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Direct observation of resonant subband-Landau-level coupling in a transport experiment
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A parabolic quantum well is investigated by low-temperature transport experiments in tilted magnet-

ic fields. The resonant anticrossing of occupied Landau levels belonging to different subbands is mani-

fested directly in the magnetoresistance. This allows a direct evaluation of the single-particle energy

spectrum of the system.

The energy spectrum of a two-dimensional electron gas
(2DEG) in a magnetic field oriented perpendicular to the
2DEG consists of a series of equidistant Landau levels on
each electrical subband. If the magnetic field is tilted
with respect to the normal of the sample, Landau levels

belonging to different subbands repel each other. This
resonant subband-Landau-level coupling (RSLC) has
been observed in far-infrared (FIR) transmission experi-
ments on AI, Gai —,As heterostructures' and also on
parabolic quantum wells (PQW). 5 In FIR optics inter-
subband transitions are collective modes and affected by
depolarization. "' While depolarization shifts are small
(-10%) in usual heterojunctions they dominate the in-

frared modes in PQWs. For the case of RSLC it has been
shown theoretically' that the coupling occurs between
the plasma frequency (which is the same as the depolari-
zation shifted intersubband frequency in this case) and
the respective Landau levels. This remarkable property of
a parabolic potential that has been confirmed experimen-
tally prohibits the direct access of the single-particle en-

ergy spectrum by means of optical intersubband spectros-
copy.

Here we present magnetotransport experiments that
directly reveal the anticrossing of Landau levels belonging
to different subbands. This is a powerful technique be-
cause in transport experiments the observed properties are
always measured at the Fermi energy, '' in contrast to
optical experiments ' where transitions from occupied
states at the Fermi energy to empty states reveal the level
anticrossing. In a transport experiment, this means that
the Fermi energy has to lie in the gap between the two re-
pellent states to affect the transport properties. For mag-
netic fields perpendicular to the plane of the sample the
levels can cross and consequently can be degenerate at the
Fermi energy. This effect has been observed experimen-
tally' and a missing quantum Hall state has been report-
ed. Here we show that tilting the magnetic field leads to a
repulsion of the levels and the quantum Hall state is
recovered. The position of the corresponding minimum in
the magnetoresistance directly reveals the separation of
the single-particle energies of the electric subbands. This
very particular situation is highly unlikely in any potential
other than a parabolic potential. For a quantitative un-
derstanding the subband structure of the parabolic well is

calculated self-consistently for B=O. The effect of the
tilted magnetic field is included in the parabolic approxi-
mation. ' ' The magnetoresistance is then calculated us-

ing the formulas given in the literature (e.g., Ref. 11) and
compared with the experiment.

The GaAs-Al „Ga ~ —,As parabolic quantum well is
grown by molecular-beam epitaxy. The width of the
PQW is 75 nm, the carrier density N, 5x10" cm
and the mobility p 100000 cm /Vs at T=4.2 K. The
sample structure is described in detail in Ref. 12. The
magnetotransport experiments are performed with low-
frequency (v™30Hz) lock-in techniques in a supercon-
ducting magnet (0&B&7 T) at T 2.2 K. The carrier
density N, is controlled via a front gate voltage Vg. The
samples are cooled down in the dark. The sample is
mounted on a revolving stage that allows angles of
a +'30' between the surface normal of the sample and
the magnetic field B. There are two Hall bars on the sur-
face of the sample oriented perpendicular to each other.
When the sample normal is tilted away from the orienta-
tion of B one Hall bar is oriented along the axis of rota-
tion, the other one perpendicular to it. Within the accura-
cy of the experiment the measurements for the two direc-
tions of current flow reveal identical results in the investi-
gated regime of temperatures (T) 0.5 K) and angles
(a & 60'). This confirms the isotropy and high quality of
our sample. Furthermore, we conclude that the anisotrop-
ic band structure that should arise for large tilt angles' is
a minor effect in our experiment.

Figure I presents a series of magnetoresistance mea-
surement for various tilt angles a. The filling factor is
defined by v=hN, /eB& where N,. is the . total carrier den-
sity of the system. The degeneracy of a Landau level is
determined by the component of the magnetic field B~
=Bcosa, that is perpendicular to the electron gas. ' '
The subband index is denoted by i (i =0, 1,2, . . . ), the
Landau-level index by n (n =0, 1,2, . . . ). Thus the total
filling factor v is still a well-defined quantity even for tilt-
ed magnetic fields, while the subband and Landau-level
indices i and n and consequently the carrier densities and
filling factors of a given subband are not meaningful any
more for a&0. For the following discussion the spin split-
ting of the Landau levels is neglected. It is not observed in
the present sample for T=2.2 K and B & 6 T due to the
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FIG. l. Experimental magnetoresistance p, , for constant
N,, =4.5X10 ' cm '- and various tilt angles a. The curves are
vertically offset with respect to each other for clarity. The ar-
rows indicate the positions of the filling factors.

tent within the potential profile. For the calculation a
constant effective mass of m* =0.067mo has been used.
It has been shown that the subband populations as well as
the subband energies E; depend on the magnetic field. '"
The magnitude of these effects is comparable to the typi-
cal Landau-level width (—0.5 meV) and therefore
inAuences the detailed suppression behavior of a quantum
Hall plateau. Here the decisive quantity is the level repul-
sion due to the parallel component of the magnetic field.
Since this level separation is larger than typical effects of
the magnetic field on the self-consistent subband structure
itself it is justified to use a harmonic approximation for
the evaluation of the level anticrossing even though the
self-consistent potential is no longer parabolic. Conse-
quently the subband separation E ~o

=E i
—Eo obtained

from the self-consistent calculation at 8=0 is used to
model a parabolic potential with characteristic frequency
hro=E~o. This case can be solved analytically in a tilted
magnetic field' ' and the level structure is obtained. We
only consider two electrical subbands in accordance with
the experimental situation. The magnetoconductance o,-„
is then calculated according to Ref. 11 with

o, „=e /hg(n+ —,
' )exp[ —(Ep —E; „) /1 ].

i, n

relative modest electron mobility (p 100000 cm /V s).
Via a suitable gate bias the carrier density in Fig. 1 is

chosen such that the quantum Hall state for v=8 is

suppressed (see also Ref. 12) for a=0. In this case the
~i, n) ~0, 2& and ~i, n) =~1, 1) states are degenerate at the
Fermi energy. This situation is reAected in a maximum in

the magnetoresistance p, , at v=8 and a missing quantum
Hall plateau in the Hall resistance p„, ' Since the ex-
istence of a quantum Hall plateau in p„,, is always corre-
lated with a corresponding minimum in p„, we will re-
strict the discussion to the behavior of p„„. For increasing
tilt angles the maximum in p„- at v=8 gradually turns
into a minimum and is well pronounced at a=28.2'. At
the same time the neighboring minima at v =6 and 10 ex-
hibit the opposite behavior and disappear for large tilt an-
gles. This fascinating observation is a direct manifesta-
tion of the level anticrossing in tilted magnetic fields. It
allows the immediate determination of the single-particle
subband separation from magnetotransport experiments.
We can observe this effect each time a quantum Hall pla-
teau is suppressed at a=0 and is recovered for finite a.
However, the strength of the resonant subband-Landau-
level coupling depends on the particular subband structure
and the values of the respective quantum numbers. A de-
tailed analysis of this problem is possible on the basis of
simple algebra with the quantum numbers. This is not the
focus of the present paper and we will restrict the follow-
ing discussion on the situation of filling factor 8 as depict-
ed in Fig. 1.

To understand the problem in a more quantitative way
we have solved self-consistently Schrodinger and Poisson's
equation for 8 =0. Cyclotron resonance measurements on
PQWs (Refs. 16 and 17) indicate that deviations of the
cyclotron effective mass caused by the parabolic Al profile
in the well are smaller than 1%. It is therefore justified to
neglect nonparabolicity effects due to the varying Al con-

The linewidth of the broadened Landau levels is chosen as
1 = (0.5 meV) x (B(T)) 'i, a value that described reason-
ably well magnetocapacitance experiments on samples
with similar mobilities. ' Consequently, there are no
adjustable parameters. Since the Hall resistance p„,,

behaves almost classically in the regime of interest due to
the suppression of the Hall plateaus, it is possible to as-
sume cr„,, = —eJV,./B for the Hall conductivity, which then
allows the magnetoresistance p„- to be calculated. The
energies E; „are calculated from the parabolic model' '
and the position of the Fermi energy EF at a given mag-
netic field B is evaluated using the E; „and keeping 1V,.

constant. For a=0, the energy spectrum is simply given

by E; „=E;+(n+—' ) he@,. with ro, . =eB/m. This theoreti-
cal method has proven very useful in explaining experi-
ments for a =0 (e.g. , Refs. 12 and 20).

For tilted magnetic fields a&0 hybrid electric-magnetic
subbands are formed and i and n are no longer good quan-
tum numbers, but new quantum numbers arise for a rotat-
ed coordinate system. ' ' Consequently, the carrier den-
sity of a given subband is not a well-defined quantity any
more, especially in the vicinity of a resonant level an-
ticrossing. Nevertheless, we will, in the following discus-
sion, stick to i and n even for the tilted field case a&0, to
accomplish a transparent picture of the experimental situ-
ation. Since a,-,- and therefore p„depend sensitively on i
and n, care must be taken with the application of the
transport theory'' to the tilted field case. Nevertheless,
the position of the Fermi energy in the gap between the
energy levels results in a minimum of p,-,-, which is there-
fore well defined. More problematic are the heights and
positions of the maxima in p,-,-, since they depend more
sensitively on the subband carrier densities and the quan-
tum numbers. The results of this calculation are plotted
in Fig. 2 in the same way as the corresponding experimen-
tal data in Fig. 1 is presented. The overall conformity
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FIG. 2. Theoretical results presented in the same way as the

experimental data in Fig. 1. The curves are plotted for only

B & 1 T where a decent number of Landau levels has to be con-

sidered for the calculation.

is overwhelming reflecting the justified approximations
made in the calculations. The suppressed minimum (for
a=O) of v=8 is clearly recovered for large tilt angles
while the neighboring minima at v=6 and 10 endure the
opposite fate. The p, , scale is indicated on the right-hand
side of Figs. 1 and 2. In the calculation the amplitude of
the magnetoresistance oscillations is in general larger due
to the negligence of localized states in the description of
the Landau levels. The p„maximum between v 4 and
6 is clearly underestimated in the calculation because of
the inappropriate use of the quantum numbers in the
transport calculation. This does not, however, inIIuence
the position of the minima and the reappearance of v 8.

The calculated energy-level structure for three typical
situations is presented in Fig. 3. For the untilted case
a=0 the linear Landau levels cross each other and, for
v=8, the Landau level n =1 of the upper subband i 1 is

degenerate with the Landau level n 2 of the lower sub-
band i 0. For the intermediate situation, a=15.4',
these two Landau levels start to repel each other leading
to a recovery of the minimum in p, „at v 8. The an-
ticrossing occurs for E ~o

=6 m, From the experiment in

Fig. l we deduce the magnetic field, where the minimum
corresponding to filling factor v=8 reappears and con-
clude that E~O=4.2 rneV in close agreement with the
theoretical result (4.4 meV) from the self-consistent cal-
culation. The design energy of the bare harmonic-oscilla-
tor potential is l0.7 meV which has been confirmed by op-
tical intersubband spectroscopy. The observed intersub-
band separation of 4.2 rneV indicates the flattening of the
potential with increasing electron number and the good
theoretical understanding of the self-consistent process.
Simultaneously, the levels )i, n) =[0,3) and [i,n) =~1, l)
(corresponding to v = 10) move closer together. The
repulsion is reduced because there hn =2. In first-order
perturbation theory this level anticrossing is identically
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FIG. 3. Calculated energy-level spectra for three different tilt

angles and N., 4.5X 10" cm . The hybrid electric-magnetic
subbands are plotted by thin lines, the behavior of the Fermi
energy is indicated by the thick line. The lower (upper) set
of Landau levels extrapolates for B -0 to (E~ —Eo)/2
[(E~

—Ep) 3/2], respectively.

zero. The same is true for the levels (0,2) and ~I,O).
Therefore the minimum corresponding to v=6 vanishes
for large tilt angles, where the two levels are closer than
the width of the Landau levels. Of course, in the limit of
large tilt angles a & 50', all levels repel each other strong-
ly and all filling factors are again recovered as has been
observed in Ref. 21. In the present calculation the di-
amagnetic shift of the electric subband energies caused by
the parallel field component is inherently considered. It is,
however, a weak effect ((0.5 meV) and the level an-
ticrossing is the dominant cause of the recovery of the
v 8 minimum in p„.

A number of transport experiments in tilted magnetic
fields have been reported in the literature, e.g. , Refs.
21-26, many of them devoted to the study of the fraction-
al quantum Hall effect, e.g., Refs. 22 and 23. The trans-
port properties of a parabolic well were investigated in

Ref. 21 for large tilt angles a) 45' and the magnetic
depopu)ation of the subband was observed similar to Ref.
26, where the infiuence of parallel fields was studied. In
Ref. 24 a 50-nm-wide bulk doped quantum well was inves-

tigated and a bulklike behavior of the energy levels was
found, once the magnetic quantization energies dominate
the electric ones. A usual AI„Ga~ —,As heterostructure
containing a 2DEG revealed activation energies in tilted
magnetic fields that allowed estimations for the non-
resonant coupling of the Landau levels in the system.
The resonant subband-Landau-level coupling, as it is re-
ported in this paper, has not, to our knowledge, been ob-
served so far in transport experiments. A crucial in-
gredient is the very particular subband structure of a par-
abolic well that can neither be realized in a bulk doped
quantum well nor in a usual 2DEG. The important fact
that the subband separations in a PQW decrease for in-
creasing carrier density is decisive for a relatively large
amount of carriers in the upper subband. Thus a higher
subband is not depopulated in a magnetic field, as it usual-

ly occurs in 2DEGs, but can gain carriers at the cost of
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the lower subband.
In far-infrared transmission experiments the intersub-

band transitions are governed by the depolarization ef-
fect. To date mainly the coupling of the i0, 1) and i1,0)
levels has been investigated' ' and, for large tilt angles,
also the i0, 2) to i1,0) coupling. In a PQW the different
levels cannot be resolved since the resonance energies are
dominated by the depolarization effect. ' In the
present transport experiment, however, we can observe
directly the anticrossing of the single-particle energies for
a whole series of levels, e.g., (0,2) to i I, I) coupling for the
case of suppressed v 8 at a 0, i0, 1) to i1,0) corre-
sponding to v 4, and )0,3) to i1,2) coupling for v 12.
This unique experimental situation allows the direct eval-
uation of the single-particle subband separations from a

transport experiment.
In conclusion we have presented transport experiments

in tilted magnetic fields that provide immediate access to
the single-particle energy spectrum of a parabolic quan-
tum well. In tilted magnetic fields the resonant coupling
of occupied Landau levels belonging to different electric
subbands results in the recovery of quantum Hall states
that are suppressed for magnetic fields perpendicular to
the electron system.
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