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Abstract—A density matrix theory of electron transport and of the density matrix elements depends on their values at
optical gain in quantum cascade lasers in an external magnetic earlier times i.e. on the memory of the system. Furthermore,
field is formulated. Starting from a general quantum kinetic treat- we obtained the corresponding equations in the Markovian

ment, we describe the intra- and inter-period electron dynamics . . . . .
at the non-Markovian, Markovian and Boltzmann approximation approximation, from which the semiclassical Boltzmann trans-

levels. Interactions of electrons with longitudinal optical phonons POrt equations can be recovered. The periodicity of the QCL
and classical light fields are included in the present description. structure was accounted for. The current density in the non-
The non-Markovian calculation for a prototype structure reveals Markovian and Markovian treatment may be estimated from
a significantly different gain spectra in terms of linewidth and the expectation value of the carrier drift velocity [7]. The

additional polaronic features in comparison to the Markovian . ¢ b timated f the Ii f
and Boltzmann ones. Despite strongly controversial interpre- gain spectra may be eslimated from the finéar response o

tations of the origin of the transport processes in the non- nonequilibrium stationary populations and polarizations to a
Markovian or Markovian and the Boltzmann approaches, they small optical perturbation [8].
yield comparable values of the current densities.

l. INTRODUCTION IIl. NUMERICAL RESULTS AND DISCUSSION

Experimental interest in the quantum cascade laser (QCL)As a prototypical system, we consider a QCL design which
performance in a magnetic field has stimulated theoreticmprises a three-level scheme, and employs LO-phonon
efforts to describe the influence of a magnetic field on thdepopulation of the lower laser level to the ground state. No
physical processes involved. The majority of theoretical stuihjector region is present and efficient injection into the upper
ies have been focused on the modeling of various scatteriager level is enabled by its alignment with the ground level of
rates (electron-phonon, electron-electron, interface roughnet$s preceding period. The QCL period consists of two QWs
between the Landau levels (LLs) stemming from the uppésee Fig. 1), one of which confines the ground and lower laser
and lower laser levels [1], [2], [3]. Also, a semiclassicdevels, whose energy difference is set to be approximately
model of the electron transport in a magnetic field baseshe LO phonon energy36.9 meV). The upper laser level
on the Boltzmann equation has been proposed [4]. Currenily,localized in the other well. The transition energy between
no experimental or theoretical data on coherent phenomehe upper and lower laser levels i5.2 meV, and the energy
in QCLs in a magnetic field are available. Since the energyfference between the ground state and the upper laser level
spectra in such structures is discrete, it is reasonable aothe following period is2.6 meV.
expect that coherent effects are more significant than forFor discrete energy spectra in QCLs in a magnetic field,
QCLs without magnetic field. The aim of this work is tobroadening of LLs needs to be taken into account. Its self-
present a quantum-mechanical theory of transport and gainsistent calculation in the non-Markovian approach for
properties of QCLs in an external magnetic field, which takesmplex structures like QCLs would result in a computa-
into account both phase coherence and incoherent scattetiogally inaccessible task. Therefore, we have to resort to a
processes. A comprehensive analysis is performed for gitenomenological description of broadening in all three ap-
example GaAs/Al3Ga.vAs QCL and nonequilibrium steady proaches used. In the non-Markovian treatment, a damping pa-
state results obtained from quantum kinetic, Markovian amémeters,,, describing collisional broadening appears, while
Boltzmann approaches are compared. in the Markovian and Boltzmann description, a Lorentzian
with the full width at half maximum (FWHM)y is accounted
for. In order to give a fair comparison between the different

We derived quantum kinetics equations for QC structuresinodels presented here, we restrict our further analysis to
a magnetic field, based on the density matrix formalism [5} choice of the pairs of phenomenological parameters for
which include interaction of electrons with longitudinal opticahich the populations are almost identical £ 2 meV and
(LO) phonons and optical field [6]. The quantum-kinetic dyhy,;, = 1 meV, v = 4 meV andhvy,, = 2 meV), and then
namics is essentially non-Markovian, since the time evolutiame compare the results for other physical quantities.

II. THEORETICAL CONSIDERATIONS
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™ I Fig. 3. Left: Current density vs magnetic field dependence. Left: Solid,
) dashed and dash-dotted lines represent non-Markovian (NM),,( =
100 0 1 meV), Markovian (M) ¢ = 2 meV) and Boltzmann (B)y = 2 meV)
results, respectively. Right: Solid, dashed and dash-dotted lines represent non-
Markovian @y, = 2 meV), Markovian { = 4 meV) and Boltzmann

(v = 4 meV) results, respectively.
Fig. 1. A schematic diagram of the conduction band profile, size-quantized
energy levels from which Landau levels originate and squared wave functions
for one full period and parts of adjacent periods of the GaAs/AlGaAs QCL for . .
zero magnetic field and an electric field 1.2 kv/cm. Statesl and1’ (solid  the polaron corrections to the band structure, are ignored.
line), 2 (dash-dotted line)3 and 3" (dashed line) denote the ground, lowerHowever, the polaron shift is always included in the quantum-
laser and upper laser levels, respectively. Stdtbelongs to the preceding

period, while state3”” belongs to the following period.
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kinetic treatment. It is more prominent for the energy transi-
tions close to one LO phonon energy { meV), but it is also
present for the optical transition energies {.4 meV).

The current densities as functions of magnetic field, calcu-
lated using the non-Markoviarfif,;, = 1 meV andhy,, =
2 meV), Markovian and Boltzmann description £ 2 meV
and~ = 4 meV), are shown in Fig. 3. In the Markovian and
non-Markovian approach, diagonal density matrix elements
do not contribute to the total current [7], [9]. Therefore,
the electron transport is entirely due to nondiagonal density
matrix contributions i.e. scattering induced phase coherences

. , . o . between the laser states. This quantum-mechanical picture
Fig. 2. Optical gain vs energy for a magnetic fielddoT. Solid, dashed and . .
dash-double dotted lines represent non-Markovian (NMj,f = 1 meV), of Comp_letGW_ COhe_rent current is in a stark Contra_St with
Markovian (M) ¢y = 2 meV) and Boltzmann (B) = 2 meV) results, the semiclassical picture of transport through scattering tran-

respectively. Left: The energy range is in the vicinity of the optical transitiog-ticmS However. both descriptions give similar results. see
energies. Right: The energy range is in the vicinity of one longitudinal opticia_.{ ' ! !

phonon energy.

ig. 3. Here, the nondiagonal density matrix element are
considerably smaller in comparison to the diagonal ones,
which results in comparable values of the current density [9].
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