Transactions D:

Computer Science & Engineering and
Electrical Engineering

Vol. 17, No. 1, pp. 59-70

© Sharif University of Technology, June 2010

Interaction of Quantum Dot Molecules
with Multi-Mode Radiation Fields

A.H. Sadeghi!, A. Nagavi! and S. Khorasani'*

Abstract. In this article, the interaction of an arbitrary number of quantum dots behaving as artificial
molecules with different energy levels and a multi-mode electromagnetic field is studied. We make the
assumption that each quantum dot can be represented as an atom with zero kinetic energy, and that all
excitonic effects except dipole-dipole interactions may be disregarded. We use the Jaynes-Cummings- Paul
model with applications to quantum systems based on a time-dependent Hamiltonian and entangled states.
We obtain a system of equations describing the interaction, and present a method to solve the equations
analytically for a single mode field within the Rotating- Wave Approzimation. As an example of the
applicability of this approach, we solve the system of two, two-level quantum dots in a lossless cavity with
two modes of electromagnetic field. We, furthermore, study the evolution of entanglement by defining and
computing the concurrency.

Keywords: Quantum optics; Quantum dot molecules; Nanotechnology; Entanglement; Nano-photonics.

INTRODUCTION

Quantum entangled states have become a popular
topic for research in the last decade due to their
potential application in quantum communication and
information [1-3]. Generally, the trend of research is
towards increasing the number of entangled bodies and
to our knowledge entanglement of eight particles has
been state of the art [4]. Parallel to experiments,
theoretical work has also been devoted to modeling
phenomena associated with entanglement [5-10]. The
simplest model for description of interaction within the
framework of Quantum Electrodynamics (QED) is the
so-called Jaynes-Cummings-Paul Model (JCPM) [11],
which provides a closed-form and explicit solution to
the case of a two-level atom with zero kinetic energy
in a cavity with a single mode electromagnetic field.
In the real world, however, the problem is much more
complex; for instance neither the field is necessarily
single mode nor do the atoms possess only two energy
levels. Also, quantum dots with various configurations
may be exploited as artificial atoms; combinations of
quantum dots give rise to the concept of quantum
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dot (artificial) molecules. Hence, more sophisticated
models have been proposed to include multi-atom
systems [12], multi-phonon transitions [13], intensity-
dependent entanglement [14], three and more energy
levels [15] and electromagnetic modes [15,16].

In this paper, we provide a generalization of the
JCPM to investigate a system of an arbitrary number
of quantum dots (or atoms with negligible kinetic
energy) with an arbitrary number of energy levels in
a multi-mode electromagnetic (EM) field. First, we
will find an appropriate Hamiltonian for the system.
Such a Hamiltonian should account for dot-dot and
dot-field interaction, while being simple enough to
avoid increasing the solution complexity. We employ
the Heisenberg’s interaction picture [17] to obtain
such a Hamiltonian, here referred to as the image
Hamiltonian. We devise a rigorous and algorithmic
method of substituting the image Hamiltonian into
the time dependent Schrddinger’s equation, to con-
struct a system of simultaneous differential equations.
This system of linear ordinary differential equations
is regarded as a generalization of well-known Rabi
equations in the JCPM. By solving this system of
equations, we find the time evolution of the system
and, therefore, its entanglement through evaluation
of a proper functional, which is referred to as the
concurrency. We ignore spin and excitonic effects in
quantum dots to simplify the formulation. However,
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the latter effect has been thoroughly discussed in a
recent paper of our group [18].

Finding a solution for the mentioned system of
equations analytically seems to be a sophisticated task
in the general case. Actually, further assumptions,
such as the Rotating Wave Approximation (RWA), can
greatly help in simplifying the problem. We show that
for single-mode fields, the RWA leads to an analytically
solvable problem. However, finding an analytical
solution is at least much more complex for multi-
mode EM fields. In such cases, numerical methods
can replace analytical methods. We present examples
for both cases of single- and multi-mode EM fields.
In the former case, we follow the analytical approach
while for the latter case, we have implemented a simple
finite difference scheme to calculate the time evolution
of the system. It is, furthermore, shown that if the
EM field is not single mode, the system should be
described through a system of differential equations
with the number of equations dependent on the photon
numbers of the EM modes. Unfortunately, the number
of equations blows up rapidly as the number of EM
modes increases, and this imposes an undesirable
computational burden.

Evaluating the degree of entanglement is the final
step in this work. Several types of work have been
previously performed to provide an appropriate tool
to measure multi-particle entanglement [3,19,20] from
among which we have used the generalized definition
of concurrency, as mentioned in [21], to present entan-
glement in the last example, i.e. two, two-level dots in
a cavity with two EM modes.

BASIC DEFINITIONS

In this article, the interaction of a collection of k-
dots with arbitrary energy levels, and a reservoir of w-
modes of an electromagnetic field is investigated. Each
dot interacts with light through specified constants
according to the following Hamiltonian [17]:

LACEDYD (vmﬁﬁﬁrviiﬁ}‘,i)z(gmjuaﬂrg;-jual),)
n,i<j v 1

where coefficients 7,;; are matrix elements of the dipole
operator of the dot indexed by n and coefficient g,;;,
determines the coupling strength of dot n with the field
of mode indexed by v. Both v,;; and g,;;, are assumed
to be dependent on the two energy levels, ¢ and j
between which, the electron of dot n does a transition
through interaction with the field. Operator 7', is the
transition operator from level j into level ¢ for dot n,
a, and af, are annihilation and creation operators of
the photon corresponding to mode v respectively. By

indicating the ith eigenket of dot n as ’7>, we may
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adopt the following definitions of atomic operators:

&Z‘fj&;\},i' = AZi’éij (4)
an [T\ _ P\ /1NN _ R\

i k>_’i><j‘k>_’i>6]’k’ (5)
G365 = 06,45%, (6)
> o =1, (7)

f

where 05, represents the Kronecker delta function.
Equation 6 is a result of orthogonality of the eigenstates
and Equation 7 is correct, due to the completeness
property of the eigenstates for each dot.

Each pair of dots is allowed to have a dipole
interaction through the coefficients depending on the
type of dots and the energy levels between which the
electrons of these dots undergo a transition. The re-
lated Hamiltonian of dipole interaction is given by [17]:

_ an ® Am
Hy, = E (Unw‘fi,j + nnijoj,i)
n<m,1<j

(Mmis G753 + M 67) - (8)

Coefficient 71,;; depends on the strength of the dipole
generated by transition of dot n between two energy
levels, ¢+ and j, associated with the atom.

Ignoring interactions between dots and the elec-
tromagnetic (EM) field, the basic Hamiltonian is [17]:

Ho = > E}67+ > hQala,, (9)

n,u

where the zero point energies of radiation fields are
dropped. In the latter relation, the value of energy
level ¢ of dot n is indicated by E}*, and the frequency
of mode v is indicated by §2,. For each a, b and n, we
assume the convention that if @ < b, then E} < Ep.
The total Hamiltonian can be then represented as H =
HO + HT.E + HT.T'

IMAGE HAMILTONIAN

The Image Hamiltonian in the Heisenberg’s interaction
picture [17] can be expressed as:

Hgﬂ = exp {2]}}104 H;,: exp [;Hot} ; (10)
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where the total interaction Hamiltonian is:
Hint = H’I‘.E + Hvr.'r" (11)

Our goal is now to calculate Equation 10, term by
term. At first, we define hw} 2 EM and ¢ 2 it Using
Equation 9, we have:

exp |:;7/H0t:| =exp |i Zw?&f +Zﬂuala,j t

= Hexp (Z iw; O'nt> exp (Z iQ,,aIa,,t) .
v (12)
In Equation 12, we have used relation exp (/1 + 3) =
exp (fi) exp (ﬁ) which is in turn true, if [A,B] =0.
Definition of the exponential operator and Relation 6
results in:

exp (Z iw'i”&?t) = Zexp (iwlt) 67 = Z wilgn,
i i

i (13)

where £ = exp(it) is taken for convenience. Also, due
to the fact that [alau,az, al,/] = 0, one can conclude
that:

exp (Z iQ,aZayt) = Hfgvai‘“, (14)

v

Combining Equations 12, 13 and 14 finally leads to:

exp{ Hot} HZgw%"&pHng“i“v. (15)

Through a similar procedure we have:

exp {—Hot] HZg—w A”Hg—ﬂ cabar - (16)

Using Equations 1, 8, 11 and 15, one can conclude that:

exp { Hot} = HZ5°"‘ Hgﬂ sala,

X { Z (’Vnij&ﬁj‘f"y;ij&;i)z <gnijvau+9;;ijual)

n,1<j

>

n<m,;1<j,p>q

n .
(Um‘jam + 77m‘j‘7j7i)

(nmpq&gfq + n:(npq&g,]‘p> :| . (17)
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To further simplify the calculation of Equation 10, we
first notice that for any arbitrary function f we have:

HZfskt&&
—HZfskto,wank t)or67

s#n k

=13 fGs.k.t)55 £ (n.i )67, (18)

s#n f
o 1D f (s, k1) 65
s k
= HZfsktakank’ o,

s#n k

IS (s, k05167, f (... (19)
SFET

vk

Equation 19 is a result of the fact that [ b 07 ] =0

for s # n, that is, the transition operators of the
two different dots commute with themselves. Now,
let f(s,k,t) = £k, We then get the following from
Equations 17 through 19:

[y etotor, - T1 X 6ot X ciatar
s k k

s#n k

- IS eiagetar,

s#n f

Using Equations 6, 17 and 18, we arrive at:

exp |:711H0t:| Hint = Z {|:771ij H Z éw;&;gw," a'-:]:]

n,t<j s#En f

+ 7 [ D €765¢ &;;]

s#n f

« Hgﬂylal,a,,/ Z(gm‘juau + giijyal)}
o

v

¢ 2w Ilee T1 Sets)

n<m,i<j,p<q s#nm f
n n n m
w; +wp ~mn A * w;' tw, AT AT
[ﬂmpq€ 0730 pa T Mmpg& *7i,j%.q

+ 77,“] Hfﬂ //a Ly H Zgw;a_;

s#n,m f

w4+ ~n * Wl +w™ Aan am
[nmqu it G310 piq T Mmpg€™7 ™ Uj,igqvp] }’
(20)
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Using Equations 7, 16, 19 and 20, we can calculate the
image Hamiltonian within the Heisenberg interaction
picture as:

HEQ& = exp (%H0t> Hint exp <—%H0t> =

5 { (mstebary +anpehar,)

n,1<j

X Z (gnijvant™ ™ + giijualfﬂ”) }

Z o7 ™
" {n"ijnmpqg LT

n<m,i<j,p<q

§WZJ+W<1P0' G

«
+ Mnij Mg 1,79 ¢,p

+ Unz]nmpqg 77 qu],iUp,q
* * wnv Wap
+ nnz]nmpqg ’ “ U Uq,p} (2]‘)

in which hw;; 2 E? — E7 represents the transition
frequency between ith and jth states of the nth dot.

In derivation of Equation 21, we have used the
following relation:

Hfﬁ ,a Ly Z (gnijual’ + g:{n'jual]:)

v

H é——QV//ﬂl,,aVII
= Z (gnijuauffﬂy + gi;-jual&”") .
u (22)

The validity of Equation 22 may be established as

follows:
H é—*QVN al,, a,r
vl

Hf S (gnigv + Ghiga)
= Z Hé’ ,,ra y Qi gnijtlal/ + g:zljuaj/>

v
Hé*Q //a T - Z H 59 /ll 1 Qy / Va;l;a/V

v v'#v

* 7Q,aTa, —-Q, a.)r a,
(it + gogual) € eber T g frelnen
V' #v

— E H é-QV/a @yl H é-—QVHCL:r/,,aV//59,,aia,,

v v#v V' #v
* 7Q,,(Lla,,
(gnijuau + gnijz/a’l> 5

i * —Q,ala,

v
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= Z (gnijuaugiﬂy + g;njualggl/) .

v

RABI EQUATIONS

Assuming that [ is an integer, and A = [rj], ., =

[r1 72 ... ) and F = [fil;, = [f1 f2 ...fu] are two
vectors, we take the following notations for the rest of
the calculations:

Ap i =1[r1 712 1 @ Togr ... Tk),

ATn LT ] T

Tm—1 ] Tm41 H-Tlc]a

k
7’;‘-7

[1”1 9 oo Th—1 1 Tn41 .-

n\ |1 2
rn/  |ri/|re/

n'#n
n' n\ |m
)= L) <[
n! #n
n'#m

Fro—por1 =1 o fomr fu 1 foga o fuls
)¢

® 7o) = )]} ).

S = S

AF 71,7250k f1, 250 fu
> 0= > (),
A—{r,},F T1,T2,5e T — 1, Tt 15Tk [1,f250 - fo
Z ()=
A—{rn,rm },F

) ()

T1,T250 T — 1, 41, Tm—1,Tm 41Tk f1, 2,5 fw

The general time-dependent state of the ensemble of
dots and photons at any time may be expanded on
the basis outer products of individual dots and field
eigenstates as:

= %@(A}')’A>’f>, (23)

k
in which ’A> =

n=1

" > denotes the eigenstate of the

quantum dot molecule with denoting the r,th

n
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w

state of dot n. Also, f> =Q

field state when the vth modeuh;s photon number f,
where 0 < f, < oo. Note that the total number
of dots in the dot molecule is denoted by k, while
the number of energy levels in dot n is given by B,,.
Also, the total number of modes of the EM field is
denoted by w, so that the indices are bounded by
1<n<kl<r,<Byand1<v<w.

Equation 23 states that, at any time, | (t)) is
a superposition of all possible states of the system, in-
cluding atom and field states, and each state has a time-
dependent coefficient equal to ®(A, F). According to
the time-dependent Schrodinger equation we have:

f,,> represents the

a‘W)> _ D

1 at wnt

w(t>>~ (24)

By substituting the representation of Equation 23 in
the left side of Equation 24 we obtain:

ih—— :iﬁZ(i)(A,f)’A>’7>. (25)

A,F

Also, we have the following properties for the photon
number annihilation and creation operators:

a, fu> =Vio|fy = 1>7 (26.1)
af fu> =V +1f + 1>. (26.2)

By using Equations 21, 23 and 26, the right-hand-side
of Equation 24 can be expressed as:

w(t)> =y {nnijﬁ“’% >

n,i<j A—{r,},F

Z ®(A,, s Fr—p41) X gnijuggym‘]:>

D

int

Z Z(I)('Arn—*jv}-fy—%ﬁl)

A—{r, },F v

g;ijugﬂy\/fivf>‘Arn—>i>:| —l—nzijg”]"'?

‘Arn—>i> +

>

A—{r,},F

> @(Ap, iy Fpy— ot nije X € \/m‘f>

‘Ar,,-3>+ Z Z@(Arnai,ff,,—»fvfl)g;ijuéﬂ"

A—{r, },F v
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Vi

) 2

witew "
{nnijnmpqg erd
n<m,1<j,p<q

Z Q(Ar,,b—»j,r,,,,ﬁqw}-)‘f>‘Ar,,b—»i7rm—>p>

A—{ry,rm },F

+ nnijn;quwyij+wq]’) Z (P('AT”—"]'J‘m —p ‘7:)

A—{rn,rm },F

Sl

* Wl W
i €T
A—{rn,rm },F

b

" " W ™
+nnij77mpq 7 aw E :
A—{ry,rm },F

)
2

Substituting Equations 25 and 27 in Equation 24 leads
to:
1h® (A, F) = S1(A, F) + Zo(A, F) + Z3(A, F)

q)(AT,, — Ty — Q) -7:)

q>(-’4m =%, P -7:)

+ 34 (AF)+ Z5(A,F) + Z6(A, F), (28)

in which we have used the following notations for the
sake of convenience:

A wh
E1("47‘F'): Z ’\/n'r,,,jg mJ

n,ry <J

[Z gnrnju§791/ \/m@("élrn — 7 ffy—'fu+1)

+Zg:,rnjuggy fu(b(Arn—’]‘7ffv_’fy/—1) ? (281>

n

Vi §7m
niry

ZQ(Aaf)é Z

n,i<ry

[Z Gnir, NV +1®(Ar, —iy, Fry—f+1)

> G N LB A i Fr—p2) | (28.2)

m
w
+ T d

Wy
nvnrnjnm'rmqé rnd

Ss(A, F) £ S

n<m,rn, <J,Tm <q

®(Ar,—jirm—a F), (28.3)
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A N no.m
24 (‘A? ‘7:> = Z nnrn,jnmpr,,, gw”"" T
n<m,r, <j,p<Tm
(Ar, —jirm—p F); (28.4)
A . W m
25 ('A7 ‘7:) = Z nnirn TImr,, qgwr" it

n<m,i<ry ,Tm <q

q>("4rr,,—>i,rm—>q7-7:)v (28.5)

A & . no m
EG ("47 ‘7:) = Z nni'r,, n:np'rm gwh" it

n<M,i<ry ,p<Tm,

S(Ar, i —ps F)- (28.6)

Within RWA| ¥3(A, F) and Zg(A, F) may be ignored.

ANALYTICAL SOLUTION FOR THE
SINGLE MODE FIELD

In this section, we assume that we have a single-mode
EM field with photon number f, and the RWA is valid.
These assumptions lead to the following relations:

ih® (A, f) = S1(A, ) + Sa(A, £)

+X4(A, )+ Z5(A, f), (29.1)
Z Vnr,,,jgnrnj§7A1”]
n,r,<j

VIE+H10(A,, —j, f+ 1), (29.2)
= Z ’Yju'r" g:ﬁLir,Lé—A?T’L\/}@(Arn —>iaf_]-)7
nii<r (29.3)
I3(A, f) =0, (29.4)

E4(«47 )= Z nmunmprmf prm B

n<m,ry, <J3,p<Tm

@(Arn —>j,rm—~p7f)7 (295)

Ss(A N = D i Mg R
n<m,i1<ry,Tm <q
¢(Arﬂ_*i77‘m—’q7f)7 (296)
Ee(A, F) =0, (29.7)

in which A7, 20- wyy. Clearly, the above relations

provide a distinct differential equation for each A.

Since the whole number of all possible vectors A =
k

[r1 o ... 7], such that 1 < r, < B, is N = [] B,
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Equation 29 leads to a set of N equations. As an
example, consider a single-mode EM field, w = 1, and
two dots, k = 2, each having two energy levels. Thus,
B1 =2, B =2and N = B; By, = 4. If we assume that
A =1 1], 4 =1 2],A43 = [2 1], A4 = [2 2], the
total set of equations generated by Equation 29 takes
the form:

ihd(Ar, f) = o1& 22/ f + 18(As, f + 1)

+ 18NV H18(As, f 1), (30.1)
ihd(As, ) = 01622/ fO(AL, f — 1)

+ 916 A+ 18( Ay, f 1)

+ 02T ®(As, f), (30.2)
ihd(As, f) = o1 2V F(ALL f — 1)

+ 1672/ f+18(Ay, f + 1)

+ 028 T (A, f), (30.3)
ihd( Ay, f) = 018V F®(Ag, f — 1)

+ 1682 /FB(As, f — 1), (30.4)

in which ©1 = ’yabcgdef = 7;bcg25f7 2 = nabcnd*ef

nabcndef7 Al = Ql — (,d127 A2 = Ql — wa and T
wiy —w?y = Ay — A;. One may rewrite Equation 30
as:

A

hd(Ar, f) = 0182V F+18( Ay, f+1)

+ plgiAl V f + 1@(A37f + 1)7

hd( Ay, f+1) = 01622/ F + 18( Ay, f)
F o1& AN F 1 28( A, f +2)

+ p2§T@(A37 f + 1)7

hd(As, f +1) = 12/ F +10( Ay, f)
+ 1E2 [+ 28( Ay, f +2)

+ @2£_T®(A27 f + 1)7

P (Ag, f+2) = 01 8V F +20(As, f +1)

+ 01682/ +28(As, f +1).
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Using notations ©4 ¢ 2 (A1, f), Oz 2 O(Ay, f+1),
O35 = ®(As, f + 1) and Oy = ®(Ay, f + 2), and
multiplying the resultant equations by 1,680 =A%
and 2127212 respectively, results in:

01 = p1/f + 1672120,
o1/ f 1672120,
ihe=210, 1 = p1/f+ 10,
+o1/f +2 7“27&2@4,]‘ + pszAh@&fa
ihng%z(;)s,f =/ +10,;
o\ /f 267 R2Re0, ¢ 4,70, ),
ihEATL =220, ;= o1/f + 267210,
+¢1 \/mfAh@&f

Now, we define A 2 ©.,5, B 2 §7A§2®2’f7 C
(A0, ,, D 2 ¢=2h=210, ;, and use the property
that if X(t) 2 ¢20(t), then {20’ = X' — iAX , and
rewrite the above set of equations into the following
matrix form:

1>

W' = =0,
v2[4 B ¢ D",
0 @h oh 0
=a | pufi RAL, o o1 f2
- e1fi 2 RAL, o1 f2 ’

0 p1fo p1fe (Al + AL)

leVf+17
fo=VI+2

Equation 30.5 consists of a set of linear differential
equations that can be solved using standard Laplace
Transform techniques either by hand or, more conve-
niently, using symbolic computation software such as
Mathematica or Maple.

Now, we present proof that an analytical solution
can be always found for Equation 29, that is for single
mode quantized radiation fields; an analytical solution
always exists, regardless of the number of dots. At first,
we need to present a definition for the precedence:

Agsume that A = A, = [ry ro ... 7] and A" =
Ay = [s1 $2 ... 8], then if for one n and for any i # n,
relations r,, < s, and r; = s; are satisfied, we say that
A precedes A’, here denoted by either A < A" or A" -

(30.5)
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A. We, furthermore, define A, , 2 _A?

AN 20— w?,. For example, if A = A; =[1345 2]
and A" = Ay =[1 342 2] then A’ < A and, therefore

in which

As 2 —Aj 5. We can now rewrite Equation 29.1 as:
' N
lhq)(Azl,f) = ZMiijfin’j@(.Aj,f+Zi7]‘) (31)
=1

in which M, ; ; are constants pertaining to interaction
coefficients and the field photon number. Parameter
z;,; takes on either of the values 0, -1 or +1 depending
on the relation between A; and Aj;. Specifically, as
observed in Equations 29.1 and 29.2:

Zi5 = -1, if A; >~ Aj7 (32.1)

Zij = +1, if .Ai < Aj. (32.2)

Furthermore, in the two latter cases, x;; can be
obtained as:

Xij =Ny, i Ai < Aj, (32.3)

Xij =Ny, 1 Ai = Aj. (32.4)

For instance, in the case of the previous example, using
Equations 30.1 to 30.4, we have:

Moy s =1/,

M5 =0,

M35 = 92,

Moy p= @1m7

X210 = Ao, x22=0, x23=7, x24=—-4,
A1 < Az, 21 =-1, A= —A%,z

Now, we present the following two lemmas, which allow
the conversion of Equation 29 into an analytically-
solvable form.

Lemma 1

Equation 31 is equivalent to:

N
D (Ai, f+6) =D Mg pra 8 D(Ag, f + ),
k=1 (33)

in which we have ¢ =0and ¢, =¢;+1,if A; = A;, 1<
i, 3 < N.
Proof

We take an induction approach to prove Lemma 1.
Assume that the Lemma is true for 1 < ¢ and 5 < p,
that is:



66

N
hd(Ai f+6) = Y Mg s @(Ar, f+ ),
k=1 (34.1)

in which ¢, = ¢;+1,if A > A; and 1 < 4,5 < p.
Now, we must prove that the Lemma also holds for
1 <i,7 < p+ 1. This requires us to prove Equation
34.1 for the two following cases:

(1) Si = Sp+1 + 17 if Ai - Ap-l—lv
(ii) Spr1 =6 + 1, if Apyy = Aj,

(1<i<p),
(1<j<p+1).

Here, we just prove case (i); the proof of case (ii) is
similar. If A; > A,4+; due to Equation 32 we have:

Zip1 = 1. (34.2)
Replacing f with f +¢; in Equation 31 leads to:
] N
lﬁ(p(A“ f + g,L-) = Z Mi,k,f+gi£Xi"k
k=1
O( Ak, f + zi + i) (34.3)

A comparison between Equations 34.1 and 34.3 shows
that for the summation index, K = p + 1, we have:

Sp+1 = Zi,p+1 T Si- (34.4)

Using Equations 34.2 and 34.4 leads to case (i). O

For instance, in the case of the previous example,
we had A} =1 1], A4 =[1 2],A43 =[2 1] and A4 =
[2 2]. So,¢1=0, o =¢+1=1,¢3=¢,+1=1and
¢4 = ¢ + 1 = 2. Equations 30.1 to 30.4 describe the
system in agreement with Lemma 1.

If we now define ©, ¢ 2 ®(A;, f+¢), Equation 33
can be expressed as:

N
ih0; ;= 090, 5, (35)

j=1
A
where pir = M j r4,-

Lemma 2
Equation 35 is equivalent to:

1hI‘ZG)l’f = Z piijjG)j,f, (36)

J
in which we have I') = 1 and I'; = FifAi»i ifA; <

Proof

Again, we use induction to prove Lemma 2. Assume
that the assumption holds for 1 < 4,5 < p, that is:
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1hr1®17f = Z @ikf]-—‘k@k,fa
k

(37.1)

in which T; = T;é%i if A; < A;, 1 < i,j < p.
Now, we must prove that it is also true for 1 < 4,5 <
p + 1. That is, we must prove Equation 36 for the two
following cases:

(111) Fp+1 = Fi5A5’1’+17 if Ap+1 - .141‘7 1 S ) S p,

(iv) Tj=Tpp i if Aj = Ay, 1<j<p+1
Here, we only prove case (iii); the proof of case (iv) is
similar.

Assume that A, > A;. Using Equation 32.3,
we have:

Xip+1 = Nipt1- (37.2)

If we multiply both sides of Equation 35 by I';, we
obtain:

N
A0, = Z ik L Oy ¢,
=1

(37.3)

A comparison between Equations 37.1 and 37.3 shows
that for the summation index k¥ = p + 1 we have:
Tpypq =01, (37.4)

Through Equations 37.2 and 37.4, case (iii) is proved.
d

For instance, in the case of the previous example,
we had A = [1 1],A42 = [1 2],4A3 = [2 1] and
./44 = [2 2] SO7 Fl = 17A172 = —A%727F2 = FlgAl"{) =
f_Aiszlﬁ = _A%’2ar3 = F1€A1,3 = f_A%’ZvAQA =
—Al, and Ty =Th¢he+ = £ AL

If we define T'; = €%, Equation 36 can be written
as:

ith{’f = Z ©ij X5 — 0 X, 5,
J

which is equivalent to the following matrix form:
i’ =20, (38)
A - A
where \IJ = [‘Iji]le ,‘I/i = Xi7f7‘: = [:iv-j]NXN and
Eij = pij — Wibs ;.
Equation 38 consists of a set of linear differential

equations that can be solved using the Laplace Trans-
form.

NUMERICAL EXAMPLE

Consider two two-level dots with energy levels a and b
for the first dot, and ¢ and d for the second, as shown
in Figure 1, in a cavity with two modes of radiation
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M Eq
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b
E, Eq d
Figure 1. The investigated system. Two two-level dots
are considered with different energy levels and
consequently different energy gaps. Two modes of
electromagnetic field are also accounted for to be
entangled with the two dots.

field. We can write the time-dependent Schrédinger’s
equation for the system as:

I p(t))
ot

9(0) =3 [Pacon

ih = Hj,) | o(1)) .

a, C, n17n2>

+ Qpa,d,nl,ng a, d7 ni, TL2>

+ ©b,e,ni,n;

b7can1an2>

b7d7n17n2>} .

where ny and ny correspond to the photon numbers
of the two dots. Assume, furthermore, that iA,, =
My, — (Ea _Eb)th?m = W, - (Ec _Ed)7 and
hg = (E,— Ey) — (E. — Eg) where ,; is the ith
mode frequency, Ej, is the energy of the level k(k =
a,b,c,d) and h is Plank’s constant. The following
system of equations can be obtained, due to RWA, by
Equation 28:

+ ©b,d,n1,nz

iA(nl,ng) = glle_itAMC(nl + 1,77/2)\/77,1 +1
+ gzle*itA“B(nl + ].,’I’Lg)\/ n1 + 1
+ glgefitA”C(nl,nz —+ ].)\/ 9 —+ ].

+ gone B2 B(ny ny + 1)vng + 1, (39.1)

iB(n1,n2) = grie A1 D(ny + 1,n2)vVng + 1
+ o182 A(ny — 1,n9)\/n1
+ grze 212D (ny,ny + 1)v/ng + 1
+ g€ A(ny,ngy — 1)\/na

+ pe1C(ny,ny), (39.2)
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iC(n1,m2) = gore™ "2 D(ny + 1,n2)v/ny + 1

+ 1€ B(ny — 1,n9)/n1

+ gase 222 D(ny ng 4 1)Vng + 1

+ 912212 B(ny,ny — 1)y/ng + 1

+ pe” "B (n1, n2), (39.3)
iD(nlvnz) = go1e'B21C(ny — 1,n9)y/n1

+ 911€”A“B(n1 —1,m2)y/n1

+ gaoetA22C(ny, ng — 1)y/n2

+g12¢" 82 B(ny,ny — 1)z, (394)

where ¢, is the coupling coefficient associated with
the mth dot and the nth mode of the field in the
cavity, and g is the dipole-dipole coupling constant.
Notice that we have used a slightly different notation
for simplicity, given by:

A (nlv n2) = Pa,c,n1,m2)
B (n17n2) = Pa,d,n1,n2-
C (nh TL2) = $Pb,c,n1,n9s

D (nh n?) = @b,d,n1,n9-

If the above system contained one cavity mode, we
could use analytical methods, such as the Laplace
transform, to solve it as discussed before. In the
case of two or more cavity modes, the system is
more complex and finding an analytical solution seems
unlikely. Hence, we turn to the numerical solution.

We can solve the above system with a simple
finite difference scheme. A forward difference scheme
is used to approximate the first order derivatives,
df(t)/dt = g(t) =~ (f**!— f") /At, where n is the
index of the time step. Therefore, discretization is
as Tl = g"At + f*. As n; and no increase, the
algorithm becomes more and more time-consuming. If
D(n1,nz2) is desired in Equation 39, D(i,7) will be
required if ¢ and 7 satisfy ¢ + j = n1 + ny + 1. Also,
B(i,j) and C(i,j) with i+j = ny +n2 and A(7, ) with
i1+7 = ni+n—1 would be needed. The total number of
equations to be solved is, therefore 4(nq +n2). Tables 1
and 2 show the required variables for n; + no = 2 and
1+ n, =3

We solve the system of equations for the simplest
case, where n1 + no = 2 as in Table 1. For the first
example, we take p = ¢;1 = in = %wab = %wcd =
2 x 10" Hz and gi» = 53-Q2 =3 x 103 Hz (i = 1,2).
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Table 1. The desired and required variables in
Equation 39 for n1 + ne = 2.

Desired Required

D(1,1) C(1,0), C(0,1), B(1,0), B(0,1)
C(1,0) A(0,0), D(2,0), D(1,1), B(1,0)
c(0,1) A(0,0), D(0,2), D(1,1), B(0,1)
B(1,0) A(0,0), D(2,0), D(1,1), C(1,0)
B(0,1) A(0,0), D(0,2), D(1,1), C(0,1)
A(0,0) C(1,0), C(0,1), B(1,0), C(0,1)
D(2,0) B(1,0), C(1,0)

D(0,2) B(0,1), C(0,1)

Table 2. The desired and required variables in
Equation 39 for ni + ns = 3.

Desired Required

D(2,1) C(2,0), C(1,1), B(2,0), B(1,1)

C(2,0) A(1,0), D(5,0), D(2,1), B(2,0)

C(1,1) A(1,0), A(0,1), D(1,2), D(2,1), B(1,1)
B(2,0) A(1,0), D(5,0), D(2,1), C(2,0)

B(1,1) A(1,0), A(0,1), D(1,2), D(2,1), C(1,1)
A(1,0) C(2,0), C(1,1), B(2,0), B(1,1)

D(3,0) B(2,0), C(2,0)

A(0,1) B(0,2), B(1,1), C(0,2), C(1,1)

D(1,2) c(0,2), C(1,1), B(0,2), B(1,1)

B(0,2) A(0,1), D(0,3), D(1,2), C(0,2)

Cc(0,2) A(0,1), D(0,3), D(1,2), B(0,2)

D(0,3) B(0,2), C(0,2)

These parameters represent a system that consists
of two similar two-level dots with the same value of
transition energy. The coupling coefficients of each dot
to different cavity modes will be however taken to be
different so that g;; and g;, are not the same. The
associated simulation time step is At = 5 x 10719 sec,
and the initial conditions were A4(0,0) = 1, D(1,1) =
D(2,0) = D(0,2) = C(1,0) = C(0,1) = B(1,0) =
B(0,1) = 0. The wave form for |A(0,0)| the absolute
value of |4(0,0)]| is plotted in Figure 2.

The convergence of the finite difference scheme is
an important issue, which needs particular attention.
The test for the validity of the method can be the
energy conservation law. As the system is lossless,
the overall energy in the system must be a fixed value;
hence, if the time step is not chosen small enough, the
obtained wave forms will gradually decay. In Figure 3,
we show the |A(0, 0)| for three different At, where only
the last one with At =5 x 10~'8 renders acceptable.

In the previous example, we considered two sim-
ilar dots and two different cavity modes. Had we
considered two different dots with g;; # g;, the results
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Figure 2. Time evolution of the absolute value of

|A(0,0)].
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Figure 3. Effect of size of time step on accuracy of result
of finite difference method. In all above figures, the
horizontal axis is the time axis, the vertical axis shows the
values of |A(0,0)| and the simulation is run for the overall
time of T'=10"*% s. Due to the energy conservation law,
the wave form average should neither increase nor decrease
as time goes on. The decay in larger time steps is a
consequence of innate error in the finite difference method.

would be slightly altered, however. The common point
is that the conservation of energy must be satisfied
through the temporal evolution of the states. A,,,
in Equation 39 appear in the exponents so that even a
slight change in their values can lead to frequency shifts



Interaction of Quantum Dots with Multi-Mode Fields

in the Fourier transform of the results. On the other
hand, g;; exhibit less effect on the frequency shifts and
mainly contribute to the amplitudes of the frequency
components.

CONCURRENCE AND DEGREE OF
ENTANGLEMENT

To measure the degree of entanglement quantitatively,
several methods might be used [21,22]; however, we
use the concurrence, as mentioned in [21]. According
to [21], concurrency for the previously mentioned
system of two two-level dots in a cavity with two modes
of EM field can be expressed as:

Ny N1
/\:[ Z Z |A(n17n2)D(m17m2)

ngz,mz2=1n1,mi;=1

— B(nl,ng)C(ml,mz) - B(ml,mg)C(nl,ng)

(S

+A(m1,m2)D(n1,n2)|2}

We have considered that ¢ = g11 = g21 = Q1 = wWep =
0.2 x 1014 Hz and g12 = g22 = Q2 = Wed = 0.3 x 1014
Hz where fw,, = E, — By and hweq = E. — E4. The
total number of equations to be solved in Equation 39
to obtain the time evolution of D(nq,n2), would be
equal to 4(ny; + no). Hence, each Ny = ny + ng is
associated with a set of equations, such as Equation 39.
Note that we should have Ny, > 2 for the existence
of both EM field modes. To determine N; and Ns
in the definition of concurrency, one can change Ngum
such that 2 < Nyum < Npax. For each Ng,.,, we have
assumed all variables equal to zero at the start of the
simulation, except A(l, Ngym — 1), which was set to
unity. Figure 4 shows the time evolution of concurrency
A evaluated for Npax = 3. As expected, the system
rapidly undergoes entanglement in the first 20 fs, and
the degree of entanglement remains within roughly 10%
of the average value.

CONCLUSIONS

We followed the JCPM model to obtain a set of linearly
coupled equations describing the interaction of an
electromagnetic field of an arbitrary number of modes
with a collection of dots each having arbitrary energy
levels acting as a quantum dot molecule. We simplified
the equations for a single mode field and applied the
RWA. Then, we investigated the obtained equations
and presented a method to solve them analytically after
analyzing a particular example. The increased number
of cavity modes causes the solution to become more
complex, and analytical methods, such as the Laplace
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Figure 4. Time evolution of concurrency of the system of

two two-level quantum dots in a cavity with two EM
modes.

transform method, cannot be found as easily as before.
The system governing equations are achieved and it
is found that the sum of the photon number of the
EM modes determines the total number of equations
to be solved. The finite difference method is used
as the easiest way to solve the system. However,
the latter method is time consuming and its accuracy
is influenced by the time step size. Finally, we
demonstrated the entanglement of the system of two,
two-level dots and two modes of electromagnetic field in
a lossless cavity, and used concurrency as the measure
to evaluate multi-particle entanglement.
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