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ABSTRACT

In this work we present a generalization of the Liouvillian superoperator for periodic quantum systems that can be formulated through
partitioned Hamiltonians. We formulate a compact algebraic form of the superoperator that allows efficient numerical implementation along
with the possibility of further generalization and the inclusion of the system’s boundary effects (i.e. device contacts). We apply this formalism
to Quantum Cascade Laser structure where we compare the second nearest and the nearest on approximation, and present the laser dynamics

that is independent from the number of states considered.
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I. INTRODUCTION

The Density matrix (DM) formalism was first introduced by
J. Von Neumann' * and its applications span through a variety of
fields in Quantum Mechanics. The time evolution of the density
matrix is, generally, described by the master equation in Lindblad
form’* and one of the key aspects of this equation is that it results
in a nonlinear system of equations, if written in the matrix form.
However the system can be linearized by introducing the Liouvil-
lian superoperator and the goal of this paper is to present a math-
ematical formalism that can generalize and simplify the superop-
erator of the systems with high symmetry, in particular periodic
quantum systems, such as Quantum Cascade Lasers (QCLs) and
graphene.’

QCLs'’ are powerful semiconductor sources of coherent radi-
ation in the mid-infrared (MIR)'' and Terahertz (THz) band'’
with potential applications in free-space communications, medical
diagnostics, and chemical sensing.'”™'” These devices use sequential
tunnelling and usually comprise a large number of semiconductor
heterostructure periods (typically GaAs/AlGaAs for THz QCLs).

The DM model has been successfully applied to QCLs'® ™
and it represents a quantum model” that can describe key aspects
of the underlying physics while retaining low numerical complex-
ity when compared to the more extensive models, such as the
Non-Equilibrium-Green Function (NEGF) approach.” **

The most common applications of the DM model are for sys-
tems with a few states, which usually yield analytic expressions.” The
Liouvillian superoperator enables the generalization to systems of
any size, however, treating periodic systems usually allows elimina-
tion of a large number of equations due to the system symmetry,
and to our knowledge, compact form of the Liouvillian has not been
considered in detail.

In this work we develop a generalization of the Liouvillian
for systems that can be represented by partitioned Hamiltonian,
which is commonly employed in the tight-binding models. In sec-
tion I we formulate the superoperator for symmetric (2M + 1) block
diagonal Hamiltonian and the density matrix that corresponds to
M-neighbour approximation and also discuss the common mod-
elling approaches and approximations that are usually introduced
in DM models. Section 111 focuses on QCL devices and introduces
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dynamical aspects to the model we presented in Ref. 33. Section V
presents concluding remarks, and in the Appendix we discuss alge-
braic derivations and present the most general formulation of the
superoperator for any system that can be partitioned.

Il. THEORETICAL MODEL
A. Liouvillian superoperator

The DM formalism describes a quantum system as a statistical
ensemble of quantum states through an operator 5 = [y)(y/] which,
provided with the corresponding basis of wavefunctions |;), results
in a matrix where each element p;; represents coherence of states i
and j. The time evolution of the density matrix is then given by the
Liouville equation:

dp i
i ——h[H»P] 1

which represents the quantum mechanical analogue of the equa-
tion of motion in the classical systems. It can be further generalized
by adding effects that cause decoherence of the system in a form

—(%) . This depends on the problem of interest and we will
relax

discuss these additional terms in the next section.

The formulation in Eq. (1) employs interaction of two oper-
ators, and outcome of such interaction is usually referred in the
literature as a superoperator. The actual mathematical need for the
introduction of the linear superoperator in Eq. (1) arises from the
fact that the unknown is a matrix, and that in algebraic sense Eq. (1)
is not linear. In mathematics, systems that take the form AXB =Y
are linearized as A ® B'X’ = Y’ where ® represents the Kronecker
tensor product and X’ and Y’ are vectorised forms of the original
matrices X and Y, respectively, unpacked row by row in a column
vector (for column by column unpacking, the linearization reads
AT ® B). We will keep the notation with an apostrophe’ to refer to
these vectorised forms throughout this paper. In our case the com-
mutator linearizes inaform L= H ® I — I ® H” where I is an identity
matrix of the same size as the Hamiltonian H. The linear operator L
is called Liouvillian superoperator and the linearization of Eq. (1) in
the form dd—Pt’ = —4Lp" is a well known formulation of the density
matrix superoperator in the literature.” We also note that if we had
P states in the basis of wavefunctions of the overall quantum system,
the superoperator would be a matrix of P* x P? size and p” would be
a column vector of length P?.

In many practical cases of interest, we need to deal with Hamil-
tonians which are partitioned in the block form, and may have high
degree of symmetry, especially in cases which deal with periodic
systems, where the wavefunction basis can be taken only on one
period and not from the entire quantum system. In Appendix B we
show a simplified algebraic way of forming a superoperator if the
Hamiltonian and the corresponding density matrix are partitioned
in block form without any particular symmetry. In further consider-
ations we will focus on Hamiltonians with high level of symmetry,
often employed in tight binding”® and the nearest first or second
neighbour approximations.

Consider a periodic quantum system in which we can for-
mulate a wavefunction basis from one period and describe the

ARTICLE scitation.org/journall/adv

Hamiltonian of that period as Hy and its corresponding density
matrix as po. Note that if the wavefunction basis has N states, Ho
and po are N x N matrices. The Hamiltonian Hy can interact with
the adjacent periods (as depicted in Fig. 1) given by block Hamil-
tonians Hi, Ha, ... Hy (to the right) and H-y, H-», ... H-u
(to the left) which have the corresponding block density matri-
ces pPii, P+2, ... p+m, where M is the number of neighbours
that central (Hop) period has in either direction. Take a system
consisting of Q periods (Q > 2M + 1). The Hamiltonian of the
entire system can then be written as (2M + 1)-diagonal block
matrix of Q x Q block size. In order to apply periodic bound-
ary conditions, Q — oo and Q x Q, 2M + 1) - diagonal H and
p need to be substituted into the Liouville equation. This yields
(4M + 1) - diagonal block matrix from the commutator term in
(1). This matrix will be equal to the derivative of the density matrix
(times if) and it is clear that there will be some “extra” equations
that equal to zero block matrices in the overall density matrix. This
occurs due to the algebraic properties of banded matrices. Generally,
product of S - diagonal matrix with T - diagonal matrixisa S + T
— 1 - diagonal matrix. In our case, if both H and p are 2M + 1) -
diagonal, the result of their commutator will be a (4M + 1)- diagonal
matrix, and there will be 2M equations that target zero blocks in the
density matrix. We can therefore group equations that Eq. (1) yields
into two groups:

Group 1:
Ldpe Y
i = 2 Hepanw» il
j=0
k=-M, ..., M,k#0 2)
_dpp X
ih2 = 3 [Hoppil k=0
j=—M
Group 2:
M
0= > [Hjppil k=M+1, ...,2M
j=k—M
oy 3)
0= [Hieppil: k=-2M, ..., —-M -1
j=k+M

Group 1 has (2M + 1) block equations, while in group 2 there
are 2M additional equations which contain the same unknown
density matrix blocks as group 1.

Hoy
(XX} 0

FIG. 1. Periodic structure described by Hamiltonian partition Hy interacts with two
neighbouring periods by the corresponding Hamiltonian partitions H..1 2.
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The equations in Eq. (3) are the consequence of the duplication
of information in the system. We assumed the form of the result-
ing density matrix in advance, and therefore forced the system to
yield (2M + 1) equations in Eq. (2). The reason why additional 2M
equations emerged is that even though we are forcing the system
to have no terms for interaction with (M + 1) — th neighbour, the
included neighbours (2M of them) still give their contribution to the
next M + M neighbours and therefore we end up with additional
2M equations. They originate from the duplication of information
from initial symmetry of the Hamiltonian and therefore can be
discarded.

The number of neighbours that need to be included in the sys-
tem depends on the underlying physics of the system. It is also pos-
sible to include more density matrix blocks then the number of par-
titions in the Hamiltonian. However this is only relevant in strongly
coupled systems and in systems where the dissipator term may
coherently couple periods that are not coupled by the corresponding
Hamiltonian block.

Let us consider a system with the second neighbour approx-
imation given by the Hamiltonian and the corresponding density
matrix:

Hy H, H 0 0

H—l H() H1 Hz 0
H=|H, H, Hy H4 H; (4)

0 H, H, Hy, H

0 0 H-, H.; H,

and

po pr p2 0 0
p-1 po p1 p2 O
p=|p-2 p-1 po p1 p2 (5)
0 p2 p-1 po p1
0 0 p2 p1 po

Let us apply general expressions in Eq. (2) and neglect Eq. (3),
for M = 2 which corresponds to the Hamiltonian and the density
matrix given by Eqgs. (4) and (5):

p2 [H0>P2] [Hy, p1] + [Hz, po]
p1 [H-1,p2] + [Ho,p1] + [H1, po] + [Ha, p-1]
ih| po |=|[H-2,p2] + [H-1,p1] + [Ho, po] + [Hi,p-1] + [Ha, p-2]
p-1 [H- Z»Pl] [H-1,po] + [Ho, p-1] + [Hi, p-2]
p-2/) \[H-2,po] + [H-1,p-1] + [Ho. p-2]
(6)

Formulating the system of equations in Eq. (6) can be done
intuitively: for a given block p;, equation for that block will consist of
all combinations of the Hamiltonian and the density matrix blocks
whose indices add to i, provided that the blocks are labelled as in this
work.

The primary goal of this work is to simplify Eq. (6) (and
Eq. (2)) and provide linear superoperator that can be easily numeri-
cally implemented. Equation (6) represents a system of commutator
equations where we can define sub-Liouvillian operators which lin-
earize each commutator as L; = (H; ®I—I®HiT)p,(, i=-M, ... M.
This then turns Eq. (6) into a linear system which can be written as

ih‘%l = Lop", where Lg is a (2M + 1)~ diagonal block matrix whose

scitation.org/journal/adv

block elements are L; and it has a similar form as the original block
form of the Hamiltonian. The unknowns will represent vectorised
forms of the corresponding density matrix blocks, labelled as p;, and
we can pack these vectorised vectors in reverse order i =M, ... - M
into one vector, labelled as p”. It is interesting that we can form lin-
ear operator for system in Eq. (6) directly from the Hamiltonian by
using Khatri-Rao type of matrix product (definition and derivation
is given in the Appendix A) denoted by symbol .
Equation (6) linearizes as:

dp" N
lh? = (HEIUQ

- Iy, ®H )" 7)
where I{}Q is a block matrix partitioned in the same way as the Hamil-
tonian, where each block is an identity matrix. Note that the second
term in Eq. (7) is “dot” transpose operation which transposes only
the partitions within the Hamiltonian, not the Hamiltonian itself.
The important advantage of Eq. (7) is its mathematical simplicity
and the similarity to the general form of density matrix superopera-
tor, since the only difference is in the type of algebraic product (and
IIJQ matrix and the “dot” transpose operation). This formulation is
general for periodic quantum systems where the Hamiltonian and
the corresponding density matrix can be partitioned in block form
(it applies to Eq. (2) as well).

The main advantage of the formulation in Eq. (7) is that it
neatly applies periodic boundary conditions and linearizes the sys-
tem in the compact algebraic form. An additional difference from
the Liouvillian superoperator L = H ® [ — I ® H” is that the super-
operator in Eq. (7) packs the unknowns of the system differently and
requires the formulation of the system with partitioned Hamilto-
nian. Generally, superopetaor for any partitioned Hamiltonian can
be formed by using Khatri-Rao product and this is further explained
in Appendix B.

The linearization in Eq. (7) uses the Hamiltonian of (2M + 1)
x (2M + 1) block size, however once Eq. (7) is solved, it is incor-
rect to use such Hamiltonian and the corresponding density matrix
for finding the expectation values of operators. The expectation
value of any operator O in DM formalism can be found as Tr(Op).
Trace operation for the partitioned matrix results in a sum of
traces of each submatrix, and the product Op needs to be dound
as a limit value when Q — oo with an infinite Q x Q, 2M +
1) - diagonal density matrix and the Hamiltonian as discussed in
Ref. 33 in order to ensure the implementation of periodic boundary
conditions.

B. Dissipator

Liouville equation (1) describes only the interactions included
in the Hamiltonian, however, it is quite common to model some
interactions separately by adding phenomenological relaxation

terms that damp the equation of motion in the form — ( £ ) o O 1D A

more detailed form —ymn (pmn — pm,,)) m,n=1,2,...,N,where yun
are decay rates that damp density matrix terms pp, to their equilib-

rium value p( ) where' prty = 0,m # n. Furthermore, the state pop-
ulations (described by the diagonal elements of the density matrix)

AIP Advances 9, 095019 (2019); doi: 10.1063/1.5095246
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decay rates of populations out of levels m and n, while y<%, are the

dephasing rates due to the processes (i.e. elastic collisions) that do
not affect the state populations, and influence only the phase, these
rates are often referred to as proper dephasing rates.” We will refer
to all these additional terms in Liouville equation as a dissipator
D = —(’%)rem of the system; this term follows the symme-
try of the Hamiltonian described in the previous subsection, but
does not follow a neat algebraic formulation as Eq. (7), even
though these terms originate from various interaction Hamil-
tonians that could have been included in the total Hamilto-
nian H. This term is linear and we can transform it as D
— D"p", however the form of D" can be derived by mathemat-
ical induction and it depends on the system considered. In the
Appendix C we show how D" is derived for QCLs.””*"’ Equa-
tion (1) now acquires an additional term D and Eq. (7) can be
written as:

I

ih% ~(He I, - 1Y ® HT - ihD")p" ®)

The reason why D is often excluded from H is because of
possible simplifications and physical interpretation of the quantum
system under consideration. The Hamiltonian of the system usu-
ally consists of several different interaction Hamiltonians that are
of interest, however some of them can be considered as perturba-
tions and their effect can then be handled by perturbation theory
(i.e using Fermi’s golden rule). For example, in laser systems, the
rates T, can be directly expressed via Fermi’s golden rule, and
T, would simply represent state lifetimes. It is important to note
that D must not break the positivity of the density matrix since
the main requirement for a physical solution of Eq. (1) is that
p is a positive semi-definite matrix which ensures that all diago-
nal elements of the density matrix are positive (which must phys-
ically be satisfied). This condition will be satisfied if various scat-
tering processes are included in D in Lindblad’ form, and Fermi’s
golden rule satisfies this condition. Note that carious forms of

dissipators can be found in the literature””’* that may also be
applied.

C. Dipole approximation

The density matrix formalism is capable of describing optical
macroscopic effects of the quantum system along with the effects of
external electrical perturbation.

We can assume that the Hamiltonian can be split as H = H,
+ V where Hpy,, is the Hamiltonian of the unperturbed system, and
V is the energy of interaction. The dipole approximation physically
models the system as a dipole antenna that will resonate at a specific
transition frequency, in this case the energy difference of the levels,
and assumes that the interaction energy can be written as V = —pA,
where p = —er is the electric dipole moment operator” and A(r, t) is
the optical electric field.

The most common implementation of the DM formal-
ism describes Hp,, as a diagonal tight binding matrix (filled
with the corresponding energy states E,) and the substitution
into tlhe general Liouvillian yields a system of equations in the
form:

ARTICLE scitation.org/journall/adv

dpimn . i
== WmnPmn — Vivpon = Pmv Vn
Q- [wmnpmn = 2 XV:( pon = Py Von)
E,—-E,
= YmnPmn>  Wmn = 7 , m#*n
dpml*—iZ(V 3 v ) 9
& & s nvPyn = Pnv Von
+ Prm_ Prn
E,>E, Tnm  E,<E, Tmn

This equation is actually a closed form of the Liouvillian (L
=H®I-1® H' + D), where H = Hpee + V and it repre-
sents the most common DM formulation” that is often combined
with Maxwell equations. The formulation we presented in Eq. (8)
is not equal to the one in Eq. (9). It is somewhat valid to claim
that Eq. (8) can be derived from Eq. (9), but it is important to
point that the Hamiltonian is different, because it includes inter-
actions between the periods and not just the tight-binding Hamil-
tonian. Additionally, the order in which both systems of equations
are written is different. In Eq. (9) the density matrix p is unpacked
row-wise, and the first two terms simply correspond to the alge-
braic transformation of the Kronecker product (L = H ® I — I
® H") and periodic boundary conditions are not applied. In Eq. (8)
the density matrix was partitioned in blocks as in Eq. (5) and
the overall system stores the unknowns by unpacking each block
row-wise. For example, in Eq. (6) the overall density matrix first
unpacked block p; into N x N column vector, then pi, po.. ., and
then joined them into one 5N* column vector which is referred
to as p” in Eq. (7). This somewhat cumbersome repacking in
Eq. (8) resolved the problem of deciding which equations in the
periodic system can be ignored, how to properly set the periodic
boundary conditions and, most importantly, offered the conve-
nience in physical interpretation of the system that is described
by a partitioned Hamiltonian and the corresponding density
matrix.

Furthermore, the approach we present in Egs. (4,5) can be fur-
ther generalized, in order to include the finiteness of system consid-
ered (i.e. contacts of the laser structure), which is one of the main
advantages of the more general models.”

D. Non-rotating wave approximation

In most cases of interest the optical electric field A has a phys-
ically expected form which can greatly simplify the DM model.
Generally, A(r, t) should be obtained from Maxwell equations
coupled to the DM model via polarization, which is given as
P = Np Tr(up), where Np is the density of electrons in the
system. However, one of the most common approaches in han-
dling the Maxwell equations is to look for a solution in the par-
ticular harmonic form that is expected from a system. In case
of a laser (or absorber) structure, it is expected that the optical
field has a dominant term at a particular frequency. A variety of
approaches that take different forms of A(r, t) were used,’**%
and we will discuss some of them. A very common approach is
to assume that the interaction V is weak (its matrix elements are
much smaller then elements of Hge,). In this case Eq. (9) can be
treated by perturbation theory, and a detailed study can be found in
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literature, in particular for two-level systems." Another common
approach treats Eq. (9) by rotating-wave approximation (RWA),
however for compact usage in Eq. (8) we will focus on a more
general approximation from which RWA was originally derived.
Assume that the optical electric field has a general plane-wave
form:

A(r,t) = Z(Ak(r, £)eP T & A(r,1)ePTT c.c)
k

. A (10)
A(t) = D (Ar(t)e ™™ + Ag(t) e + c.c)
k

where f is the propagation constant. Without loss of generality,
we will assume that the optical field has only the time depen-
dence, as given by the second equation in Eq. (10). Both of these
expressions are used in treatment of DM and Maxwell equa-
tions, but the second form can be taken in cases where individ-
ual quantum systems are much smaller them the wavelemgth of
light.

Non-rotating wave approximation (NRWA) assumes that the
system’s response will have identical harmonic form, while RWA
discards some terms based on the underlying physics of the sys-
tem. Note that implementing the RWA is actually more complicated
because we would need to manually select which terms of the den-
sity matrix would be allowed to oscillate at +w and which at —w,
depending on the energy states that correspond to the particular
density matrix elements. NRWA does increase the numerical com-
plexity, however it significantly simplifies further formulation of the
model.

The drive terms in differential equations (8,9) have a harmonic
form due to Eq. (10), and it would appear natural to assume that
the solution will follow this structure, i.e. p(t) = Y p;(£)e“* +
pr (t)e ™. However, this is possible in some special cases when
the underlying physics allows it. The generalization of the system
in Eq. (8) is far from trivial.

Interestingly, the generalization of the effect of Eq. (10) on DM
formulation in Eq. (8) is possible when only one frequency com-
ponent is considered, and it can be expressed by a simple algebraic
formulation.

To illustrate that, we consider H = H* + He™'** + H¢'** and
p = p%+ p e 4 p ¢! wwhere each term is partitioned and has
the (2M + 1) diagonal form as in Egs. (4,5). Therefore, each block H;
and p; has three harmonic terms: H; = ij + H{%e™" + H{“¢' and
Pk = P4 pi e 1 i€ ¢! Consider the equations resulting from
the commutator of H; and py:

e [H A ]+ [

0 ac _ac* dc  dc ac _ac”
et [H%pp 1+ [H e 1+ [H e ] )

e [ )+ [Hp ]

Each commutator in Eq. (11) can be linearized with the cor-
responding sub-Liouvillian, and we will only have two of them:
LF=H®I-TeH" L = H ®I-1®H* and the lincar
form of Eq. (11) is:

scitation.org/journal/adv

j j
a+ dc ac rd
A |
ac
0 L L 5
H" H* 0 111\ (111
=|| H* H* H" ITI|-|IT1TI
0 H* dec I 11 I 11
Hdc H% 0 rac
I_I]ucT I_I]dcT HacT I;dc (12)
j i Pk
o H* H<))\pi
) )

The consequence of Eq. (12) is that it affects each equation
in Egs. (2,3), and it breaks each of them into three equations. This
causes the system size to increase three times, however the approach
we presented in Eq. (8) needs to be just slightly re-modified. In
Eq. (12) we can notice that linearization of Eq. (11) can be written
in a similar Khatri-Rao notation as used in Eq. (8). We need to apply
Eq. (12) to each equation in Eqs (2,3), however we can notice that the
structure of Eq. (12) is tridiagonal and we can transform the initial
Hamiltonian by defining an expansion rule for non-rotating wave
approximation (NRWA) in the form:

H* H 0
H* H* H}* (13)
0 H H

I_IJNR WA N

If Eq. (13) is applied to each block of our initial Hamiltonian,
the expanded Hamiltonian enlarges 3 times, but the formulation of
Eq. (8) is still correct and slightly modified by adding NRWA super-
script in each term in Eq. (8), and also adding a term which is a
consequence of the time derivative:

d, /INRWA NRWA NRWA T
ik P - _ ( HYRWA o I{\]IQ _ II[\]IQ HNRWA
_ihD"™NRWA | QNRWA )PIINRWA (14)

NRWA expansion affects Eq. (8) as follows:

o H™WA is a 3Q x 3Q Hamiltonian obtained by applying

Eq. (13) on each block where Q = 2M + 1. Depending on the
problem, some blocks may have only some of the frequency

terms and this can simplify the problem of interest.

NRWA
I{}] is enlarged 3 times and represents 3Q x 3Q matrix

filled with identity matrices only in positions where the cor-
responding Hamiltonian has non-zero blocks. For algebraic

NRWA
convenience, we could also define Iﬁ’Q as block matrix

with 9Q* submatrix identity blocks of N x N size, which

has direct algebraic formulation from a unity matrix U as
NNRWA

Iy, = Usqx3Q ® Inxn. Note that the system in Eq. (8)
is banded, and appropriate numerical algorithms can be
applied, in contrast to the system in Eq. (9) whose sparse
properties are generally broken by the dissipator.

,,NRWA . 2 .
* p is a column vector of 3QN” size, where the first

3N? elements correspond to stacked vectorised forms of
P, P pia*, k= =M, .., M respectively, the next 3N*
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elements correspond to the stacked (in the same order) vec-
torised forms that correspond to the next block (M — 1),
and so on until all blocks are stored (M, M -1, ...,0, ...,
-M+1,-M).

o The dissipator D"ARWA usually follows the rule in Eq. (13) and
needs to comply with the order of storage of the unknown

" As discussed above, the dissipator of the system
depends on the system under study, and therefore its lin-
earization and incorporation into the system cannot be
defined generally.

o Frequency terms populate the main diagonal of the system,
and this is formulated by Q"™ These terms originate from
the time derivative in Eq. (14). The algebraic formulation is
QNRWA = (12M+1><2M+1 ® G3><3) ® In2un? where Gis 3 x 3

dia%onal matrix with entries — 1, 0, 1 on the main diagonal.

OMWA can have different mathematical formulations (i.e.

Inexn? = Inxn ® Inxn and various properties of Kronecker

product can be used).

Note that the generalization presented so far is only valid for
one frequency in Eq. (10). The expansion rule in Eq. (13) can clearly
be generalized further if we wanted to include integer multiples of
frequency w. Generally, if we include F multiples of w, the expansion
rule in Eq. (13) will then be (2F + 1)- diagonal (2F + 1) x (2F + 1)
matrix.

The difficulty for further generalization lies in frequency inter-
actions. For example, consider a case where we have two frequency
components in Eq. (10), w; and w,. The potential terms are wy,
w2, w1 — w2, W1 + w2, 2w1, 2w, which in NRWA expansion would
expand the system up to 12 times, however, depending on the values
of w; and w; and the state energies, some terms may be neglected
due to the underlying physics. A good example can be found in
Ref. 26, where three different frequencies were used for the study
of nonlinear effects in QCLs.

In general, any linear system of commutators can be formulated
through Khatri-Rao product, and different expansion rules would be
needed, depending on the problem of interest.

E. Boundary conditions

Boundary conditions represent the crucial part of the system
formulation. In this work we focused on periodic systems described
by the banded partitioned Hamiltonian, but the effects of device
boundaries will generally appear at all four corners of the Hamil-
tonian and therefore break its banded structure. A vast literature
is available for boundary conditions of banded matrices'”*" and
one of the main advantages of the formulation in this work is
that one can include the effects of device contacts, similarly to
NEGF methods.”® Expectation value of any operator O in DM for-
malism can be found as Tr(Op). For infinite periodic systems Q
— oo, and the common approach is to find the limit value of
Tr(Op) as in Ref. 33, however the result will strongly depend on
the chosen boundary conditions, which depend on the problem
considered.

lll. QUANTUM CASCADE LASER

The derivation in the previous section is general for any peri-
odic system and the differences in implementation of the model

scitation.org/journal/adv

lie in the specific forms of the coupling off-diagonal Hamilto-
nian blocks and the dissipator. In Refs. 24, 26, and 33 we pre-
sented one of the simplest nearest neighbour DM implementa-
tion that is, in essence, a generalization of approach used in
Ref. 22. The simplicity of the model comes from the fact that
blocks H; and H_; which describe the interaction between adja-
cent periods, only have the dc term which consists of Rabi cou-
pling strengths given in Ref. 42. Note that this approximation is
ambiguous for QCL structures since formulation in Ref. 42 con-
siders tunnelling coupling rate of a two well system. This may be
circumvented by using generalized scattering approach’”* which
also offers generalization of the dissipator beyond the Fermi-
golden rule. We will focus on the simpler model and formulate
it with Khatri-Rao notation introduced in Eq. (8) and also con-
sider the dynamic effects by coupling the model with Maxwell wave
equation.

Consider a 3 x 3 tridiagonal Hamiltonian and the correspond-
ing tridiagonal density matrix and the dissipator:

Hy Hy 0 I100
H= H_1 H() H1 5 Y=eKL| O O O
0 H. Hp 00 -I

(15)
po p1 O Dy Di O
p=|p-1 po pr|, D=|D-1 Dy D
0 P-1 Po 0 D_1 Do

where Hy is an N x N matrix involving its dc and two ac terms in
the form Hy = H* + He™" + H*e ™', H* is the tight-binding
Hamiltonian of one QCL period, which has the main diagonal filled
with bound state energies. Matrix Y describes the effect of the
applied bias K and it will slightly influence Eq. (14). The dissipator
blocks can all be expressed in the form %, and this was reviewed
in Ref. 33. Interestingly the linearization of these blocks satisfies
Di = D, more details are given in the Appendix. H* = eZA, (),
where Z is the dipole matrix that corresponds to the single period
basis wavefunctions and A, (¢) is the optical electric field at radiation
frequency w.

In Ref. 33 we performed steady-state analysis by taking A;
= const and ran a minimization algorithm that varied A; until
the gain of the device was clamped to the loss due to the satura-
tion effect. In this work, we couple the DM model with Maxwell
wave equation in order to explore the dynamics of the system.
Wave equation can be implemented through travelling wave”
approach or standing wave approach which correspond to the
forms in Eq. (10), respectively. In this work we will couple the
DM model with the time-dependent-only wave equation which
is derived when Maxwell’s equation is approximated with stand-
ing waves and we will assume that only one mode in the struc-
ture is lasing. Additionally, we will apply slow-varying envelope
approximation which is common in laser considerations”’ and
which turns the wave equation into the first order differential
equation.

In Eq. (15) we have introduced notation different from that in
Ref. 33, more similar to that in Ref. 26 because this notation allows
the generalization given by Egs. (2,3). We have also added the effect
of external bias. Our main assumption is that the applied bias is
weak and that the wavefunction basis can be taken on one period
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and then translated to the neighbouring periods, while the effect
of the bias K over the period length L would only be noticeable in
the Hamiltonian blocks as the energy shift of +eKL. Note that this
approximation allows the density matrix in Eq. (15) to have equal
diagonal blocks, even though its Hamiltonian broke that symmetry.
This will have a significant influence on the derivation of the output
parameters.

Generally, the addition of the effect of bias influences Egs. (2,3)
by the addition of the term keKLHopy, however substitution in
Eq. (15) does not change significantly; the term eKLYIzI{}]Q should be
added in Eq. (8), its NRWA expansion is eKLY — eKLY nrwa = eKLY
® Isnx3n which needs to be added in Eq. (14), as is further discussed
in the Appendix C. The system of equations that Liouville’s equation
yields is:

d[P [Ho,p1] + [Hi,po] + eKLpy — ihDy
iha po | =| [H-1,p1] + [Ho>po] + [Hi, p-1] — ihDg
p-1 [H-1,p0] + [Ho»p-1] — eKLp_y — ihD_;
(16)
AL Y4y
dt 20 2en?

where p = ~ay represents the total loss oy multiplied by the group
velocity, n is the refractive index and P is the expectation value of
the polarization operator. The system under study is represented
by an infinite periodic matrix and the form in Eq. (16) focuses
on minimal number of equations that need to be solved, however
the expected values of the operators need to be derived through
usage of infinitely sized banded matrices, as discussed in Ref. 33.

In our case, the current density operator | = §22[F,%] has the
expectation value j = “22Tr(Z([Hy,p-1] + [Ho,po] + [H-1,p1]))

+ Tr(L(Hyp-1 - p1H-1)), and the polarization operator P = —e2z
has the expectation value P = —e™22Tr(Zp; ) where nyp is the sheet
electron density and Z is the dipole matrix that corresponds to the
central period basis.

The linearization of the DM part of Eq. (16) is given by Eq. (14)
(with addition of +eKLYNRWApNRWA” term) and numerical imple-
mentation is straightforward after the Khatri-Rao formulation is
introduced. Full matrix form of all terms in Eq. (14) is given in the
Appendix C, together with discussion on the linearization of the dis-
sipator part. Note that the DM part of the system in Eq. (16) has
three N x N blocks of the density matrix, and NRWA expands the
system three times, which, after the linearization, has 9N? differ-
ential equations. For the steady-state analysis we can set the time
derivatives in Eq. (14) to zero, and the system would be linear
and homogeneous. For the study of dynamics, the system is non-
linear, however the system is of the first order and various ordi-
nary differential equations numerical procedures are available in
numerical packages. Normalization condition of the density matrix
requires that its trace has unity value. This property only affects
the blocks that directly correspond to the basis (Trpi = 1) and we
can replace one of the equations in the 9N? system with this con-
dition in order to solve the system most efficiently or introduce
a substitute that one of the elements is one minus all the others.
Note that it is not arbitrary which equation is replaced. Only an
equation that contains diagonal elements of the block py can be
replaced.

scitation.org/journal/adv

The algorithm, runs self-self-consistent method for solving
Schroedinger-Poisson equation under equithermal subband approx-
imation” with A; = 1Vm™" (very low optical interaction) which
yields the highest possible value of the optical gain. If that value is
larger then the total loss, the system then uses the steady-state wave-
function basis obtained for A; = 1V m ™! and couples it with the wave
equation as in Eq. (16).

Figure 2 shows the dynamic behaviour of 2THz QCL struc-
ture” with layer structure: 5.0/14.4/1.0/11.8/1.0/14.4/2.4/14.4/
2.413.2/3.0/12.4/3.2/12.0/4.4/12.6nm, Aly1GaggAs Dbarriers are
shown in bold, and wells doped to 1.3 10°cm? are underlined. The
initial condition for Eq. (16) was set at steady-state solution when
optical field A; = 10°Vm ™. This was done in order to account for
the spontaneous emission in the device. Eq. (16) was solved by using
Runge-Kutta-Cash-Karp solver within ODEINT numerical package
in C++.

Physically, Fig. 2 illustrates the essential property of QCL struc-
tures. The relaxation oscillations are barely present as the sys-
tem reaches the steady-state much faster then its round trip time
(~60ps), even at the peak power. This dynamic behavior is inde-
pendent on the number of states considered, and it can sustain a
system with any number of states, in contrast to the common Max-
Bloch approaches. In this case, we included complex interactions
between twelve states per QCL period. Numerical implementation
of the model was made straightforward due to the compact form of
the superoperator, Eq. (14), and apart from the tunneling strengths,
input for the presented DM model is identical as in RE approach,’
and the main difference is in the mathematical aspect of the system
construction.

Note that further numerical simplification is possible if we sep-
arate real and imaginary parts of the equations in Eq. (16) and use
Hermitian symmetry of the system. Additionally, it may be pos-
sible to determine the Jacobian of Eq. (16), use the steady-state
point value for A; = const as stationary point and solve the system

25 T T
20+ -
| - KP -
— K, 5,
151 O 20 s
5
IS | 1 .|
Q 0 | | |
10+ 0 10 20 30 40
| t[ps] |
s S
0 | | |
10 20 30 40
t[ps]

FIG. 2. The evolution of optical power dependence in time for two values of bias
voltage values: at the peak power (Kp) and on the falling edge (Kr) of the opti-
cal power dependence. Inset shows optical gain dependence on time. Loss was
estimated to 32.45cm~".
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through eigenvector and eigenvalue approach which may yield faster
numerical results.

IV. THE SECOND NEAREST NEIGHBOUR
INTERACTION

The nearest neighbour interaction is valid for QCL devices due
to the fact that we expect a rapid decay of wavefunctions inside the
injection barriers, which makes the interaction of the first and the

J

This equation is then linearized as Eq. (14) (with the addition
of the term due to the applied electric field). As an example, consider
a GaAs/Alp1GagoAs two well periodic structure that has three states,
their wavefunctions extending even into the second neighbour peri-
ods (Fig. 3), and therefore solving system in Eq. (17) is necessary.
The calculated current density dependence on the applied electric
field is shown in Fig. 4.

In Figure 4 we can notice that the second nearest neigh-
bour approximation did improve the initial result. Note how-
ever, that numerical complexity of pentadiagonal model requires
solving 15N* equations when NRWA is employed. This struc-
ture is not a QCL device, but rather an exemplary structure
where including the second nearest neighbour interaction is nec-
essary. In Table T we focused on a range of bias values where

1050 \ ‘ ‘ =

I ™/ A 1

1000 |- N I .
g /]

N
950 =] | .
\ ]
L — B
\ \
—
—
200 | | | | | ]
20 40 60 80 100
z[A]

FIG. 3. Band diagram and wavefunction plot (one period only) for the exem-
plar structure. The layer thicknesses, starting from the leftmost barrier are
20/84/10/88 A, Alg1GaggAs barriers are shown in bold and the well doped to
1.3 x 10"6cm=3 is underlined.
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third period very weak. Here we consider a simple two-well periodic
structure whose wavefunctions extend across three periods, which
requires including higher order Hamiltonian and the corresponding
density matrix blocks, labelled as H., and p.,. The matrix form of
the Hamiltonian, density matrix and dissipator have similar form as
in Eq. (15), but they are now pentadiagonal matrices, where each
matrix has additional super- and sub-diagonal containing block
H.,, p12 and Dy». The system of equations that Liouville’s equation
yields is:

[HOsPZ] + [Hl,P]] + [HLPO] + 2€KLp2 —ihD,

[Hfl,pz] + [Ho,pl] + [H1,p0] + [Hz,pfl] + eKLp1 - ith

ih—| po | =| [H-2.p2] + [H-1,p1] + [Ho, po] + [H1, p-1] + [Ha, p-2] = iADyo (17)
[H-2,p1] + [H-1,po] + [Ho, p-1] + [H1,p2] — eKLp-y — ihD—,

[Hfl,pfl] + [Hfz,po] + [Ho,pfz] - 2eKLp,2 - ithz

the model difference is most notable in Fig. 4. We calculated the
overlap integrals of central period wavefunctions across the first
neighbouring F; = [¢|yi|’dz and the second neighbouring S; =
Js|wi|*dz period. The third wavefunction is strongly coupled in
both periods which can also be detected in Fig. 3, and in this
bias range, there is also a strong coupling of all three wave-
functions in the first neighbouring period. Outlining the neces-
sity for the second neighbour approximation is nominally not
straightforward. One of the wavefunctions may strongly couple
with the second neighbour, however it might not have a signif-
icant influence on the transport. The values in Table I give a
rough estimate of the effect. We can additionally illustrate opti-
cal field effects by investigating absorption saturation, displayed
in Fig. 5.

1000 [— Pentadiagonal model

— Tridiagonal model

800

200

0 ! ! ! ! !
3 4 5
K [kV/em]

FIG. 4. Current density versus applied external electric field for different near-
est neighbour DM models. The nearest neighbour approximation is shown in
red and results in tridiagonal DM problem, while the second nearest neighbour
approximation is shown in blue and results in pentadiagonal DM problem.
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TABLE 1. Overlap integrals of wavefunctions |i) across the first (F;) and the second
(S;) neighbour period for different values of applied electric bias K (in kV/cm) for a
structure in Fig. 3

K 45 5 5.5 6
F, 0.61 0.62 0.63 0.64
F, 0.41 0.40 0.39 0.39
Fs 0.43 0.36 0.29 0.24
S 1.16-107° 1.25-107° 1.35-107° 1.46-107°
S 992-100°  1065-107°  1145-107°  12.34-10°
S3 0.31 0.38 0.44 0.48

— A =1[vm" — 4,=3-10[vm"]
60f— A,=1-10[vm'] A=4-10"[vm'] —
— A,=2-10°[Vm'] — A=5-10'[Vm"]

s 40 _
2, B
<
S LS
3

201

6
f[THz]

FIG. 5. Absorption coefficient dependence on frequency for different values of
optical electric field, obtained within the second nearest neighbour approximation.
Inset shows the comparison between the nearest (dashed lines) and the second
nearest (solid lines) approximation where the absorption coefficients for different
values of the optical electric field are displaced for better visibility.

200 I
L |— Tridiagonal DM J
— Pentadiagonal DM
180 -
g 160+ 1
ﬁ —
~ | 1
140 1 A
N N P
| %.6 08 1 12 )
12 | | | I [A] I |
q.2 1.5 1.8 2.1 2.4

K [kV cm_l]

FIG. 6. Current density versus applied electric field obtained by a tridiagonal den-
sity matrix’® and pentadiagonal density matrix for QCL structure. Inset shows
optical power dependence on current.
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In Figure 5 we can observe how absorption coefficient gets satu-
rated with the increase of optical electric field. Note that here we are
not coupling the DM model with Maxwell equation as in the previ-
ous considerations, but rather directly changing optical electric field
value within the Hamiltonian. Similarly to Fig. 4 there is a difference
in results depending on number of neighbours considered in the DM
model, shown in the inset.

Implementing the second nearest neighbour approximation for
QCL device uses identical expressions as Eq. (17) and compari-
son between the first and the second nearest neighbour approx-
imations for QCL structure considered in Ref. 33 is presented
in Fig. 6.

Figure 6 shows nearly identical results as’ and confirms the
expectation that expanding the model does not affect the results sig-
nificantly. All other results (for material gain and optical power)
presented in Ref. 33 are identical as well.

V. CONCLUSION

We presented a generalization of the Liouvillian for periodic
quantum systems that can be represented by (2M + 1)-diagonal
partitioned Hamiltonian and the corresponding density matrix.
We showed that Khatri-Rao product for the system of commu-
tator equations can be applied directly to the initial form of the
Hamiltonian, and that it can be written with a similar algebraic
notation as the commonly known Liouvillian of non-partitioned
Hamiltonian.

In Appendix A we give further generalization for partitioned
approaches which can be applied to a variety of quantum systems.
Our formulation allows intuitive physical interpretation of the equa-
tions in the system and it can extend the DM model to include
the effects of the device contacts, which should make this model
competitive with more complex models, such as NEGF approach.
We illustrated how NRWA affects the periodic system and dis-
cussed key approximations that are commonly introduced in the
DM formalism.

We applied our model to an exemplary periodic structure
and QCL structure considered in our previous work, where we
illustrated that number of partitions in the density matrix and
the Hamiltonian depends on localization and span of wavefunc-
tions over neighbouring periods. We showed that, when applied
to a QCL structure, the superoperator given in Eq. (14) requires
nearly identical input and algorithm approach as rate equa-
tion models, and the only difference lies in algebra needed for
model construction. Note that the sparse-banded nature of the
equations that this model yields also enables efficient numerical
optimization.

We analyzed the absorption saturation with optical field on
periodic exemplary structure and presented dynamical response of
the bound to continuum THz QCL structure with twelve states
considered. The model can be further developed to investigate
dynamical behavior of QCLs.
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APPENDIX A: ALGEBRAIC SIMPLIFICATION FOR
PERIODIC PARTITIONED SYSTEMS

Kronecker tensor product is a well known type of product in
algebraIl and for matrices A and B, A ® B creates a block matrix
where a block in ij - th place is given as a;;B. Kronecker product with
the identity matrix I,nx» has a very intuitive form, when performed
from the left as I;nxm ® A, the resulting matrix is block diagonal with
A blocks on the main diagonal; when performed from the right as A
x I the resulting matrix takes every element in A and multiplies it
by identity matrix which visually looks like every element in A was
diagonally stretched. One of the great advantages of the Kronecker
product is that it enables linearization of the system. The system in
the form AXB = Y can be linearized as (A ® BT)X' = Y/ for row-wise
vectorisation of X and Y.

0 Hy®Ipy+Hi®Ip+H,®1p;
P1 Ha ®Ipi+Hy®Ipi+Hi®@Ipy+H, ®Ipl,

ih| po
Pl Ho,o®Ipi+H.1®Ipg+Ho®Ip +Hi ®Ip.,
pl) \Ho®Ipj+H-1®Ip  +Hy®Ip',

Ho®l Hi®I Ho®lI 0 0 p5
H, ®I Hy®l Hi®I HeI 0 o1

=| H,®I H.i®I Ho®l Hi®l H,®I||po
0 H,®l Ha®l Hy®l H®I||pl,

0 0 H,®I H.1®I Hy®I/\p.,

The first term on the right in Eq. (A1) results in a block matrix
that has the same form as the Hamiltonian in Eq. (4), where each
block goes through Kronecker ® product with the identity matrix
I. Similarly, the second term results in a matrix that has a form
of block transpose (or “dot” transpose) of the Hamiltonian, where
blocks go through Kronecker tensor product with I from the left. It
is clear that we can extract the Hamiltonian and its block transpose
in Eq. (A1) and let them undergo “dot” product like operation with
a (2M + 1) diagonal matrix filled with identity matrices, where “dot”
would represent Kronecker product. This type of product is known
as Khatri-Rao product ®. Let us therefore define a matrix I f\,lo as:

I?fQ = UqgxqQ ® Inxn = (A2)

—~
—
—
—
— e~

QxQ

where I is N x N identity matrix and Ugxq is Q x Q unity matrix.
The I‘L\;’Q matrix is then a Q x Q block matrix filled with identity
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Khatri-Rao product” "’ is defined as a “dot” product of par-

titioned matrices, where the “dot” is the Kronecker product, how-
ever alternative definitions exist in the literature’® and we will
focus on the definition as in Refs. 49 and 50, which requires A
and B to be partitioned in the similar form. The Khatri Rao prod-
uct would then behave as originally stated. This product is useful,
as we have shown in this work, to describe linear systems given
by Kronecker products. We made significant algebraic simplifica-
tions which allow efficient numerical implementation along with
the intuitive physical interpretation of equations given in the block
form.

Let us linearize each commutator in Eq. (6) as L; =
(HHeI-1®H )p; and separate the terms that multiply the
unknowns from the left and from the right into two separate
groups as:

1®H; py+I1®H{ pi +1® Hj pj
I@H! py+1®H] pi+I®HI po+I1®H] p’,

Ho,®Ipy+H ®Ipi+Ho®Ipy+Hi®@Ip  +H,®Ip |- |I®@H, py+I@H  pi +I® Hypy+I® H{ py +I®Hy p',

IoH, pi+1®@H py+1®H p., +I®H p’,
IoH., py+1®@HL, p/y +1®H{ pl,

I®H, I®H{ I®H; 0 0 o
I®HY, I®H! I®HT I®H! 0 ot
-|19HY, 19HLI IeH! I1e9H! IeH! || po
0 IeHLI IeH!, IeH! IeH! ||,

0 0 IeHY, IeH", IeH!/)\r-

(A1)

matrices. Note that minimal value for Q is (2M + 1), but if the sys-
tem is strongly coupled, Eq. (3) cannot be discarded and the density
matrix would need more blocks.

It is clear that Eq. (7) follows directly from Eq. (A1) when
Khatri-Rao operation is used. Note that the formulation in Eq. (7)
can be performed with I {}]Q matrix defined as (2M + 1) block diagonal
matrix (filled with identity sub-matrices), however the formulation
in Eq. (A2) has direct algebraic form.

APPENDIX B: GENERALIZATION OF THE BLOCK
FORMULATION

Khatri-Rao notation can be used for constructing a superop-
erator for general forms of the Hamiltonian and the density matrix
which are partitioned. Without loss of generality, we can consider
the 2 x 2 case:

_ Hy,, Hp _ | P11 p12
H_(Hz1 sz)’ P_(le Pzz) (BD)
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If we unpack p row-wise block by block, the commutator of
C =[H, p] takes the form:

Hy; 0 Hi, O P11

c 0 Hi 0 Hi|]p2 (P o> pot p )
= = (p11 p12 p21 p22
Hy 0 Hxp O P21
0 Hy 0 Hxn/\p2

Hy Ho 0 0

H, H 0 0
| H2 (B2)
0 0 Hu Hn

0 0 Hy Hxp

Note that the symmetry in Eq. (B2) resembles the Kronecker
product with the identity matrix and Liouvillian of the commutator
L=H®I-1®H". Equation (B2) indeed folds into Liouvillian if
all H;; and p;; were scalars, however for submatrix blocks Eq. (B2)
is a slightly generalized formulation of the Kronecker product. In
Eq. (B2) we have four equations with the terms Hjjp;; and p;;H;; and
all these terms can be linearized by a well known identity H;p;; —
(Hy ® I)pjj, piiHj — (I® HUT)pl'J, and by using Khatri Rao product
Eq. (B2) can be linearized as:

Hi;y 0 Hp O 10 0
0 Hi O Hip 0 I

“Hom o m o 10
0 Hxy 0 Hp 01
I 100\ (H) H), 0 0\\[(p

_IIoongTszTzo 0 ol 3)

0011 o o HL HL ||| p2
0011 o o HY HL))\px

This linearization can now be expressed in compact algebraic man-
ner. The first matrix in Eq. (B3) can be obtained from the initial
Hamiltonian as (Uzx2 ® I>x2) ® H, because if we had 2 x 2 matrix
filled with 2 x 2 identity matrices, the Khatri-Rao product with H
would create the first term, and similarly the last matrix needs to
repeat transpose of H two times and this can be done as Irx2 ® H.
Without loss of generality, the third and the fourth term could be
replaced by one matrix filled with identity matrices, which has triv-
ial algebraic form (Iy, = Usxs4 ® I), however, if it is of interest to the
reader, the third term can be formulated as (Usx2 ® Inx2) 8 (Uzx2
® I) and the forth as I,x> ® (Uyx2 ® I). Note that there are vari-
ous algebraic formulations of these matrices, and our formulation is
not unique. It is clear that generally, for fully partitioned Hamilto-
nian H and the corresponding density matrix p of size QN x QN,
whose partitions have the size N x N, the commutator would be
given as:

_ N _ 4N T ”
C = (((Uoxq® Ioxa) m H) m Iy, - Iy,  (Ioxa @ H' ) )p 50

Iy, = Ugxq ® Inxn
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where p" is first unpacked row-wise in the block form, and then each
block is unpacked row-wise, which at the end forms one column
vector and Liouville equation becomes linear. This formulation is
general, for a variety of problems and in this work we focused on
a special case with high symmetry. Note that we focused on square
matrices with square blocks, however this is not a strict requirement
for Eq. (B3), and further generalization with blocks of different size
is possible.

Note that C in Eq. (B4) describes the same system as Liouvil-
lian L = Honxon @ Ignxon — Ionxon ® HngQN would, and the
main difference is in the order in which the equations are written.
Liouvillian unpacks the unknown density matrix row by row, while
C unpacks the blocks first, and then the blocks themselves. For-
mulation of superoperator in Eq. (B4) offers an intuitive physical
interpretation, because in many cases partitions of the Hamilto-
nian have physical interpretation as well. An additional advantage
of Eq. (B4) is that it is also a sparse matrix, as is Liouvillian, and
for a periodic system it remains sparse when the dissipator is added
to the Liouville equation, which opens the possibility for numeri-
cal optimizations. If H and p are given as in Eqgs. (4) and (5) their
commutator yields a multidiagonal matrix with high symmetry as
well, and the formulation in Eq. (B4) is not necessary because a
large portion of the equations can be discarded, and algebraic gen-
eralization needs to be derived separately, as we presented through
Eqgs. (4)-(14).

APPENDIX C: PARTICULAR TERMS FOR THE QCL
MODEL

In Ref. 33 we discussed the dissipator which is present in the
most common DM implementation in Eq. (9). Adding the dis-
sipator to the Liouville equation corresponds to modelling inter-
actions in the system by perturbation theory. In QCL, modelling
various transport mechanisms is usually performed by introduc-
ing relaxation times which are obtained from Fermi golden rule.
Along with the simplicity of these terms, Fermi golden rule does
not break the positivity of the density matrix and it is always
a safe method of modelling the transport. These terms, unfor-
tunately, do not have a general algebraic formulation as the
commutator, however, for the QCL, we can represent them by
a banded matrix in a similar form as the density matrix. Let
us first clarify the physical interpretation of these terms. In a
laser system, we expect that transport occurs between various
energy levels, and this causes relaxation of the state populations.
State populations are described only by the diagonal elements
in the overall density matrix, and this relaxation is modelled as
Yk, i = Yg,<g, 2" which, for the QCL and the banded
density matrix we introduced, influences the diagonal elements.
These occur only with the blocks po and relaxation of the state
populations is:"*

Dy = P 5P (C1)
Ti iy T
where Ti = Yjsi Tij is the total decay rate out of i — th level, com-

monly known as state lifetime. Note that D™ only depends on

diagonal elements in po. The additional effect that needs to be
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included is the dephasing. Dephasing can be interpreted from sim-
ple dipole example,” if a wavefunction is given as a mixture of
two states described by their wavefunctions y; = ai()e E My (r)
and y; = aj(t)e_iE/’/ ";(r), the probability will have three terms,
individual occupancies = |a:(t)y:(r)|?, |aj(t)l[/j|2 and the third term
which will have sinusoidal component at frequency equal to the
energy spacing between states i and j. This term resembles the
dipole oscillation in the classical mechanics, and directly corre-
sponds to the off-diagonal elements in the density matrix. This
term decays as a;(t)a;(t)yi(r)y;(r), and this decay will be propor-
tional to the decay of |a;(t)a;(t)|, however these terms describe level
occupancy and they can have a phase a;(t) = |a;(t)|e®” which
creates additional term €'(% %) This phase can be randomized
by dephasing processes that do not change occupancies (ampli-
tudes of a;, a;) which is referred as the pure dephasing. Note
that the dephasing affects every off-diagonal element in the den-
sity matrix, regardless of the block it is located in, and it can be
described as:

ij 1; L
Pi _ Pl i
T Ty
C2
111 11 2 €2
7, - 2t 2T T T IFRJIFR

i jj

The first two terms in 7 describe the decay of state occupancies,

while the next three terms represent an approximation for pure
dephasing.”” For the notation in Eq. (9), ymn = %(i - %) + el
where 7, can be easily compared with Eq. (C2). Equations (C1) and
(C2) now target all the elements in the overall density matrix, how-
ever, we want to partition it in the form similar to the way density
matrix is partitioned. We can first formulate the dissipator blocks as
D, = %, k =-M,...,M where i is a tensor. Notice the symme-
try of Eq. (C2): it is irrelevant whether states i and j are in the same
period or not, if the basis was chosen on one period. This means
that the dissipator blocks on off-diagonal of the block formulation

of the dissipator have entirely equivalent tensor forms %H = %, k+0

and the central block will be missing the main diagonal of this ten-

sor & = L - diag(%u) (because only off-diagonal elements in pg

7 7
should be affected). Central blocks have another component, that

comes from Eq. (C1) and we can write = = = + 1, where ! rep-
0 7 T T
resents the effect of Eq. (C1). This formulation was implemented

in Ref. 33, and then generally the dissipator block form follows the
symmetry of the block form of the density matrix, and transport can
then be symbolically described by a tensor matrix given in Eq. (5)
in Ref. 33.

We are not particularly interested in tensor forms of the dis-
sipator, but rather in their linearization that needs to be inserted
in Eq. (14). We only need to make three matrices which we will
conveniently name 7 °, Tr and 1'”_1”, and it applies T“—1” = Tﬂl
- diag(‘r[l) (the main diagonal is set to 0). The first matrix is an
N x N matrix filled with scattering rates that come from various
scattering mechanisms included in the model and are obtained by
Fermi golden rule on the off-diagonal positions, while the terms
—7;! on the main diagonal represent the state lifetimes. The sec-
ond and the third matrix are also N x N matrices with terms given
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by Eq. (C2), and the diagonal terms in the third matrix are set
to zero.

Let us assume that NRWA has not been applied yet, and that we
want to write linear form of the dissipator. Each block of Dy of the
dissipator is N x N matrix, and the linearization requires us to make
an N” x N? matrix that would target the corresponding vectorised
form of the density matrix block p;. The off-diagonal blocks Dy, k

# 0, linearize trivially. Matrix TLH is vectorised row-wise and this is

then placed on the main diagonal of a N* x N matrix which we will

refer to as rl;nl”, and tensor formulation Dy = ’T’i k # 0 linearizes as

k
Dipi Dy = Ty

The central block has two tensor components, the dephasing
part Tl;nl‘," linearizes in the same way as 7|, however some elements
will be missing because of the slight difference between these matri-
ces. Linearization that comes from 7~ ! is not intuitive, and it was
originally derived by mathematical induction in Ref. 33. Visually
it looks like stretching of 7~ matrix, and mathematically this can
be formulated as in Ref. 33: matrix 7' is written as a sum of N*
matrices of N x N size, where each matrix in the aforementioned
sum is obtained from 77! by setting all elements to zero except
the ij-th element (any matrix can be written in this form). This
sum needs to be written with respect to the element position and
to correspond to the row-wise packing. The next step is to place
terms of this sum in a N> x N? matrix row—wise, which we will
refer to as 7j,.. Alternative definition would be to expand every ele-
ment in 77" by multiplying it with a matrix of N x N size which
has unit value in ij-th place and zeros elsewhere. Mathematical
formulation can be written as 7;, = 7' ® (8;Unxn) (Kronecker
delta §;; activates ij-th element in the unit matrix and Kronecker
tensor product would repeat the operation for every i and j, how-
ever this is not fully valid mathematically because §;; depends on
iandj).

w0 0 0
12

-1 -1 -1
T e a4 |0 7, 0O 0
T = -1 1) 7 Tun| = —1

T T 0 0 7 0

s lx

0 0 0 7!
2z
(C3)
00 1)
00 0
00 0

-1 -1
75 0 0 7y

Equation (C3) visually illustrates the linearization on the 2 x 2
example. We can now linearize central blocks of the dissipator as
Dypo» Dj = ‘rl;}‘l" + 1j;,. Note that this linearization did not con-
sider the NRWA in which every density matrix block is split into
three terms, but fortunately the inclusion of NRWA is trivial and,
in essence, follows the expansion rule in Eq. (13), the difference
being that none of the scattering times are frequency dependent and
NRWA will cause D;, to simply expand into 3 x 3 diagonal block
matrices. This can also be formulated as DfRWA/ =[3x3 ® D,'(. Full
linear form of Eq. (14) that corresponds to the numerical example in
section III is:
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HY H* 0 H 0 0 0 0 0
H H  H o H 0 0 0 0
0 H H* o o H 0 0 0
H, 0 0 Hf H o H 0 0
H*™ -1 0 H, 0 H* H H° 0o H 0
0 0 H, 0 H H o o0 H
0 0 0 H, 0 0 H¥ H o
0 0 0 0 H, 0 HYf H* H*
0 0 0 0 0 H, 0 HF Hf
T 00 0 0 0
0 Ty O 0 0 0
0 0 1 0 0 0
0 0 0 T+ 0 0
D™ -1 0 0o o0 0 T T O
0 0 0 0 0 T *+ T
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
P
¥
ps
P
P
Pt
ac
NRWA/! _ pgcf
it
sy
o
Py
P
%
ey

In Eq. (C4) all blocks in HMWA are N x N in size, and once this
matrix (and its “dot” transpose) gets into Khatri-Rao product with
IIL\,]15 matrix (which is 9 x 9 block matrix filled with Inxx submatri-

ces) we would obtain 9N? x 9N* matrix where each block would
be a corresponding Liouvillian of every block in HN*"* with size
N? x N2. Note that we introduced expansion rule in Eq. (13) to act
on Hamiltonian blocks, however, this expansion could have been
defined for submatrix Liouvillians as well (similarly to Eq. (12)).
Blocks H.; do not have ac terms and this simplifies HYX"4, We
should underline again that I{i does not need to be completely filled
with identity matrices, and that the only real requirement is that

it has Inxn blocks at the same places as HY*"W4 does. As we dis-

”
DNRWA , QNRWA and YNRWA

cussed, are block diagonal with very

I 0 0000 0 0 O

0 Iy 0000 0O 0 0

0 0 Iy 000 O 0 0

0 0 0000 O O 0
Y4 _1'o 0o 0000 0 0 0

0 0 0000 O 0 0

0 0 0 000 -Iyx 0 0

0 0 0000 0 -Iy O

0 0 0000 0 0 -Iw
0 0 0
0 00 00 000 000
o 0 0 0 0Iyy 0 00 0 00
0 0 0 0 00 -0 O 0 00
0 0 0 QA _1 0 00 000 0 00
0 0 0 0 00 0 00 w00
-1 —InN2
T 00 000 000 000
O Ty O 000 000 0 0l
0 OTH”H
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(C4)

high symmetry (QV*"* is nearly the identity matrix, while pNRwA”
has equal linearization blocks in every position, except the posi-
tions that contain pf°**). Note that the overall system is sparse,
and that this property can be used in numerical implementation.
For the nearest (first) neighbour approximation the system above is
reduced to 9N equations by deleting the first and the last three rows
and columns in each matrix in Eq. (B3) and setting Hy to zero in
the remaining equations, which then results in the equivalent model
as in Ref. 33.

The derivation of QR4

is simple in the sense that this term
NRWA

is a consequence of the time derivative of iip”  which has 32M

+ 1) submatrices in the form pj*~, pi, pi*, k = -M,..., M,

and these terms originally have exponentials e*™'. After the
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differentiation and multiplication with i%, the terms with frequency
would be present only in front of ac terms, as Fhwp;***. Lineariza-
tion of these terms would simply represent identity matrix Inzxn:
when this term is moved to the left hand side of Eq. (14) it would
alternate as depicted in Eq. (C4). Algebraic formulation of such
alternation is QVF"A = (Bm+ixam+1 ® Gix3) ® Inaxn: where G
is 3 x 3 diagonal matrix with elements — 1, 0, 1 on the main
diagonal.

REFERENCES

'R. McWeeny, “Some recent advances in density matrix theory,” Reviews of
Modern Physics 32(2), 335 (1960).

2U. Fano, “Description of states in quantum mechanics by density matrix and
operator techniques,” Reviews of Modern Physics 29(1), 74 (1957).

3K. Blum, Density matrix theory and applications (Springer Science & Business
Media, 2012), vol. 64.

“ROW. Boyd, Nonlinear Optics (Academic Press, 2008).

5G. Lindblad, “On the generators of quantum dynamical semigroups,” Commu-
nications in Mathematical Physics 48(2), 119-130 (1976).

6 A. Kossakowski, “On quantum statistical mechanics of non-Hamiltonian sys-
tems,” Reports on Mathematical Physics 3(4), 247-274 (1972).

7V. Gorini, A. Kossakowski, and E. C. G. Sudarshan, “Completely positive dynam-
ical semigroups of n-level systems,” Journal of Mathematical Physics 17(5),
821-825 (1976).

8T, Banks, L. Susskind, and M. E. Peskin, “Difficulties for the evolution of pure
states into mixed states,” Nuclear Physics B 244(1), 125-134 (1984).

9F. Karimi, A. H. Davoody, and I. Knezevic, “Dielectric function and plasmons in
graphene: A self-consistent-field calculation within a Markovian master equation
formalism,” Phys. Rev. B 93, 205421 (2016).

197 Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y. Cho,
“Quantum cascade laser,” Science 264(5158), 553-556 (1994).

"E. Capasso, “High-performance midinfrared quantum cascade lasers,” Optical
Engineering 49(11), 111102-1-111102-9 (2010).

2R, Kohler, A. Tredicucci, F. Beltram, H. E. Beere, E. H. Linfield, A. G. Davies,
D. A. Ritchie, R. C. Iotti, and F. Rossi, “Terahertz semiconductor-heterostructure
laser,” Nature 417(6885), 156159 (2002).

'3C. Gmachl, F. Capasso, D. L. Sivco, and A. Y. Cho, “Recent progress in quantum
cascade lasers and applications,” Rep. Prog. Phys. 64(11), 1533 (2001).

A, A. Kosterev and F. K. Tittel, “Chemical sensors based on quantum cascade
lasers,” [EEE Journal of Quantum Electronics 38(6), 582-591 (2002).

'5G. Wysocki, R. Lewicki, R. F. Curl, F. K. Tittel, L. Diehl, F. Capasso, M. Troc-
coli, G. Hofler, D. Bour, S. Corzine, R. Maulini, M. Giovannini, and J. Faist,
“Widely tunable mode-hop free external cavity quantum cascade lasers for high
resolution spectroscopy and chemical sensing,” Appl. Phys. B 92(3), 305-311
(2008).

16]. B. McManus, J. H. Shorter, D. D. Nelson, M. S. Zahniser, D. E. Glenn, and
R. M. McGovern, “Pulsed quantum cascade laser instrument with compact design
for rapid, high sensitivity measurements of trace gases in air,” Appl. Phys. B 92(3),
387 (2008).

7 A. D. Raki¢, T. Taimre, K. Bertling, Y. L. Lim, P. Dean, D. Indjin, Z. Ikonié,
P. Harrison, A. Valavanis, S. P. Khanna, M. Lachab, S. ]. Wilson, E. H. Linfield, and
A. G. Davies, “Swept-frequency feedback interferometry using terahertz frequency
QCLs: A method for imaging and materials analysis,” Opt. Express 21(19), 22194-
22205 (2013).

18R, C. Iotti and F. Rossi, “Nature of charge transport in quantum-cascade lasers,”
Physical Review Letters 87(14), 146603 (2001).

"9H. Callebaut and Q. Hu, “Importance of coherence for electron transport in
terahertz quantum cascade lasers,” ]. Appl. Phys. 98(10), 104505 (2005).

205, Kumar and Q. Hu, “Coherence of resonant-tunneling transport in terahertz
quantum-cascade lasers,” Phys. Rev. B 80(24), 245316 (2009).

1R, Terazzi and J. Faist, “A density matrix model of transport and radiation in
quantum cascade lasers,” New J. Phys. 12(3), 033045 (2010).

ARTICLE scitation.org/journall/adv

22E. Dupont, S. Fathololoumi, and H. C. Liu, “Simplified density-matrix model
applied to three-well terahertz quantum cascade lasers,” Phys. Rev. B 81(20),
205311 (2010).

233, Fathololoumi, E. Dupont, C. W. I. Chan, Z. R. Wasilewski, S. R. Lafram-
boise, D. Ban, A. Métyds, C. Jirauschek, Q. Hu, and H. C. Liu, “Terahertz
quantum cascade lasers operating up to ~ 200 K with optimized oscillator
strength and improved injection tunneling,” Opt. Express 20(4), 3866-3876
(2012).

2%T V. Dinh, A. Valavanis, L. J. M. Lever, Z. Ikonié, and R. W. Kelsall, “Extended
density-matrix model applied to silicon-based terahertz quantum cascade lasers,”
Phys. Rev. B 85(23), 235427 (2012).

25B. A. Burnett and B. S. Williams, “Density matrix model for polarons in a
terahertz quantum dot cascade laser,” Phys. Rev. B 90(15), 155309 (2014).

26B. A. Burnett and B. S. Williams, “Origins of terahertz difference frequency
susceptibility in midinfrared quantum cascade lasers,” Phys. Rev. Applied 5(3),
034013 (2016).

27 A. Grier, “Modelling the optical and electronic transport properties of AlGaAs
and AlGaN intersubband devices and optimisation of quantum cascade laser
active regions,” Phd, University of Leeds, 2015.

28 A, Grier, P. Dean, A. Valavanis, ]. Keeley, I. Kundu, J. D. Cooper, G. Agnew,
T. Taimre, Y. L. Lim, K. Bertling, A. D. Raki¢, L. H. Li, P. Harrison, E. H. Linfield,
Z.1koni¢, A. G. Davies, and D. Indjin, “Origin of terminal voltage variations due to
self-mixing in terahertz frequency quantum cascade lasers,” Opt. Express 24(19),
21948-21956 (2016).

29p, Tzenov, D. Burghoff, Q. Hu, and C. Jirauschek, “Time domain modeling of
terahertz quantum cascade lasers for frequency comb generation,” Opt. Express
24(20), 23232-23247 (2016).

300, Jonasson, F. Karimi, and I. Knezevic, “Partially coherent electron transport
in terahertz quantum cascade lasers based on a Markovian master equation for the
density matrix,” ] Comput Electron 15, 1192-1205 (2016).

310. Jonasson, S. Mei, F. Karimi, J. Kirch, D. Botez, L. Mawst, and I. Knezevic,
“Quantum transport simulation of high-power 4.6-um quantum cascade lasers,”
Photonics 3(2), 38 (2016).

52A. Pan, B. A. Burnett, C. O. Chui, and B. S. Williams, “Density matrix model-
ing of quantum cascade lasers without an artificially localized basis: A generalized
scattering approach,” Physical Review B 96(8), 085308 (2017).

33 A. Demi¢, A. Grier, Z. Tkoni¢, A. Valavanis, C. A. Evans, R. Mohandas, L. Li,
E. H. Linfield, A. G. Davies, and D. Indjin, “Infinite-period density-matrix model
for terahertz-frequency quantum cascade lasers,” IEEE Transactions on Terahertz
Science and Technology 7, 368-377 (2017).

34G. Kirganskas, M. Franckié, and A. Wacker, “Phenomenological position and
energy resolving lindblad approach to quantum kinetics,” Physical Review B 97(3),
035432 (2018).

35C. Jirauschek and T. Kubis, “Modeling techniques for quantum cascade lasers,”
Appl. Phys. Rev. 1(1), 011307 (2014).

36 M. Paulsson, “Non equilibrium green’s functions for dummies: Introduction to
the one particle NEGF equations,” arXiv preprint cond-mat/0210519, 2002.

37H. Yasuda, T. Kubis, P. Vogl, N. Sekine, I. Hosako, and K. Hirakawa, “Nonequi-
librium green’s function calculation for four-level scheme terahertz quantum
cascade lasers,” Appl. Phys. Lett. 94(15), 151109 (2009).

38 A. Wacker, M. Lindskog, and D. O. Winge, “Nonequilibrium green’s function
model for simulation of quantum cascade laser devices under operating con-
ditions,” IEEE Journal of Selected Topics in Quantum Electronics 19(5), 1-11
(2013).

39G. Bastard, Wave mechanics applied to semiconductor heterostructures (John
Wiley and Sons Inc., New York, NY (USA), 1990).

“01,, Molinari, “Transfer matrices and tridiagonal-block Hamiltonians with peri-
odic and scattering boundary conditions,” Journal of Physics A: Mathematical and
General 30(3), 983 (1997).

“1D. S. Watkins, Fundamentals of matrix computations (John Wiley & Sons, 2004),
vol. 64.

“2 A Yariv, C. Lindsey, and U. Sivan, “Approximate analytic solution for electronic
wave functions and energies in coupled quantum wells,” J. Appl. Phys. 58(9),
3669-3672 (1985).

“3A. Siegman, Lasers (University Science Books, 1986).

AIP Advances 9, 095019 (2019); doi: 10.1063/1.5095246
© Author(s) 2019

9,095019-14


https://scitation.org/journal/adv
https://doi.org/10.1103/revmodphys.32.335
https://doi.org/10.1103/revmodphys.32.335
https://doi.org/10.1103/revmodphys.29.74
https://doi.org/10.1007/bf01608499
https://doi.org/10.1007/bf01608499
https://doi.org/10.1016/0034-4877(72)90010-9
https://doi.org/10.1063/1.522979
https://doi.org/10.1016/0550-3213(84)90184-6
https://doi.org/10.1103/physrevb.93.205421
https://doi.org/10.1126/science.264.5158.553
https://doi.org/10.1117/1.3505844
https://doi.org/10.1117/1.3505844
https://doi.org/10.1038/417156a
https://doi.org/10.1088/0034-4885/64/11/204
https://doi.org/10.1109/jqe.2002.1005408
https://doi.org/10.1007/s00340-008-3047-x
https://doi.org/10.1007/s00340-008-3129-9
https://doi.org/10.1364/oe.21.022194
https://doi.org/10.1103/physrevlett.87.146603
https://doi.org/10.1063/1.2136420
https://doi.org/10.1103/physrevb.80.245316
https://doi.org/10.1088/1367-2630/12/3/033045
https://doi.org/10.1103/physrevb.81.205311
https://doi.org/10.1364/oe.20.003866
https://doi.org/10.1103/physrevb.85.235427
https://doi.org/10.1103/physrevb.90.155309
https://doi.org/10.1103/physrevapplied.5.034013
https://doi.org/10.1364/oe.24.021948
https://doi.org/10.1364/OE.24.023232
https://doi.org/10.1007/s10825-016-0869-3
https://doi.org/10.3390/photonics3020038
https://doi.org/10.1103/physrevb.96.085308
https://doi.org/10.1109/tthz.2017.2705481
https://doi.org/10.1109/tthz.2017.2705481
https://doi.org/10.1103/physrevb.97.035432
https://doi.org/10.1063/1.4863665
http://arxiv.org/abs/cond-mat/0210519
https://doi.org/10.1063/1.3119312
https://doi.org/10.1109/jstqe.2013.2239613
https://doi.org/10.1088/0305-4470/30/3/021
https://doi.org/10.1088/0305-4470/30/3/021
https://doi.org/10.1063/1.335726

AIP Advances

“* A. Graham, Kronecker Products and Matrix Calculus: With Applications (John
Wiley & Sons, 1982).

“3C. G. Khatri and C. R. Rao, “Solutions to some functional equations and
their applications to characterization of probability distributions,” Sankhya:
The Indian Journal of Statistics, Series A (1961-2002) 30(2), 167-180
(1968).

“6C. R. Rao, “Estimation of heteroscedastic variances in linear models,” Journal of
the American Statistical Association 65(329), 161-172 (1970).

ARTICLE scitation.org/journall/adv

47C. R. Rao and M. B. Rao, Matrix algebra and its applications to statistics and
econometrics (World Scientific, 1998).

“8H. L. Van Trees, Detection, estimation, and modulation theory (John Wiley &
Sons, 2004).

9. Liu and G. Trenkler, “Hadamard, Khatri-Rao, Kronecker and other matrix
products,” Int. J. Inf. Syst. Sci 4(1), 160-177 (2008).

59, Liu, “Several inequalities involving Khatri-Rao products of positive semidef-
inite matrices,” Linear Algebra and its Applications 354(1-3), 175-186 (2002).

AIP Advances 9, 095019 (2019); doi: 10.1063/1.5095246
© Author(s) 2019

9,095019-15


https://scitation.org/journal/adv
https://doi.org/10.1080/01621459.1970.10481070
https://doi.org/10.1080/01621459.1970.10481070
https://doi.org/10.1016/s0024-3795(02)00338-5

