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Resonant tunneling in a transverse magnetic Aeld: Transition from
the electric to the magnetic quantum limit
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Resonant tunneling of electrons through a wide quantum well is quenched in a strong trans-
verse magnetic field. In weak magnetic fields the resonances in the current weaken and shift,
while in strong magnetic fields these quantum-well resonances disappear and a new series of reso-
nances appears at low bias. We show that these new resonances correspond to states which are
bound to the first barrier and have comparable amplitude on either side of the barrier. Good
agreement is found with a numerical solution of the Schrodinger equation in the barrier region.

Advances in modern epitaxial-crystal-growth tech-
niques have enabled researchers to engineer the band
structure of semiconductors so that charge carriers can be
forced to move in tailored potentials. This design freedom
allows one to study basic quantum-mechanical problems,
can lead to the discovery of new physical phenomena, and
can have useful application in novel devices. One of the
most widely investigated structures is the double-barrier
resonant-tunneling diode, which consists of two potential
barriers separated by a well region. By biasing the struc-
ture electrons can tunnel through one barrier into the well
and leave the structure by tunneling through the other
barrier. Whenever the conduction band of the injector is
lined up with a bound state of the well, a peak in the
current is observed. By changing the bias continuously a
number of peaks in the current-voltage characteristics can
be seen, depending to first order on the well width. It
has been demonstrated that the application of a magnetic
field parallel to the current flow (perpendicular to the lay-
ers) results in conductance oscillations revealing the for-
mation of Landau levels in the quantum well. The appli-
cation of a magnetic field parallel to the two-dimensional
layer in a quantum well leads to the formation of com-
bined electric-magnetic subbands. As long as the mag-
netic field is weak, so that the cyclotron energy is smaller
than the ground-state energy of the electrons in the well, it
only acts as a perturbation, slightly increasing the energy
of the bound states. When the magnetic field becomes
larger and the cyclotron energy comparable to the electric
ground-state energy, the states change from electric type
to magnetic type. The energy levels are then dependent
on the position of the electron in the well with respect to
the barriers. At the well center the levels are equally
spaced by Am, as would be expected for bulk Landau lev-

els; at the edges, however, the energy increases due to the
presence of the barriers. Transport through such struc-
tures in a transverse magnetic field has only recently been
studied. ' A rigorous treatment of this configuration
shows that current flow in the electric field direction is
only possible if scattering is included, which implies that
transport becomes diN'usive rather than ballistic.

Recently, Davies et al. and Leadbeater et al. have in-
vestigated resonant tunneling in a transverse magnetic
field. They found a shift of the resonances to higher volt-

ages as well as a suppression of the conductivity at low
bias. These effects could be explained by considering the
conservation of canonical momentum upon tunneling,
which can be classically interpreted as the transfer of
transverse momentum due to the Lorentz force. In addi-
tion, Snell et al. ' have studied tunneling through a single
barrier and found oscillations in the second derivative of
the current with respect to the magnetic field. In the
frame of a WKB approximation, they interpreted these
results as evidence for skipping orbits along the barrier.
Transverse magnetotunneling has also been investigated
theoretically very recently. ' '

In this Rapid Communication we report the investiga-
tion of resonant tunneling in a structure that has a rela-
tively wide GaAs quantum-well region. At zero magnetic
field we observe six current peaks as a function of applied
voltage, stemming from resonant tunneling into the two-
dimensional electric subbands of the well. Upon increas-
ing the magnetic field these resonances become weaker
and shift to higher voltages. At very high magnetic fields
a new series of resonances appears, which, as we will
show, correspond to the anticrossing points of the energy
levels on the left- and right-hand side of the first barrier.
These resonances are not influenced by the second barrier
and can be considered classically as barrier skipping or-
bits. Quantum mechanically they are the states which
have a high probability amplitude on both sides of the
barrier. The correspondence is shown by a numerical
solution of the Schrodinger equation for the barrier under
bias. Hence, the variation of the magnetic field and the
bias voltage allows one to tune the system from electrical-
ly quantized behavior (resonant tunneling, ballistic trans-
port) to magnetically quantized behavior (barrier bound
resonances, diffusive transport).

The sample was grown by organometallic chemical va-
por deposition (OMCVD) on an n+ (100)-oriented GaAs
substrate. On top of the n + GaAs buffer layer was grown
a 330-A-wide undoped GaAs well sandwiched between
two undoped 130-A-thick Ale 3Gao7As barriers. A 1500-
A-wide region of nominally 7X10' cm 3 n-type doping
was grown on the top barrier followed by an n + region to
facilitate Ohmic contact formation. The structure was fa-
bricated into 200-pm-diam mesas using standard chemi-
cal etching techniques. Ohmic con&acts were made to the
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top and bottom n+ layers by alloying an evaporated Au-
Sn alloy.

Figure j. shows the current-voltage characteristics of
the resonant tunnel diode in zero magnetic Geld at 6 K.
Six resonances are clearly observed (four of them have an
associated negative differential resistance), corresponding
to resonant tunneling into the six lowest subbands of the
quantum well (denoted E„).No resonances are observed
in the other polarity because of the high doping adjacent
to the second barrier.

Figure 2 sho~s the second derivative of the current with
respect to the voltage, d I/d V, for different magnetic
field values. At 8 T the resonant structure has weakened
and shifted to higher bias voltage. (Minima in d I/dV
correspond to maxima in the I-V characteristics. ) The
same efrect has been reported by other groups ' and ex-
plained by the transverse momentum transfer of eBd,
where d is the barrier thickness, upon tunneling due to the
Lorentz force. This is nothing less than the conservation
of canonical momentum. At high magnetic fields (11 and
14 T in Fig. 2) only a few electric subbands are seen at
considerably higher voltage than in the low magnetic field
case. At lower voltages new structure can be observed
(denoted M„)which also shifts to higher voltages upon
further increase of the magnetic A.eld. The emergence of
these structures can already be observed at 8 T.

In order to understand these features we have calculat-
ed the energy levels of an electron near an electrically
biased barrier by solving the Schrodinger equation numer-
ically

1 , (p —eA)'+ V(z) y(r) =ay(r) .
2m*

Here, A = (0, —Bz,0), i.e., the magnetic field is applied in
the x direction. Equation (1) reduces to a one-dimensional
differential equation in z. V(z) is the potential containing
contributions from the applied voltage, the erst barrier
and the accumulation region before the first barrier. The
accumulation potential is modelled according to a varia-
tional solution. ' It should be noted that due to the weak
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FIG. 2. d I/dV' vs voltage for magnetic fields of 8, 11, and
14 T. The curves are arbitrarily displaced in the vertical direc-
tion. E„denotes the electric subbands and M„the high magnet-
ic field resonances. The arrows correspond to calculated values
ofI„for sF =20 meV (see text).
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binding energy of the bound state in the accumulation lay-
er (typically around 5 meV, confirmed by a self-consistent
calculation' ), the behavior in a high transverse magnetic
field is three rather than two dimensional. Figure 3 shows
the assumed potential and the calculated energy levels for
a magnetic field of 14 T and an electric field of 20 kV/cm,
which corresponds to a bias voltage of 150 mV (taking
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FIG. 1. Current-voltage characteristics of the structure at 6
K without an applied magnetic field. The electric subband num-
ber is indicated by E„.

FIG. 3. The energy levels are plotted versus the orbit center
of the wave function for 8=14 T and E=20 kV/cm (V=150
mV). The dashed lines represent the potential used in the calcu-
lation, and the bottom of the conduction band at the far left.
The energy diAerences between this line and the anticrossings,
A„arealso shown. The gaps at the anticrossings have been ex-
aggerated for clarity. The inset illustrates the situation
schematically.
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into account the voltage drop across the accumulation re-
gion and assuming a linear voltage drop through the
remainder of the structure). The horizontal axis is I k»
(l=a 0/e8), which would be the "orbit center" of the
wave functions in the absence of a barrier and an electric
field. To the left of the barrier the energy drops slightly
due to the inAuence of the accumulation potential, at the
barrier it increases sharply, and to the right it follows the
potential given by the electric field. As a consequence, the
levels from the left- and right-hand side cross each other
in the barrier, forming anticrossing states (the gap de-
pends on the barrier parameters and is exaggerated in the
figure). These states are the only ones contributing to
tunneling, because their wave functions have a consider-
able probability amplitude on both sides of the barrier.
When the electric field is increased, the anticrossing
points are pulled down and shifted to the left. In a sweep
of the bias voltage at constant magnetic field these an-
ticrossing points successively drop below the Fermi energy
in the emitter thus opening up new channels that contrib-
ute to conduction. Such a behavior should result in a
change of the conductance and, therefore, lead to features
in d I/dV, whenever such a point crosses the Fermi en-
ergy. This is exactly what is observed in the present ex-
periment. Accordingly, a strong transverse magnetic field
induces internal structure in the tunneling barrier. We
point out that these resonant features (we will call them
"magnetic features") are qualitatively different from the
low-magnetic-field resonances ("electric features"), which
are caused by tunneling into a quasi-two-dimensional sys-
tem. Similar features have been observed by Snell et al. '

in dI/d8 vs 8 at constant bias for electrons tunneling into
a three-dimensional system, and, very recently, by Alves
et aI,. ' upon tunneling into a very wide quantum well. In

both cases, however, the authors assumed the formation of
a two-dimensional electron system on the injector side,
which is only slightly perturbed by the magnetic field.
They interpreted the oscillations as caused by tunneling of
these two-dimensional electrons at the Fermi level into in-
terface states. In contrast, we consider magnetic quanti-
zation important on both sides of the barrier, since in a
high magnetic field the cyclotron energy readily exceeds
the binding energy of the electrons in the accumulation
layer.

So far, the argument has been qualitative. For a more
detailed analysis we have plotted all the observed minima
in d I/dV in a fan diagram of voltage versus magnetic
field in Fig. 4. The electric features are denoted E„and
the magnetic ones M„,as in Fig. 2. The curves in Fig. 2
correspond to vertical cross sections through Fig. 4. We
also investigated dI/d8 as a function of 8, which corre-
sponds to horizontal sections of Fig. 4. This way of plot-
ting the data reveals clear oscillations already in the first
derivative, however the distinction between electric and
magnetic features is not as easily made. To enable a de-
tailed comparison between theory and experiment we cal-
culated the "magnetic barrier height, "h„(i.e., the energy
difI'erence between the bottom of the conduction band to
the far left of the barrier and the first three anticrossings
in the barrier), as a function of the bias voltage for 11 and
14 T. The result is shown in Fig. 5. The crosses denote
the calculated points, the lines are guides for the eye. As
mentioned above, the resonances are interpreted to occur
when the anticrossings drop belo~ the Fermi level, ep.
The Fermi energy in the bulk, to the left of the barrier,
can now be used as a Gt parameter. A reasonable fit is ob-
tained by choosing ep=20 meV. The horizontal line in
Fig. 5 corresponds to this choice. The intersections of this
line with the h,„versus voltage curves define the bias volt-
age where the resonances M„should occur. These values
are indicated by arrows in Fig. 2 for the 11- and 14-T
traces. The overall agreement is quite good. It enables us
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FIG. 4. Fan diagram (bias voltage vs magnetic field) of all

observed minima in d2I/dV2 The features originating fro.m
electric subbands are labeled E„,the magnetic features M, .
The points are taken from the measurements, the lines are a
guide for the eye.

FIG. 5. The magnetic barrier heights, 5„,plotted vs bias
voltage. The crosses are calculated points, the lines a guide for
the eye. The horizontal line represents a Fermi energy of 20
meV; the crossing points M, should be compared with the ex-
periment (see arrows in Fig. 2).
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to correctly reproduce the result that M i (14 T) occurs at
lower voltage than M2 (11 T), and M3 (11 T) at lower
voltage than Mz (14 T). A Fermi energy of 20 meV is
consistent with an electron density of 2x10' cm
which is somewhat higher than the targeted concentration
of 7 x 10 ' cm . However, accurate control of impurity
incorporation at this doping level is dificult in our
OMCVD system. For a better fit of the data at higher
bias it might become necessary to calculate the potential
distribution through the whole structure self-consistently,
including the magnetic field.

In conclusion, we have delineated two entirely diff'erent

regimes of resonant tunneling in a transverse magnetic
field. In low magnetic fields, the current-voltage charac-
teristics are dominated by tunneling into the two-
dimensional density of states of the quantum well, while in
high magnetic fields, the transport becomes diffusive and
is governed by edge states bound to the first barrier.
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