VY (p)p = p* V() — VY (p),
(e HOT) 57 V)™ + VT () = gV (p) = o7V (p).

Identifying the coefficients computed in Sections 3.2, 3.3, and 3.4, we obtain
that the result can indeed be cast as [V(p), p] where

Velp) = A(p)+(p)+07,
Veiip) = 7 V(p)s

ViTp) = AT (p) =V (p),
V¥(p) = A'(p)+((p) + K7,

and the various matrices have been defined by Equations (9) to (15).

The evolution equation for the density matrix including also the free electron
Hamiltonians, the interaction with a laser field, and Coulomb interaction can
therefore be cast in a Liouville form

ihdip = [V (t, p(t)), pl, (16)
where V (t, p(t)) = Vo(t) + VE(p(t)) and Vj(t) has been introduced in Equation
(2).

3.6 Energy shifts
Recall (see Equation (2)) the basic Bloch equation

ihdip = [Vo(t), pl,

where
Vo(t) = E§ 4+ RE(t) - M€ E(t) - M
0= E*(t) - Mcv* Ej + RE(t) - MY
The symmetries in the definition of M¢ and MY imply that their diagonal entries
are zero. On the contrary for E§ and Ej there are only diagonal entries. In the

11



evolution equation of pj;, the pf; term only involves Ej, and the other entries
of p play a role through M¢ and M*".

We can therefore easily analyze the Coulomb contributions in terms of shifts
on the free electron energies and off-diagonal terms. Hence we compute

5E(p) = 2 Y (Rwiar — Bonoi) Prat Y. R P — Y Righ,
(a,a’)E(1°)? (o,a’)e(IV)? BeIY

56;/ (P) = 2 Z ( iodal T R;/cwz 1) p‘(;’a + Z Raza zpa ot 2 Z (Rguﬂ - R%iﬁi)'
(o, )e(Iv)? (a,a’)e(I°)? Belv

We can define the energy shift matrices as 0E°(p) = diag({0€S(p)}icrc) and
OEY(p) = diag({dej (p)}ierv). Hence V(t,p(t)) = E(p(t)) + R(t,p(t)), where
E(t, p(t)) = diag(E°(t, p(t)), EY (t, p(t))) and

E(p(t)) = E§ + SE(p(t)) and E*(p(t)) = E§ + 0E" (p(t))-

3.7 Vanishing intra-band coherence assumption

The model for quantum dots given in [GHO02] has clearly been derived mimicking
quantum well models as in [KR92]. In quantum wells electrons and holes can
interact only if they ”see each other” long enough, i.e. if they have (and are
indexed by) the same wave vector. This leads morally to weakly coupled two-
level systems. Therefore, in [GHO02], the variables are the level populations and
the inter-band coherences. In our model this means that intra-band coherences
pi; and pj; for i # j are not considered.

We can therefore wonder what becomes of our model if we set intra-band
coherences to zero. First we notice that in the evolution equation of e.g. pg;,
there is e.g. a contribution of V$(p$; —pf;). Hence, even if intra-band coherences
are initially zero, they are not always zero through the evolution with Equation
(16). Setting artificially intra-band coherences to zero therefore destroys the
Liouville structure of the system.

In our model, this hypothesis also changes the definition of A°(p), ¢V (p) and
AY(p), which become

fk(p) = 2 Z wzka - zaak) pzav
aclc
ivk(p) = Z chkapaou
aclv
;,k (p) = 2 Z wck:a - u,uxk) pZ(x
aclv

4 Mathematical analysis

4.1 Estimates on the density matrix

In the same way as in the usual Bloch case [BBRO1], the Liouville structure al-
lows to state that the density matrix remains Hermitian through time evolution.

12



Its trace is conserved and it remains a positive semi-definite matrix. Hence for
a given electric field E(t), the elements of the density matrix are bounded, more
precisely populations are bounded

lpi: ()1, [p7; ()] < Tr(p(t)) = Tr(p(0)), foralli € I¢ and j € IV,

as well as coherences

. Tr(p(0 .
501 < Josom, 0 < O e,

and likewise

Tr(p(0))

7 foralli € I and j, k € IV.

P51, o35 ()] <

4.2 Coupling with the Maxwell equations

The density matrix governed by Bloch equations in the previous section was only
depending on time. We can now consider a collection of quantum dots which
are scattered in space and interacting, not directly but through the interaction
with an electromagnetic wave that propagates through the medium. This can
be modeled by a density matrix, that now depends on time and space, which
is coupled with Maxwell equations for the laser field through the expression of
polarization. We therefore address the system

woH = —curl E,
¢0;E = curlH — 9,P,

P = N, Tr(Mp), (17)
oup =~V (p). ),

where all the variables depend on time and space in 3 dimensions: the electric
and magnetic fields E and H, the polarization P, and the density matrix p. In
Equation (17), £ and u denote the electromagnetic permittivity and permeability
of the underlying medium. They both can depend on the space variable. The
density of quantum boxes is given by N}. The Bloch and Maxwell equations
are coupled via the polarization that involve the dipolar moment matrix M.
Such models have already been written and studied mathematically and
numerically in a few physical contexts. Here the specificity is the fact that the
Bloch equation is nonlinear in p. Note that even in the case when V' does not
depend on p, the full coupled model is already nonlinear since V is affine in E.
This system can be cast in the abstract setting of [DS12]. In this paper,
they introduce a general abstract setting able to treat both Maxwell-Landau—
Lifschitz and classical Maxwell-Bloch equations. In this setting the electromag-
netic field is supposed to exist in all space R3. Matter described by the density
matrix is only occupying a subdomain € of R3. The variables are gathered in
one variable U = (u,v), where u = (u1,u2) = (H,E) and v = p. The variable

13



u can be viewed as 6 real variables and variable v as d? real variables. This
variable U is supposed to be in L? = L?(R3;R%) x L2(Q;R?). The abstract
system reads

(0 + Byu= (k' - 1)F(v,u), forx € R3, (18)
0w = F(v,u), for z € Q.
In this formulation x(z) = (k1(z),k2(z)) = (u,e). It is uniformly positive

as needed in [DS12]. Let Heyy be the space of functions f € L*(R3;R3) with
curl f € L? (R3; R3). The linear differential operator B is defined on Heyy X Heurl
by B(ui,uz) = (k] ' curlug, —k5 * curluy). The variable v is extended by @ on
the whole R? and is zero outside 2. We can identify I; = 0, lo = —MNj, Tr(M.),
and F(v,u) = —+[V(p),p]. The system (17) verifies the hypotheses given in
[DS12], namely

e Fis affine in w: F(v,u) = Fy(v) + F1(v)u,
e for j =0,1, F;(0) =0.

e for all R > 0 there exists Cr(R) such that for all v € Bg (ball of radius
R in RY), |F;(v)] + |0, F;(v)| < Cr(R).

e There exists K > 0 such that for all (u,v) € R x R” | F(v,u) v < Klul?.

We have in particular used the L bounds of the previous section, more precisely
we look for )
v e L¥((0,00); L= (4 RM)). (19)

Besides we suppose to have at time ¢t = 0 the conditions
div(kju; —1;0) =0, for j =1,2, (20)

which are indeed the physical conditions div(¢H) = 0 and div(eE 4+ P) = 0
[DumO05]. The structure of Equation (18) ensures that this condition holds for
all time if it is valid at the initial time.

4.3 Cauchy problem

In this section, we state without proof the results obtained in [DS12] and that
we can apply to our context. The first result addresses the existence of global
finite energy solutions.

Theorem 1 (Theorem 3, [DS12]). For any initial data Uy = (ug,vo) € L*(R3;R®)x
(L2(Q; R ) 0 L= (4 RY)) satisfying (20), there exists U € C([0,00); L2) which

is a solution to (18)—(20), and satisfies the finite energy condition (19). More-
over, for all T > 0, there exists a constant C' that only depends on T, F, | and
llvollLee, such that for allt € [0,T], |U(t)|L2 < C||Usl|L2-
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To have a uniqueness result we need some regularity on € and p. Usually in
physical contexts € and p may be discontinuous across the boundary of 2, but
we do not know how to tackle with this problem. We hence assume that

Q is bounded and x; — 1 € CF(R?), for i =1,2, (21)

the space of C* functions on R? with compact support included in €, which
means in particular that k; is 1 outside {2 and the transition across the boundary
is smooth. We also assume that the initial data for the electromagnetic wave is
smooth enough.

Theorem 2 (Theorem 5, [DS12]). Under the assumptions of Theorem 1 and
(21), and assuming that curlug; € L*(R®) for i = 1,2, there exists only one
solution to (18)—(20) with initial data Uy, given by Theorem 1. It satisfies
curlu; € C([0,00); L*(R3)) fori=1,2.

This stems from the fact that {; = 0 and F' does not depend on wu; but only
Uus.

5 Numerical experiments

5.1 Self-Induced Transparency

Self-Induced Transparency (SIT) is a typical two-level phenomenon: using a
light pulse which is resonant with the transition, absorption and stimulated
emission are combined to obtain exact population inversion and an unchanged
electric field. This phenomenon has been predicted theoretically and confirmed
experimentally [AE87, MH67, GS70].

The propagating field is a pulse given by

E(t,z) = E(t, 2) sin(wo(t — z/v)),

where v is the velocity of the pulse, wg is both the center frequency of the pulse
and the transition frequency of the medium, and £(t, z) is the pulse envelope.
It is shown that the envelope is not reshaped by the medium, only if it is a
symmetric hyperbolic secant

t—2z/v

2
E(t, z) = &Eysech ( ) , where & = —.
mr

In this expression 7 is the pulse duration and m = M /h, where M is the dipolar
moment associated to the transition. According to the Area Theorem [MHG67],
the medium undergoes k exact inversions if
o
A:m/ E(t, z)dt = k.
—0o0
The corresponding pulse is called a km-pulse. It is easy to compute that

A =mt& [arctan(sinh ¢)]™ = m7&,
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and hence a km-pulse is obtained for the amplitude & = kh/M7. For our
test-cases, we will use a 2m-pulse, for which the medium is inverted and goes
eventually to its original state. The return to the initial state is an easy-to-
check criterion to validate numerical approaches, as has been already done in
[BF06, ZAG95].

5.2 Adaption to the quantum dot context

In this paper we want in particular to investigate the validity of the vanishing
intra-band coherence assumption. To this aim we need a minimum of three levels
and we therefore adapt the SIT experiment to our framework. We absolutely do
not claim that SIT has any practical application in the quantum dot context,
but only choose this test-case because of the easiness to interpret the results.

S ] TN

v
o=,

Time (ps) " Time (ps)

c wi

I wi “o v

wo (A)Q
wy Wo 2wo

wy

......... S mmm - w‘f

(a) (b)

Figure 1: Adaption of the SIT test case to the quantum dot context. (a) Original
two-level case; (b) 2 three-level test cases.

In Figure 1(a) the original two-level test case is represented, for which there
is a single conduction level and a single valence level, separated by the energy
corresponding to the field frequency. The upper plot represents the (normalized)
time-evolution of the electric field. The time-evolution of the population of the
initially empty conduction level is given by the lower curve. We observe that
the medium undergoes two complete population inversions.

In Figure 1(b) we have two three-level test cases with a single conduction
level and two valence levels. In the first place we do not take Coulomb interac-
tion into account. In the first test case (represented by solid lines both on the
plot and on the scheme) the transition between the two valence levels is also
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resonant with the field and this destroys the SIT phenomenon. It suffices to get
both valence levels far apart enough (e.g. 2wy as in the second case, represented
by dashed lines) to recover SIT. We use this last configuration as basis test case
for the following numerical experiments.

5.3 Numerical features

The simulations are performed using a code based on a finite difference Yee
scheme and a relevant choice for the time discretization of the Bloch equation
(see [Bid03]). It allows to keep the good properties of the original Yee scheme:
second order and explicitness. A splitting scheme, first described in [BBRO1],
allows to preserve positiveness at the discrete level. It is strongly based on
the exact solution given by Equation (3). It has been adapted to include also
Coulomb interaction, still preserving positiveness, but at the cost of a loss of
approximation order, which becomes one.

Integrating the zero intra-band coherences assumption is a priori a problem
since it destroys the Liouville structure and an exact solution is no more avail-
able. It is however possible to solve a Liouville-like equation and set artificially
intra-band coherences to zero. This adds a step at each time iteration but allows
to preserve the general structure of the numerical code.

To determine the right envelope amplitude for numerics, we use the argument
of [ZAG95]: in practice the input pulse is cut off on an interval ¢ € [—107, 107],
therefore the numerical area is

A, = m7& [arctan(sinh t)]iolo = m7&0(0.9999427),

which slightly changes the value of &.

5.4 Results
5.4.1 Impact of Coulomb terms

To include Coulomb interaction in the SIT test case, we have to give values
to the coefficients given by Equation (7). Their exact computation is not in
the scope of the present paper. We choose to take them of the same order
Ry, taking into account the symmetries described by Property 2, but not equal
(which would lead to vanishing A°, AV and V). The test is performed using the
full Coulomb terms (no vanishing intra-band coherence assumption).

For small values of Ry (see the evolution of p$; described for Ry = 10721 in
Figure 2(a), solid plot) SIT is only slightly affected. In this figure, the dashed
plot corresponds to the reference case (Ry = 0) and is the same as the dashed
plot of Figure 1(b). The effect is clearer for stronger values of Ry (e.g. Rog =
31072% in Figure 2(b)). The total inversion is prevented by Coulomb interaction.
Although inversion is not complete, the return to zero of p§; is observed in this
test case. We notice that the first valence level (which is not supposed to take
part in the SIT experiment) is slightly populated, which makes this test case
not really a two-level experiment.
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Figure 2: Impact of Coulomb terms for two interaction strengths. (a) Rg =
102! — comparison with the Coulomb-free case; (b) Ry = 3 1072 — excitation
of the conduction level and of the first valence level.

5.4.2 Impact of vanishing intra-band coherences

We first test the impact of the vanishing intra-band coherence assumption on
the Coulomb-free model. We always use the same experimental setting (see
Figure 3(a)) and this assumption amounts to taking py, = 0.

conduction Pi1
C—V
P12

\'%
P22
C—V
P11 .
valence P12

Time (ps)

(a) (b)

Figure 3: Impact of vanishing intra-band coherences on the Coulomb-free model.

The result is displayed in Figure 3(b). The final equilibrium state for matter
is slightly changed and p§,, which is given by the solid curve, does not eventually
return to zero. Inversion is not total.

Now we combine both Coulomb interaction and the vanishing intra-band
coherence assumption. If Ry is low (e.g. 1072!), the result is not much affected
by this assumption and is essentially the same as that plotted on Figure 2(a).

In the case when Ry = 3 10~2%, we see in Figure 4 that the final equilibrium

18



0.8

0.4 1 oo .

.......

0 0.05 0.1 0.15 0.2 0.25
Time (ps)

Figure 4: Impact of vanishing intra-band coherences on the full model for Ry =
310721,

state is not physical (py; < 0). This is due to the destruction of the Liouville
structure. We can easily explain why this is not observed when Ry is low. When
we are close to the SIT experiment we have a typical two-level phenomenon:
py1 =~ 0 during the whole experiment. For a two-level system, the positiveness
of the density matrix is equivalent to

e the positiveness of each diagonal term (populations),
e the estimation of coherence by populations, here: |p5 Y| < p$p%,, if the
second valence level would be the only relevant one (see [BBRO1]).

Setting intra-band coherences to zero within the numerical process does not
affect these properties, and the iteration used in the proof of the positiveness of
the density matrix applies.

But for a three-level system (and the case Ry = 3 1072! is a true three-level
case) the positiveness of the matrix involves some more properties, which are
affected by setting py, to zero. Although trace is still conserved, the positive-
ness of the population is affected. We would of course have the same result
with a dedicated code where intra-band coherences would simply not be com-
puted. Besides the effect is clear enough in Figure 4 not to be attributed to
simple round-off errors (there are only 600 time-steps in this computation).
The conclusion is that even if intra-band coherences seem not to be very rele-
vant for some physical applications, it is very important to include them in the

19



mathematical description and in the numerical computation to keep the natural
mathematical structure of the density matrix.

Remark 2. In absence of electromagnetic field the evolution equation for the
conduction electrons is reduced to

1h8tp§1 =0.

This is only due to the fact that there is only one conduction level in our test
case, and does not depend on the intra-band coherence vanishing assumption
or on specific values of the Coulomb coefficients. Hence, when the population
of the conduction level has been set into a non-physical state (and this is due
to the intra-band coherence vanishing assumption), it remains in this state for
ever.

6 Conclusion

In this paper, Bloch-type equations have been derived considering Coulomb
effects in quantum dots. We have shown analytically and numerically that
Coulomb effects are not negligible in some quantum dot structures, and we
have given the link between mathematical properties and physical relevancy of
the Bloch model and more specifically in the treatment of intra-band coherences.
Then this model has been coupled with the description of laser propagation in
the quantum dot structures, leading to a Maxwell-Bloch system for which we
have studied the global Cauchy problem. This system has been implemented
numerically and simulations have been performed on a self-induced transparency
test-case. In particular, we have tested the impact of Coulomb parameters and
intra-band coherences. We have illustrated numerically that the modification
of the equation structure when intra-band coherences are neglected can lead to
non-physical solutions. Further work will include additional effects in the same
Bloch-type framework.
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