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Magnetic field induced luminescence spectra in a quantum
cascade laser
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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.2@1 American Institute of Physics.
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The unipolar quantum cascade lag®CL)! is the prod-  text of quantum Hall effect$For a magnetic field tilted from
uct of ingenious quantum engineering that exploits the propthe z direction the perpendicular and parallel motions of
erties of electrons confined in semiconductor nanostructureslectrons are coupled and as a result, transitions between
As yet, this is the only high power semiconductor laser thadifferent Landau levels of the ground and upper subbands
operates at and above room temperature in the mid-infrarédecome possible. The Hamiltonian of the system in a tilted
range® The high power and tunability of QCL in the mid- field is
infrared range have made the QCL an important device for H=H, +H +H'

. o LT ;

gas-sensing applicatioisHere we propose a novel effect
due to a tilted magnetic field on a QCL. An externally ap-where
plied magnetic field that is tilted from the direction perpen- 1 72 72
dicular to the electron plane provides two magnetic-field Hl=ﬁp§+veﬁ(z)+ﬁl—4,
components: The parallel component of the field causes a I
shift in the energy dispersion in addition to a small diamag-
netic shift™®> The perpendicular component, on the other =5
hand, causes quantization of the subbands. Because of the
shifts of the center of the Landau orbit in the wave-vector . hozp,
space,combined intersubbanrgyclotron transitionsin ad- “mF 12
dition to the usual intersubband transitions, are allofved. :
Our detailed calculations presented below indicate that as the
subbands quantize into discrete Landau levels, new lumines- ~ 2.5
cence peaks appear that correspond to those new transitions. ™ 25
The peaks exhibit a prominent redshift but can be made as ™
sharp and large as the zero-field case by tuning the applied
field. The effect proposed here can be important for applica- i ) N —
tion because it shows that for a given QCL device, it is
possible to shift the luminescence peak considerably by an LL
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cally in Fig. 1, where a GalnAs quantum well of 7.4 nm 4.6 D-"

external magnetic field. Y
The system we have studied here is sketched schemati- ~
\
7.4

width is sandwiched between two AllnAs tunneling barriers.

When a suitable bias is applied, electrons tunneling through a ) Ny
the upstream barrier generate photons and escape quickly to Z 35
the next well throuQ_h the dOW”Str?am ba_'mer' SuDerIaquflG. 1. Energy band diagrafschematig of the active region of a quantum
structures on both sides of the active region act as electrogascade laser structure under an average applied electric field of 55 kv/cm.

injector or Bragg mirrors and control the rate of electronOnly one period of the device is shown here. The relevant wave functions
escapé (moduli squareglas well as the transition corresponding to the laser action
’ . L . . are also shown schematically. The numbdis nm) are the well
An externally applied magnetic field tilted from the di- (Gay4dnesAS) and barrier (AldnesAs) widths. Material parameters
rection perpendicular to the electron plane is a well-studie@onsidered in this work are: electron effective mags (Gay 4AngsAS)
problem experimentally as well as theoretically, in the con-=0.043mg, mg (Alg 4dngsAs)=0.078my, the conduction band disconti-
nuity, U,=520 meV, the nonparabolicity coefficienf,,=1.3x10"®m?
for the well andy,=0.39x 10”87 for the barrier, and the sheet carrier
dAuthor to whom correspondence should be addressed; present addrestensity induced by doping)s=2.3x 10t cm~2. The energy difference be-
Institute of Mathematical Science, Chennai 600113, India; electronic mailtween the two levels where the optical transition takes place, is 132 meV.
tapash@mpipks-dresden.mpg.de All computations were performed at=50 K.
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with X= (py/ﬁ)l2 the center coordinate of the cyclotron
motion and I7= chleH,, |T=chl/eH, are the magnetic
lengths. Here we have chosen the Landau gauge vector po-
tential, A=(Hyz,H,x,0). The magnetic field is therefore in
the y—z plane andH,=H sing, H,=H cos#, whered is the

tilt angle, andH is the total magnetic fielfl.

The effective potential is made up of tki¢ confinement
potential, (i) Hartree potential, and théiii) exchange-
correlation potentia. The wave functions of the Hamil-
tonian’H, , which depend only on the coordinate, are ob-
tained from

Hygn=Enn(2).

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

(a) H,=1 Tesla
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y I FIG. 2. Luminescence spectra at various values of the parallel component of
_ the magnetic fieldH,, (numbers by the curves in tegléor: (8) Hper
XEN(X=X)Pn(2) =17, (b) Hpery=5 T, and(c) Hper,=15T.
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bands are localized in the quantum wells 7.4 and 4.2 nm,
respectively. This opens up the possibility for optical transi-
z, = J dz¢n(2) 2 (2), tions between differ_ent Land_a_u levels and at the same ti_me it

suppresses the optical transitions between the states with the
same Landau level indices.

where Hy(x) is the Hermite polynomial. The Hamiltonian ) Al )
Evolution of the emission spectra as a function of the

matrix elements rf’N’X’|H|nNX) are then calculated in o ; | .
this basis. The matrix is diagonal ¥ To calculate the wave tilted magnetic field and tilt angle are illustrated in Figs. 2

functions we use three subbands and 20 Landau levels d?'Pd 3. In Fig. 2, the .optical spectra are shown for three
each subband. values of the perpendicular component of the field and for

Intensity of the optical emission is determined by thed.ifferent values of the parallel component of the field for a

dipole matrix elements between initiddefore emissionand ~ 1X€d Hperp. Clea}rly,l f(;]r smallH perp [Fig. 2@)], the em|55|r(1)n
final (after emission states of the multielectron system. In SPectra do not feel the Landau quantization and we have a

dipole transitions the transition intensity is proportional toSiNdle peak that broadens with increasirg,,. For higher

the overlap betweenx(y)-dependent parts of the wave func- 1€ldS such asl e =5 T [Fig. 2b)], we find new features in

tions of the initial and final states. For a vanishing perpenin€ emission spectra. For a small parallel fietth,~=1T,
dicular magnetic field this results in conservation of the two-Main transitions are between the states with the same Landau

dimensional momentum in the optical transition. For nonzero
perpendicular magnetic fields the states of the two-
dimensional electrons are classified by two numbers: the
Landau level index and by a number that distinguishes the
degenerate states of an electron within a Landau level, for
example, by thex component of the momentum. The energy
of the single electron system depends only on the number of
the Landau level, and the wave functions are harmonic os-
cillator functions whose center is determined by ¥theom-
ponent of the momentum. If the magnetic field is directed
perpendicular to the two-dimensional layer, then optical tran-
sitions are allowed only between the states with the same
two-dimensional quantum numbers. In this case we will have
a single line which corresponds to the optical transitions be-
tween states with the same Landau level index.

Introduction of a nonzero parallel magnetic field in the
direction results in modification of the wave function in a
Landau level: the position of oscillator wave functions is
now determined by thg component of the momentum and

also by the average position of the electron inzftirection FIG. 3. Luminescence spectra at various values of the tilt ainglmbers by

(z) that depends on the number of subbands. Figure 1 illuspe curves for the total magnetic fieldsa) H=7 T, (b) H=14 T, and(c)

trates this dependence. Electrons in the first and second sub=21T.
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index, hence a single peak that corresponds to transitiorfer total magnetic field oH=21T one observes the forma-
from the zeroth Landau level of the second subband to thaton of a strong narrow peak at=45° associated with a

of the first subband. An increase of the parallel field makesuppression of the original peak corresponding to the transi-
transitions to higher Landau levels more intense. Appearand®on to zeroth Landau level of the first subband. This is the
of a shoulder aH,=5 T corresponds to transitions to the same peak as shown in Fig. 2 fét,,=Hp,=15T. It

first Landau level of the first subband. Similarly, peaks atshould be mentioned that our results are valid for impurity-
Hpa=10 and 15 T correspond to transitions from zerothfree, or high-mobility electron systems, because in the pres-
Landau level of the second subband to the higher Landaance of disorder due to interface roughness or due to charged
level of the first subband. The energy separations betweeimpurities, the redshift of the emission line that is character-
the peaks are equal to the separations between Landau levédtic of the magnetic field effectstends to cancel odt®

of the first subband. In Fig.(), transitions to the nonzero From these results, we conclude that by suitably tuning the
Landau level become more intense and we observe an inteexternally applied tilted field, lasing due to coupled
play between the transitions to zero and to the first Landaintersubband-cyclotron transitions that is as strong as the
levels with increasing parallel field. For a sméall,, (Hp,,  zero-field casébut at different energigscan be acheived.

=1T), there is only a strong transition to zeroth Landau ] ) )
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