
APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 14 2 APRIL 2001
Magnetic field induced luminescence spectra in a quantum
cascade laser

V. M. Apalkov and Tapash Chakrabortya)

Max-Planck-Institut fu¨r Physik Komplexer Systeme, Dresden, Germany

~Received 7 September 2000; accepted for publication 29 January 2001!

We report on our study of the luminescence spectra of a quantum cascade laser in the presence of
an external magnetic field tilted from the direction perpendicular to the electron plane. The effect of
the tilted field is to allow novel optical transitions because of the coupling of intersubband-cyclotron
energies. We find that by tuning the applied field, one can get optical transitions at different energies
that are as sharp as the zero-field transitions. ©2001 American Institute of Physics.
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The unipolar quantum cascade laser~QCL!1 is the prod-
uct of ingenious quantum engineering that exploits the pr
erties of electrons confined in semiconductor nanostructu
As yet, this is the only high power semiconductor laser t
operates at and above room temperature in the mid-infra
range.2 The high power and tunability of QCL in the mid
infrared range have made the QCL an important device
gas-sensing applications.3 Here we propose a novel effec
due to a tilted magnetic field on a QCL. An externally a
plied magnetic field that is tilted from the direction perpe
dicular to the electron plane provides two magnetic-fi
components: The parallel component of the field cause
shift in the energy dispersion in addition to a small diama
netic shift.4,5 The perpendicular component, on the oth
hand, causes quantization of the subbands. Because o
shifts of the center of the Landau orbit in the wave-vec
space,combined intersubband–cyclotron transitions, in ad-
dition to the usual intersubband transitions, are allowed6,7

Our detailed calculations presented below indicate that as
subbands quantize into discrete Landau levels, new lumi
cence peaks appear that correspond to those new transi
The peaks exhibit a prominent redshift but can be made
sharp and large as the zero-field case by tuning the app
field. The effect proposed here can be important for appl
tion because it shows that for a given QCL device, it
possible to shift the luminescence peak considerably by
external magnetic field.

The system we have studied here is sketched schem
cally in Fig. 1, where a GaInAs quantum well of 7.4 n
width is sandwiched between two AlInAs tunneling barrie
When a suitable bias is applied, electrons tunneling thro
the upstream barrier generate photons and escape quick
the next well through the downstream barrier. Superlat
structures on both sides of the active region act as elec
injector or Bragg mirrors and control the rate of electr
escape.1

An externally applied magnetic field tilted from the d
rection perpendicular to the electron plane is a well-stud
problem experimentally as well as theoretically, in the co
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text of quantum Hall effects.6 For a magnetic field tilted from
the z direction the perpendicular and parallel motions
electrons are coupled and as a result, transitions betw
different Landau levels of the ground and upper subba
become possible. The Hamiltonian of the system in a til
field is

H5H'1Hi1H 8,

where
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FIG. 1. Energy band diagram~schematic! of the active region of a quantum
cascade laser structure under an average applied electric field of 55 kV
Only one period of the device is shown here. The relevant wave funct
~moduli squared! as well as the transition corresponding to the laser act
are also shown schematically. The numbers~in nm! are the well
(Ga0.47In0.53As) and barrier (Al0.48In0.52As) widths. Material parameters
considered in this work are: electron effective massme* (Ga0.47In0.53As)
50.043m0 , me* (Al0.48In0.52As)50.078m0 , the conduction band disconti
nuity, U05520 meV, the nonparabolicity coefficient,gw51.3310218 m2

for the well andgb50.39310218 m2 for the barrier, and the sheet carrie
density induced by doping,ns52.331011 cm22. The energy difference be
tween the two levels where the optical transition takes place, is 132 m
All computations were performed atT550 K.
3 © 2001 American Institute of Physics
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with X[ (py /\) l'
2 the center coordinate of the cyclotro

motion and l i
25c\/eHy , l'

2 5c\/eHz are the magnetic
lengths. Here we have chosen the Landau gauge vecto
tential, A5(Hyz,Hzx,0). The magnetic field is therefore i
the y–z plane andHy5H sinu, Hz5H cosu, whereu is the
tilt angle, andH is the total magnetic field.6

The effective potential is made up of the~i! confinement
potential, ~ii ! Hartree potential, and the~iii ! exchange-
correlation potential.8 The wave functions of the Hamil
tonianH' , which depend only on thez coordinate, are ob-
tained from

H'cn5Encn~z!.

Solutions of this equation determine the energy levels
wave functions of the subbands. The total Hamiltonian
diagonalized by choosing the basis wave functions

Cn,N,X5L2 1/2expS 2 i
X

y
l'
2 2 i

znn

l i
2 ~x2X! D

3jN~x2X!cn~z!,

jN~x!5 i N~2NN!p1/2l'!21/2HNS x

l'
DexpS 2

x2

2l'
2 D ,

znm5E dzcn~z! z cm~z!,

where HN(x) is the Hermite polynomial. The Hamiltonia
matrix elements (n8N8X8uHunNX) are then calculated in
this basis. The matrix is diagonal inX. To calculate the wave
functions we use three subbands and 20 Landau level
each subband.

Intensity of the optical emission is determined by t
dipole matrix elements between initial~before emission! and
final ~after emission! states of the multielectron system.
dipole transitions the transition intensity is proportional
the overlap between (x,y)-dependent parts of the wave fun
tions of the initial and final states. For a vanishing perp
dicular magnetic field this results in conservation of the tw
dimensional momentum in the optical transition. For nonz
perpendicular magnetic fields the states of the tw
dimensional electrons are classified by two numbers:
Landau level index and by a number that distinguishes
degenerate states of an electron within a Landau level,
example, by thex component of the momentum. The ener
of the single electron system depends only on the numbe
the Landau level, and the wave functions are harmonic
cillator functions whose center is determined by thex com-
ponent of the momentum. If the magnetic field is direct
perpendicular to the two-dimensional layer, then optical tr
sitions are allowed only between the states with the sa
two-dimensional quantum numbers. In this case we will ha
a single line which corresponds to the optical transitions
tween states with the same Landau level index.

Introduction of a nonzero parallel magnetic field in they
direction results in modification of the wave function in
Landau level: the position of oscillator wave functions
now determined by they component of the momentum an
also by the average position of the electron in thez direction
^z& that depends on the number of subbands. Figure 1 il
trates this dependence. Electrons in the first and second
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bands are localized in the quantum wells 7.4 and 4.2 n
respectively. This opens up the possibility for optical tran
tions between different Landau levels and at the same tim
suppresses the optical transitions between the states with
same Landau level indices.

Evolution of the emission spectra as a function of t
tilted magnetic field and tilt angle are illustrated in Figs.
and 3. In Fig. 2, the optical spectra are shown for th
values of the perpendicular component of the field and
different values of the parallel component of the field for
fixed Hperp. Clearly, for smallHperp @Fig. 2~a!#, the emission
spectra do not feel the Landau quantization and we hav
single peak that broadens with increasingHpar. For higher
fields such asHperp55 T @Fig. 2~b!#, we find new features in
the emission spectra. For a small parallel field,Hpar51 T,
main transitions are between the states with the same Lan

FIG. 2. Luminescence spectra at various values of the parallel compone
the magnetic field,Hpar ~numbers by the curves in tesla! for: ~a! Hperp

51 T, ~b! Hperp55 T, and~c! Hperp515 T.

FIG. 3. Luminescence spectra at various values of the tilt angle~numbers by
the curves! for the total magnetic fields:~a! H57 T, ~b! H514 T, and~c!
H521 T.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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index, hence a single peak that corresponds to transit
from the zeroth Landau level of the second subband to
of the first subband. An increase of the parallel field ma
transitions to higher Landau levels more intense. Appeara
of a shoulder atHpar55 T corresponds to transitions to th
first Landau level of the first subband. Similarly, peaks
Hpar510 and 15 T correspond to transitions from zero
Landau level of the second subband to the higher Lan
level of the first subband. The energy separations betw
the peaks are equal to the separations between Landau l
of the first subband. In Fig. 2~c!, transitions to the nonzero
Landau level become more intense and we observe an i
play between the transitions to zero and to the first Lan
levels with increasing parallel field. For a smallHpar (Hpar

51 T), there is only a strong transition to zeroth Land
level. ForHpar55 T, we observe the appearance of a sm
peak that corresponds to transitions to the first Landau le
and for Hpar510 and 15 T, transitions to the first Landa
level become strongest and we observe the formation
new narrow peak that corresponds to a transition to the
Landau level.

In Fig. 3, the emission spectra are shown for three val
of the total magnetic fieldH and for different values of the
tilt angle at a fixedH. For a small field@Fig. 3~a!# we have a
redshift of the emission spectra with increasing parallel fi
~i.e., increasing tilt angle!. For u545° there is a weak struc
ture resulting from the Landau quantization. At higher fie
@Figs. 3~b! and 3~c!#, one observes the evolution of the em
sion spectra from a broad peak at a large angleu580° ~large
parallel field and a small perpendicular field! to a single nar-
row peak for small angle. In the latter case, the parallel co
ponent of the magnetic field is small and all optical tran
tions are transitions between the Landau levels with the s
index. For an intermediate tilt angle, there are two peaks
correspond to transitions from the zeroth Landau level of
second subbband to zeroth and the first Landau levels o
first subband. The intensity of transition to the first Land
level increases with increasing angle, which means an
crease of the parallel field. It has its maximum atu545° and
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for total magnetic field ofH521 T one observes the forma
tion of a strong narrow peak atu545° associated with a
suppression of the original peak corresponding to the tra
tion to zeroth Landau level of the first subband. This is t
same peak as shown in Fig. 2 forHperp5Hpar515 T. It
should be mentioned that our results are valid for impuri
free, or high-mobility electron systems, because in the p
ence of disorder due to interface roughness or due to cha
impurities, the redshift of the emission line that is charact
istic of the magnetic field effects4 tends to cancel out.9,5

From these results, we conclude that by suitably tuning
externally applied tilted field, lasing due to couple
intersubband-cyclotron transitions that is as strong as
zero-field case~but at different energies! can be acheived.
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