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High excitation photoluminescence investigations of a 30-nm-wide Ing gyGag 9;As/GaAs quantum well
have been performed in magnetic fields up to B =10 T with varying orientations and have been com-
pared with the results of detailed numerical calculations. The coupling between the quantum-well
confinement potential and the magnetic confinement potential is controlled by the tilt angle ¢ of the
magnetic field relative to the quantum-well growth direction. For magnetic fields normal (3=0) and
parallel (3=90°) to the quantum-well plane the two confinement potentials are decoupled. In parallel
orientation the magnetic quantization enhances only the geometric one. With increasing magnetic field
the length scale that determines the quantization changes from the quantum-well width to the magnetic
length. In contrast, in a normal magnetic field, B induces, independently of the geometric quantization,
the in-plane Landau quantization. Spectral lines arising from intersubband transitions between Landau
levels of different quantum-well subbands cross each other when they come close. For all other field
orientations the two confinement potentials are coupled. This coupling generates hybridized electronic
levels, in which both geometric and magnetic quantization are mixed. Transitions involving levels of
different symmetry cross, whereas transitions involving levels of the same symmetry anticross when they
approach each other. In addition, the number of strongly allowed transitions is increased near the an-
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ticrossing regime due to the exchange of character between the levels.

I. INTRODUCTION

During the last two decades quasi-two-dimensional
semiconductor heterostructures have been the subject of
intense investigations of their basic physical properties
and also of research work with respect to their technolog-
ical applications. High magnetic fields are a particularly
powerful tool for the investigation of the electronic states
because the properties of the electron gas in a quantum
well are strongly changed by the field.! Magnetotrans-
port and magneto-optical studies have revealed impor-
tant information about the electronic properties of two-
dimensional structures. Whereas tilted magnetic fields
are frequently used in transport studies as, for example,
in the investigation of the quantum hall effect,’ ® rela-
tively few such optical experiments have been reported
up to now, most of them in the far infrared.” !!

In a weakly excited quantum well at low temperature
electrons and holes exist as excitons. The electron-hole
interaction couples states of different subbands. This
coupling leads to anticrossing phenomena when two lev-
els of the same symmetry approach each other.!?” !4
However, in dense electron-hole plasmas the electron-
hole correlations are strongly suppressed by screening
effects. Therefore interband transitions in optical experi-
ments at sufficiently large carrier densities can be dis-
cussed in terms of electron-hole transitions.
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In the present work we report on high excitation pho-
toluminescence experiments on a 30-nm-wide, undoped
Ing 0oGag 9;As/GaAs quantum well in magnetic fields up
to B=10 T. The variation of the magnetic field orienta-
tion relative to the quantum-well growth direction as
shown schematically in Fig. 1 has enabled us to study the
coupling between the geometric confinement potential of
the quantum well and the magnetic confinement poten-
tial. The strength of this coupling depends on the tilt an-
gle ¥ between the magnetic field and the normal to the
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FIG. 1. Choice of the coordinate system for the gauge of the
vector potential in Eq. (3) and definition of the tilt angle { of the
magnetic field relative to the quantum-well growth direction.
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quantum-well plane. It varies continuously from a
decoupled situation for an angle of ¢=0 to maximum
coupling for an angle of #=45° and is then again de-
creased to decoupling for an angle of 4=90°. The cou-
pling results in a hybridization of geometrically and mag-
netically confined electronic states. Whereas hybridized
states of the same symmetry anticross, when they ap-
proach each other, states of different symmetry do not in-
teract and instead cross each other with varying B. This
behavior can be seen in the magnetic field dependence of
the interband transitions in the photoluminescence spec-
tra. In addition, for tilted magnetic fields the symmetry
of the levels is lowered in comparison to a field orienta-
tion normal to the quantum-well plane, which results in a
reduction of the restrictions for allowed transitions im-
posed by selection rules and therefore in an increase of
the number of optically observable transitions. The addi-
tional transitions are found to be strongest near the an-
ticrossing regimes. Our experimental findings are com-
pared with numerical calculations in which the full rec-
tangular shape for the quantum-well confinement poten-
tial is considered in combination with the parabolic mag-
netic potential, which prevents for arbitrary field orienta-
tions an analytic solution of the problem. This is more
realistic than using an approximate parabolic potential
for the quantum well, which was done in most previous
theoretical investigations.!>~2°

This paper is organized as follows: In Sec. IT we give a
description of the samples used in our investigations and
also of the experimental setup. High excitation magneto-
luminescence spectra for different tilt angles are present-
ed in Sec. III and Sec. IV describes the theoretical model
we have used to describe the experimental results. In
Sec. V we discuss finally our experimental findings in
comparison with our theoretical calculations. The results
are summarized in Sec. VI.

II. EXPERIMENT

The heterostructure with a 30-nm-wide, strained
Ing 09Gag 9;As/GaAs quantum well studied here was
selected in order to provide a particularly simple band
structure. The strain due to the lattice mismatch to the
GaAs substrate causes a large heavy-hole-light-hole
splitting of about 50 meV in In,Ga,_, As for the chosen
quantum-well parameters so that the light-hole state is
only weakly bound in the quantum well. Therefore the
light-hole state lies well outside of the energetic region of
interest in our investigations and, in addition, the
influence of light-hole—heavy-hole band mixing can be
neglected. Most importantly, the quantum-well width
was chosen to be 30 nm so that the differences in energy
between the subband energies and the cyclotron energies
become comparable both for electrons and for holes in
the range of magnetic fields available in our experiments.
This allows us to study crossing and anticrossing between
levels originating from different subbands at B=0 with
increasing magnetic field.

Photoluminescence experiments at a temperature of
T=2 K have been performed using an optical split coil
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magnetocryostat (B <10.5 T). A cw Ar' laser (514.5
nm) was used for optical excitation. In order to observe
emission from higher quantum-well subbands, electron-
hole plasmas were generated by performing high excita-
tion experiments with power densities of up to 10
kWcm™2 The emitted light was dispersed by a 0.32-m
single grating monochromator and detected by a liquid-
nitrogen-cooled Si charge-coupled-device camera. In or-
der to avoid problems due to density gradients quasi-
two-dimensional plasmas were homogeneously excited in
two-dimensional structures with an area of 50X 50 pum?.
These quasi-two-dimensional structures were fabricated
by electron-beam lithography and deep wet chemical
etching. The samples could be rotated in the cryostat
with an accuracy of +2°.

III. HIGH EXCITATION SPECTRA

In contrast to photoluminescence excitation spectra of
the investigated quantum well performed at low excita-
tion powers, which provide a rich structure of spectral
lines due to excited excitonic transitions with zero and
nonzero angular momenta,?! photoluminescence spectra
of dense plasmas both without and with magnetic fields
reveal a relatively small number of lines. Figure 2 shows
a series of photoluminescence spectra for different excita-
tion powers at zero magnetic field. For small excitation
powers (lowest trace in Fig. 2) the spectrum consists of
one line at about 1.43 eV, which can be attributed to exci-
tonic recombination in the m =1 electron and hole sub-
bands, where m is the quantum number of the quantum-
well confinement. With increasing laser power, up to
three features appear subsequently in the spectrum. Our
calculations show that there are three bound electron
states and several bound heavy-hole states in the quan-

intensity [arb. units]

TR N N

1.48

P T |

1.44-I
energy [eV]

P
1.46

FIG. 2. Zero magnetic field spectra of the 30-nm-wide
Ing 0oGag 9;As/GaAs quantum well for different optical excita-
tion powers (from bottom to top, 0.4, 0.6, 0.8, 1.2, 1.6
kWcm™2).
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tum well. Therefore we can associate the three lines with
transitions between the three electron levels in the quan-
tum well and the three topmost valence subbands of the
same quantum numbers, namely, the line at 1.427 eV
with the 1,-1, transition, the line at 1.442 eV with the
2,-2, transition, and the line at 1.462 eV with the 3,-3,
transition.

Figure 3 displays high excitation spectra at different
magnetic fields for the tilt angles =0 and 4=30° (exci-
tation power: 2 kWcm™2). Whereas the ground-state
transitions show a very similar dependence on the mag-
netic field, the two excited transitions behave drastically
different. While for normal orientation they cross each
other, they anticross for tilted orientation, as indicated by
the dashed-dotted lines. In detail, for both cases at fields
B <6 T and fields B>8 T two well-separated spectral
lines can be resolved that show nearly the same rates of
increase of their energies with B: This increase is for one
line approximately three times as large as that of the oth-
er one.

In between these two lines are still well separated for
#=30°. As they shift to higher energies with increasing
B, they approach each other and come closest around
B =7 T, but always remain well separated. For higher
fields they move apart again. In contrast, for =0
around B =7 T only one very narrow spectral line can be
resolved with twice the intensity and with a linewidth
that is almost identical with the linewidths of the two
well-separated lines for smaller or higher magnetic fields.
For both tilt angles the relative intensities of the spectral
lines change drastically with B. Whereas the spectral
features show approximately equal intensity at low mag-
netic fields, with increasing fields the lower transitions be-
come more and more pronounced and the ground-state
transition clearly dominates. For normal magnetic fields
this redistribution of oscillator strength is more pro-
nounced than for the case of the tilted field.
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Experiments have been also performed for magnetic
fields parallel to the quantum well (excitation power 8
kW ecm™2). Typical spectra for this field orientation are
displayed in Fig. 4. In contrast to all other field orienta-
tions the spectral lines at B =0 do not split with increas-
ing magnetic field. They remain broad for all fields avail-
able and the same qualitative exchange of oscillator
strength between the transitions that we observed for the
other field orientations is also observed here. At low
magnetic fields the spectral lines shift only slightly to
higher energies with increasing magnetic field. At large
fields a distinct transition to a strong magnetic field
dependence can be observed, especially for the two excit-
ed transitions.

IV. THEORY

Insight into the described behavior can be obtained
from the Hamiltonian of a single particle in a quantum
well under the influence of a magnetic field with arbitrary
orientation relative to the quantum-well growth direc-
tion. As was shown earlier?! for the 30-nm-wide quan-
tum well studied in our experiments, excitonic effects are
negligible already at plasma densities around 5X 10!
cm~? at B=4 T. We therefore neglect them in our cal-
culations, in which the typical plasma densities in all ex-
periments can be estimated?? to be always larger than
10'2 cm 2. In our coordinate system (see Fig. 1) the mag-
netic field is given by B =(B,,0,B,)=(B sind,0, B cos?).
We orient the vector potential A4 to a point along the y
axis. With this gauge choice the Hamiltonian can be
written as

H=L(p2+p})/m
+1imael(IZk, +x cos?—z sind?)*+ V(z) . (1

Here V(z) is the quantum-well potential. w,=eB /m is
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FIG. 3. (a) High excitation
spectra at different magnetic
fields aligned normal to the
quantum-well plane. The spec-
tral lines of the 1,1e-1, 1A transi-
tion and the 2,0e-2,0A transition
cross each other as indicated by
the dash-dotted lines. (b) High
excitation spectra at different
magnetic fields for a tilt angle of
30° of B relative to the
quantum-well growth direction.
The L transition and the H tran-
sition anticross. The two
dashed-dotted lines are again
guides for the eye. In both cases
the excitation power was fixed at
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FIG. 4. Spectra at different magnetic fields with B parallel to
the quantum-well plane (excitation power.8 kW cm™2).

the cyclotron energy, and I, =#'/2/(eB)!/? the magnetic
length. Now the wave function can be written as

Y(x,y,z)=explik,y)(x,z) . (2)

The wave number k, affects the position of a state’s re-
duced wave function 1, but not its energy or its shape.
The Hamiltonian (1) describes the motion of a particle in
two potentials, the rectangular quantum-well potential
perpendicular to the well plane and the harmonic mag-
netic potential perpendicular to both the magnetic field
and the y direction. Both potentials are coupled by the
term H, in the magnetic potential, which mixes the x and
z coordinates. H, is controlled by the strength of the

c

magnetic field and by the tilt angle J:
H,=—1lmaw!xzsin2d . (3)

The x and the z coordinates are decoupled for 4=0
and for 4=90°. In all other cases a coupling exists that is
symmetric to ¢=45° in its strength, where it has max-
imum strength. As a result of the coupling of the poten-
tials, Schrodinger’s equation is in general no longer separ-
able. Here we have calculated the eigenfunctions and
eigenenergies by discretization of the Hamiltonian in the
x,y coordinates and then by an iterative matrix diagonali-
zation technique similar to that which we used earlier for
the solution of the Hamiltonian for quantum wires and
quantum dots.?> The electron and hole in-plane masses
were determined from the Landau-level splitting in per-
pendicular magnetic field. For the band offsets we used
the values published in the literature.?*

For arbitrary tilt angles there are two preferential
directions in space that do not coincide except for 4=0,
the quantum-well growth direction, and the magnetic
field direction. For arbitrary tilt angles 4 <90° the elec-
tronic states can be categorized according to their
behavior under rotations of 180° about the axis perpen-
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dicular to the two preferential directions, with our choice
of the coordinate system about the y axis. The states can
show either even symmetry or odd symmetry. Transi-
tions are allowed only between states of the same sym-
metries and parities. Depending on the tilt angle the
symmetry can be increased in comparison to arbitrary
orientation.

V. DISCUSSION

A. Decoupled situation: Normal magnetic field

The orientation of the magnetic field normal to the
quantum-well plane is the only orientation in which ana-
lytic solutions can be obtained, because the Schriédinger
equation is separable. The geometric and the magnetic
confinement potentials generate independently the verti-
cal quantum-well quantization and the in-plane Landau
quantization and the energy eigenvalues are given by

E=E,, +o,(n+1) . 4)

The levels can be consequently labeled m,n. Because
of the independence of the two quantized energies, elec-
tron and hole Landau levels that originate from different
quantum-well subbands cross each other, when they
come close to each other.

The two preferential directions in space coincide for
this field orientation. This leads to an increase of the
symmetry of the states. The levels can be labeled accord-
ing to the behavior under reflections along the quantum-
well growth direction and along one direction normal to
the magnetic field, with our gauge along the x direction.
The combination of these two reflections is identical to
the rotation of 180° around the y axis, which is the only
symmetry for arbitrary field orientations. The allowed
transitions m,,n,-m;,n, correspond therefore to inter-
band transitions between the nth Landau level of the mth
quantum-well electron subband and the nth Landau level
of the mth quantum-well hole subband. In Fig. 3(a) we
labeled the observed spectral lines accordingly.

The dependences of the transition energies on the mag-
netic field are shown in Fig. 5 in combination with the re-
sults of our theoretical calculations. At zero magnetic
field three transitions can be seen. Landau fans rise from
these subband transitions with increasing magnetic field.
The diamonds denote the transition energies in magnetic
field regimes where only one spectral line can be resolved.
The determination of the transition energies below 4 T is
impossible because of the splitting of the quantum-well
subband transitions by the magnetic field into a large
number of transitions between electronic levels, that are
at B <4 T too close in energy in order to separate them.
Here and throughout the remainder of the paper the
dashed lines denote levels (or spectral lines) of even sym-
metry with respect to the rotation of 180° about the y
axis, the dotted lines those of odd symmetry.

As expected from the simple equation for the energy
levels, crossing takes place for all observed spectral lines
that originate from transitions between Landau levels of
different subbands. The magnetic field at which the 1,2,-
1,2, and the 2,1,-1,2, transitions cross (B=6.5 T) is al-
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FIG. 5. Positions in energy of the observed intersubband
transitions in a normal magnetic field. The open diamonds
denote the position of the combined spectral line in field re-
gimes where two lines are not separable. The dashed and dotted
lines denote the calculated transition energies, either for even or
for odd transition with respect to the 180° rotation about the y
axis.

most identical with that at which the 1,1,-1,1, and the
2,0,-2,0, transitions cross. In contrast, that of the 1,2,-
1,2, transition and of the 2,0,-2,0, transition lies near
half of that magnetic field (B =3 T). The crossing of the
1,2,-1,2, and of the 3,0,-3,0, transitions appears at ap-
proximately B=28.5T.

B. Coupled situation: Tilted magnetic field

In contrast to the case of normal magnetic field the
spectral lines L and H, which correspond to the transi-
tions 1,1,-1,1, and 2,0,-2,0,, anticross for 4=30°. This
is a result of the coupling of the magnetic and the
geometric confinement potentials. This coupling causes a
hybridization of the electronic levels: levels that arise
from the two confinement potentials are now mixed, i.e.,
their energies can be no longer split into separate parts
that arise from geometric and magnetic confinement.

Such an anticrossing behavior, which arises from the
coupling between the two confinement potentials, is well
known for systems in which the dispersion relations cross
in the decoupled situation (see ¢=0). In our case these
dispersions correspond to the dependences of the electron
and hole energies on the magnetic field. The inclusion of
the interaction removes the degeneracy at the crossing
points and causes a repulsion of the dispersions.

Anticrossing can occur only between states of the same
symmetry, whereas states of different symmetry cross, be-
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cause the interaction matrix elements between such states
vanish. In our case both the electron and the hole levels,
all of which contribute to the L and H emission lines,
have odd symmetry with respect to the 180° rotation
around the y axis. The positions in energy of the spectral
lines near the anticrossing regime for 1 =30° are shown in
Fig. 6 in combination with the results of our theoretical
calculations for the transition energies. The anticrossing
occurs at B=6.5T.

To determine the influence of the coupling term in gen-
eral, H, can be thought of as a perturbation. The sym-
metry of the unperturbed Hamiltonian (equivalent to the
case ¥ =0) is higher than the symmetry of the total Ham-
iltonian, as described in the previous subsection. Far
from the crossings, where the energies of the two levels
are well separated, nondegenerate perturbation theory
can be used. In these regimes each state includes only a
small admixture of the other state and therefore shows
nearly definite symmetry character; in our case, for exam-
ple, the L, state includes only a small contribution of the
(2,0) state, and the H, state includes only a small contri-
bution from the (1,1) state and equivalently for the hole
states L, and H,. That is, for B far below the resonance
the L, state can to a good approximation be labeled 1,1,,
whereas the H, state an be labeled 2,0,.

During anticrossing these states effectively exchange
their character as seen from their dependence on the
magnetic field. As a consequence, the L, state, which
shows a stronger B dependence for magnetic fields <6 T,
shows a weaker dependence on B for magnetic fields > 8
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FIG. 6. Energies of the intersubband transitions in tilted
magnetic field (4=30°). The anticrossing of the L transition
and the H transition occurs around B=7 T. Dashed and dotted
lines indicate again either even or odd transitions.
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T (vice versa for the H, transition). Therefore far above
the resonance the L, state can be denoted 2,0, and the
H, state can be denoted 1,1,. Thus both states are ap-
proximately pure states (1,1) and (2,0) far from the reso-
nances because of the only weakly broken reflection sym-
metries in these regimes. Therefore only two transitions
are strongly allowed in these regimes, the L,-L, and the
H,-H, transitions, because the restrictions for allowed
transitions imposed by selection rules are effectively
enhanced: Only transitions between states of the same x
parity and of the same z parity are strongly allowed.

Near the resonances, degenerate perturbation theory
has to be used. The two states that diagonalize the per-
turbation H, in the subspace of unperturbed degenerate
levels are strong mixtures of the two unperturbed states.
For example, in the case of the electrons L, and H, are
given by

]Le)za““,le >+012|2:0e) »
|H,)=ay, |1,1,)+a,][2,0,) ,
(5)

Because of the mixing of the unperturbed states in the
anticrossing regime the number of transitions is increased
with all four combinations of interband transitions being
strongly allowed, i.e., besides the L,-L; and the H,-H,
transitions two more, the L,-H, and the H,-L,, transi-
tions show large oscillator strengths. The results of the
numerical calculations for these four transitions are
displayed in Fig. 7. In Figs. 7(a) and 7(b) the theoretical
results for the electron and hole energy levels are shown
and Fig. 7(c) shows the sums of the allowed electron-hole

ajj=a,-j(B), i,j=l,2 .
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transitions. The energy scale gives the contributions of
the quantum-well potential and of the magnetic potential.

Whereas the electron mass is nearly isotropic, the hole
masses in the calculations vary significantly with the spa-
tial direction. In particular the hole mass along the z
direction is significantly larger than the in-plane mass.
Therefore one expects the anticrossing of the hole levels
at smaller magnetic fields than the anticrossing of the
electron levels. This is seen in the calculations. In Fig.
8(a) the differences in energy between the L and the H
levels for electrons and for holes are shown. While the
hole levels come closest =5 T, the electron levels an-
ticross at higher fields (B=6 T). However, when both
contributions to the transition energies are added, the
two anticrossings cannot be resolved separately, and the
combined anticrossing appears over the whole range
B=5-6T, as can be seen from Fig. 8(b), where we plot-
ted the difference between the transition energies. The
full circles display the experimentally measured difference
in comparison with calculated differences of the transi-
tion energies of the L and of the H lines. An anticrossing
magnetic field of about 6 T can be determined from both
the theory and the experiments.

The intensities of the several transitions are expected
to vary significantly as we pass through the anticrossing
region due to wave-function mixing. These intensities are
given by the squared transition matrix elements, for
which the wave functions were calculated. The electron
wave functions for a tilt angle of 30° at different magnetic
fields (B =4, 7, and 10 T) for the L, level and the H, level
are shown as contour plots in Fig. 9.2 The nodal planes
of these two states are perpendicular to each other for all
magnetic field strengths. At slightly smaller magnetic

T
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fields than 4 T the nodal plane of the L, wave function is
parallel to the quantum-well growth direction, whereas
the nodal plane of the H, wave function is parallel to the
quantum-well plane. The wave functions are rotated con-
tinuously by the increasing magnetic field, from B =0 to
10 T by about 45°. At even higher fields the nodal planes
of the two states are rotated by 90°, as expected by the ex-
change of character between the two states. In addition,
it can be seen that both states are strongly localized in the
quantum well with increasing magnetic field.

With these wave functions the transition matrix ele-
ments have been calculated, which are shown in Fig. 10.
The matrix element of a transition is the square of the
overlap integral of the corresponding normalized electron
and hole (envelope) wave function:

[ |9 P =1 [ dx dz[9i(x,2)9.(x,2)]P=f(B) . (6)

One can see in Fig. 10 that the matrix elements of the
L,-H, and the H,-L, transitions are significantly
different from zero only in the anticrossing regime from
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FIG. 9. Contour plots of the L, (left) and of the H, (right)
electron wave functions at B=4 T (top), 7 T (middle), and 10 T
(bottom) for 4=30°.

magnetic field [T]

B=6 to 8 T, where an exchange of oscillator strengths
takes place. Outside of that region the L,-L, transition
and the H,-H, transitions clearly dominate. Therefore
we expect to resolve only two spectral lines outside this
regime, in which the L and the H electron and hole levels
are involved, whereas the number of allowed transitions
is to be doubled in the anticrossing regime, as expected
from the previous qualitative discussion.

However, in the spectra only two lines can be seen. We
attribute this in part to the fact that the transition matrix
elements of the L,-H, and the H,-L, transitions are
nearly one order of magnitude smaller than of the L,-L,
and the H,-H, transitions in the anticrossing regime, and
therefore the intensities of these transitions are much
weaker. In addition, we attribute it to the rather small
hole splittings. This causes two of the four transitions,
which are different from each other only in the hole level
spacing, not to be observable and the two corresponding
spectral lines to be smeared out to effectively one line.
Thus we argue that the L,-L, and the L,-H, transitions
contribute to the spectral line that we labeled L and that
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FIG. 10. Calculated transition matrix elements for the four
allowed transitions between the L and H electron and hole lev-
els as functions of the magnetic field for 4= 30°.
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the other two allowed transitions form the H spectral
line.

To investigate the problem of the expected doubling of
the number of spectral lines in the anticrossing regimes in
more detail we have reduced the tilt angle to =15
From one point of view this reduces the coupling H, be-
tween the two confinement potentials. On the other hand
the differences in energy between the levels is also de-
creased, leading to an enhanced interaction. The ob-
tained experimental results are presented in Fig. 11. We
observe two avoided crossings, one anticrossing between
the L, and the H, spectral lines at B=7.5 T and another
anticrossing between the L, and the H, spectral lines at
B=7 T. In addition we observe a crossing between the
H, and the L, transitions at B=3.5 T. The L, and t.e
H, transitions cross because of their different symmetry.
On the other hand, the L and the H transitions and the
L, and the H, transitions anticross because they have the
same symmetry.

As seen in Fig. 12 for a magnetic field of 9.5 T, in con-
trast to the case of 4=30° for B higher than those for
which the anticrossing occurs, three lines can be resolved
in the spectra for ¢=15° that are positioned in the energy
range of the two lower anticrossing transitions (excitation
power 2 kW cm™2). Three features now appear at about
1.450 eV, at about 1.454 eV, and at about 1.458 eV. The
central spectral M line is very intense in the anticrossing
regime, but loses intensity rather quickly with increasing
magnetic field. Vice versa, the intensities of the two
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FIG. 11. Positions in energy of the spectral lines for a tilt an-
gle of #=15°. Two avoided crossings are observed, between the
L, and the H, transitions and between the L, and H, transi-
tions. In contrast the L, and the H, transitions cross each oth-
er. An additional feature denoted by M is observed around 8.5
T. The lines denote the calculated transition energies.
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FIG. 12. Photoluminescence spectrum recorded at B=9.5 T
for the tilt angle of ¢=15°. Only the part of the spectrum near
the anticrossing regime is shown. Three spectral lines are clear-
ly resolvable; the lines corresponding to the L,,-L;;, and the
H,,-H,, transitions and a mixed line to which both the L,.-H,,
and the H,.-L,, transitions contribute.

outer transitions are rather weak at 8.5 T, but they are al-
ready dominant at 9.5 T. This observation of three lines
arises from the theoretically expected four transitions in
the anticrossing regime. We attribute the inner spectral
line to the two transitions L,-H, and H,,-L, that are
weak outside the anticrossing regime. Here they cannot
be resolved separately but are smeared out to one spectral
feature. The L,,-L,, and H,-H, transitions, which are
the only allowed ones outside the anticrossing regime,
can be assigned to the two outer transitions.

In contrast to =230 this feature can be detected in the
spectra for 4 =15°, because the oscillator strengths of the
contributing transitions shown in Fig. 13 in the anticross-
ing regime are now of the same order of magnitude as
those of the two transitions between the L; electron and
L, hole levels and the H, electron and the H hole levels.
This is due to the decreased energy splitting between the
anticrossing states in comparison to the case of the angle
of 30°, which enhances the interaction between the levels.
To obtain also a qualitative impression how the electron
(solid lines) and the hole (dotted lines) wave functions
affect the transition matrix elements contour plots of the
overlap of the L, wave function with both the L, and
the H,, wave functions are shown in Fig. 14 at different
magnetic fields over the entire anticrossing regime (B =5,
6, 7, and 8 T). One can clearly see how the overlap of the
two wave functions varies strongly with increasing mag-
netic field resulting in such strongly varying oscillator
strengths.

In addition we calculated the averaged energy of the
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FIG. 13. Transition matrix elements of the four allowed tran-
sitions between the L, and the H, elcctron and hole levels. The
matrix elements for the L,,-H,, and the H,.-L,, transitions are
of the same order of magnitude as those of the L,,-L,, and the
H,,-H, transitions.

L,.,-H,, and the H,,-L, transitions to obtain the energy
of the M transition. More precisely, we have calculated
the transition energy as the sum of energies of each of the
electron states with the corresponding hole state weight-
ed by the square of the corresponding electron-hole ma-
trix elements:

FIG. 14. Contour plots of the overlaps of the lowest an-
ticrossing electron level L;, with the two lowest anticrossing
levels L, (left) and H, (right) for B=5, 6, 7, and 8 T (from
bottom to top) for 3=15°
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Ey=((Hy,|L,)[*/N)E(L,-H},)
+(|{L,,|H,)|>/N)E(H,,-L,;,) , (7a)
N=|C(H,|L\Y*+|{Ly,|H > (7b)

These energies are already shown by the dashed line in
Fig. 11. The energy of the M transition lies approxi-
mately in the middle of the energies of the L ,-L,, and of
the H,,-H,, transitions.

Between B=38 and 10 T we have made also a detailed
line-shape analysis of the luminescence lines arising from
the lower anticrossing transitions to determine the in-
tegrated intensity of these transitions.?® Assuming that
the involved levels are completely filled with carriers,
these intensities should reflect the magnitudes of transi-
tion matrix elements. The total intensity of all four an-
ticrossing transitions increases with increasing magnetic
field due to the increase of the number of electronic states
in each quantized level with increasing B. The integrated
intensities of the three measured spectral lines L, M, and
H | are presented in Fig. 15. While the M line dominates
at B=28 T and is approximately twice as strong as each of
the two other transitions, its intensity decreases continu-
ously with increasing B and is about one order of magni-
tude smaller than the intensities of the L, and H, spec-
tral lines for higher fields. This is roughly what is expect-
ed by the theoretical calculations of the transition matrix
elements.

Both for normal (¢=0) and for tilted (0 <& <90°) field
orientation the energy levels are fully quantized and are
highly degenerate with respect to k,, the wave vector
along the y direction. The degree of degeneracy g is pro-
portional to the magnetic field component normal to the
quantum-well plane, B cosd:

g=4.838%10° cm~%(B cos?)/T . (8)
1.2
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FIG. 15. Integrated luminescence intensities of the three ex-
perimentally observed spectral lines L, M, and H, for the tilt
angle of ¢=15°
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Therefore the number of states increases linearly with
B and carriers are redistributed from higher to lower
states. ‘This explains the behavior of the relative intensi-
ties in Figs. 3(a) and 3(b). The intensity of the ground-
state emission is drastically enhanced relative to the ex-
cited transitions with increasing magnetic field. This pro-
nouncement is stronger the smaller the tilt angle 3 is, be-
cause of the angle dependence of g.

C. Decoupled situation: Parallel magnetic field

For the field direction parallel to the quantum-well
plane the two confinement potentials are again decou-
pled. With the gauge in Eq. (3) for the vector potential
they combine to a potential that is one dimensional in the
z direction. The magnetic potential enhances mainly the
geometric one and hence a splitting of the quantum-well
subbands with increasing magnetic field is prevented.

The geometric confinement dominates the levels for
small magnetic fields, whereas the magnetic confinement
potential dominates for high fields. In detail, at small B
the quantum-well width is the length scale that deter-
mines the quantization of the carriers. With increasing
magnetic field the magnetic confinement becomes more
and more important, since the extension of the wave
function is decreased. At high fields finally the magnetic
length is significantly smaller than the quantum-well
width and determines the carrier quantization. Conse-
quently the energies of the levels change from a B2
dependent diamagnetic shift at weak fields to a linear
dependence on B at high fields. The regimes of low and
high fields are defined by the relation between the
quantum-well width L, and the magnetic length /.. The
changeover takes place when both length scales become
comparable.

This behavior is reflected in our experiments, as can be
seen in Fig. 16, where the experimentally determined
transition energies are displayed as functions of the mag-
netic field in combination with the results of our numeri-
cal calculations. The changeover takes place around 6 T
and the high-field behavior of the transition energies is
the stronger the higher the subband index is.

The parallel magnetic field orientation is also different
from all the other field orientations because the energy
levels are not fully quantized due to the free dispersion
along B. This dispersion causes the large linewidths of
the spectral lines in contrast to the comparatively small
linewidths for ¥ <90°. Whereas the density of states for
the other field orientations changes from a quasi-two-
dimensional behavior (delta-function-like) to a quasi-
zero-dimensional behavior in magnetic field, the density
of states for parallel orientation changes to a quasi-one-
dimensional behavior (E —E,, )~ !/*function-like). Nev-
ertheless the number of states on a subband increases also
with B and therefore again a redistribution of carriers
from higher to lower subbands takes place, which ex-
plains the change of the relative intensities in Fig. 4.
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FIG. 16. Energies of the observed intersubband transitions in
parallel magnetic field. The calculated transition energies are
shown as lines, where the dashed lines denote transitions that
are even with respect to a rotation of 180° about the y axis and
the dotted line denotes an odd transition.

VI. SUMMARY

In conclusion, we have investigated the influence of the
coupling of the geometric confinement potential and the
magnetic  confinement potential in a  30-nm
Ing 9Gagy 9;As/GaAs quantum well by tilting the magnet-
ic field out of the growth direction. In this way we have
varied the strength of the coupling from a decoupled situ-
ation (9=0) over coupled situations (at 4=30° and
3=15°) again to decoupling ($#=90°). For tilt angles
0 <9 <90° this coupling leads to an anticrossing of elec-
tronic energy levels of the same symmetry, while states of
different symmetry cross. This behavior is reflected in
the photoluminescence spectra and is typical for interact-
ing systems with crossing dispersion relations in the un-
coupled case. In the anticrossing regimes the number of
allowed transitions is doubled. We found clear indica-
tions for the doubling of these lines. In magnetic fields
parallel to the quantum-well plane the magnetic field pri-
marily causes an enhancement of the quantum-well
confinement potential that increases the subband spacing.
The evolution of Landau fans out of these subbands does
not occur and the motion along the magnetic field in the
quantum-well plane remains free for all field strengths.
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