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Tunneling processes between subbands in two independently contacted two-dimensional electron-
gas systems on a GaAs-Al Gap As-GaAs heterostructure were investigated. The theoretical results
obtained by self-consistent calculations are in excellent agreement with the values for the subband
energies determined by tunneling spectroscopy. If a magnetic field is applied perpendicular to the
planes of the sample, additional structures in the derivative of the current-voltage characteristics
are identified as tunneling processes between different Landau levels on both sides of the barrier.
With in-plane magnetic fields, the conservation of the canonical momentum results in a very large
broadening of the subband resonances. As a consequence, the mean values of the wave functions,
even for unoccupied subbands, can be directly determined.

I. INTRODUCTION

The experimental observation of the tunneling efI'ect is,
besides diffraction and scattering experiments, a further
manifestation of the wave-particle dualism of matter-
and of the formalism of quantum mechanics in general.
Appropriate systems for such experiments are those of
dimensions comparable to the de Broglie wavelength of
the tunneling particles. For this reason, charge carriers
in semiconductor bulk materials are ideal for the observa-
tion of the predictions of quantum mechanics. The spa-
tial dimensions required in such materials were achieved
for the first time experimentally in the case of the tun-
nel diode. Hy additional vertical structuring, a quantum
size effect, a surface bound state of electrons localized in a
narrow accumulation layer at an InAs —InAs-oxide inter-
face, was directly observed using electron tunneling. ~ s

In this case, the electric field associated with the sur-
face layer is sufFiciently strong to quantize the energy
due to the carriers' motion normal to the interface into
discrete levels. Structures in the dI/dV vs V and in
the d I/dV vs V characteristics reflect the energy min-
ima of the two-dimensional electric subbands. Theoreti-
cally, it was shown that the tunnel conductance caused by
electrons of the nth subband is proportional to the den-
sity of states in this subband, which has been referred
to as a space-charge-induced localized state. Therefore,
these structures are due to the electrons tunneling res-
onantly from a three-dimensional (3D) electrode to the
two-dimensional (2D) electron system located at the in-
terface. This means that the total energy, as well as the
parallel (to the interface) momentum of the tunneling
electrons, is conserved. Tunneling studies at the Si-Si02
interface were used to investigate the infIuence of the
electron concentration on the subband occupation in the
two-dimensional electron gas (2D EG).5

Another method used for vertical structuring is the
growing of heterostructures by molecular beam epitaxy
or related techniques. This kind of material is most
frequently used to study tunneling processes in semi-
conductors. The well-known experiment on an (n+-
type GaAs)/Al Gaq As/GaAs/A1~Gaq As/(n+-type
GaAs) heterostructure, representing a double-barrier
structure for tunneling electrons, was the first of a great
number of tunneling experiments. Because of the con-
servation of both the total energy and the momentum
of the electrons parallel to the interfaces, electrons can
tunnel resonantly as long as the energy of the quasi-
bound state (of the two-dimensional quantum well—
intermediate GaAs layer) is located between the Fermi
level and the conduction-band edge of the "emitter" elec-
trode (one of the outer n+-type GaAs layers) Most .re-
cently, resonant tunneling of electrons from a 3D metal
contact into quantum wires was used to determine the
energy spacings of the one-dimensional subbands.

By now, resonant tunneling is a well-studied topic in
semiconductor physics. However, there is a scarcity of
experiments on structures where the emitter —as well as
the collector —electrode are of two-dimensional charac-
ter. Drastic changes in the I(Vt, ) characteristics are to
be expected due to the conservation of energy and mo-
mentum. To the knowledge of the authors, there are only
a few published works on this subject. One possibility
to realize such a structure is the use of a triple-barrier
configuration. In such experiments, however, it is not
clear how much of the applied bias voltage drops across
the various barriers, and consequently any determination
of the energy levels is difFicult. Another method is to ap-
ply hydrostatic pressure (above 8 kbar) to an A1As-GaAs-
AlAs heterostructure. This switches the heterostructure
type II and thus two 2D EG's are formed at the X point
of the AlAs layers.
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We have studied tunneling processes between two inde-
pendently contacted 2D EG systems, namely, between an
inversion layer and an accumulation layer which are sepa-
rated by a barrier of 195 A. . By applying a bias voltage V~

to the sample, the quantized states on both sides of the
barrier can be shifted energetically by eVp with respect to
each. other. Transitions between different subbands are
directly observed in the tunneling current I(V~) and are
more clearly seen by taking the derivative dI/dV& The. se
resonances are used to determine the subband energies
in the accumulation and the inversion channel by com-
paring the measured results to those obtained by self-
consistent calculations. In addition, the influence of a
backgate voltage is investigated in the dark as well as
after short illumination.

Moreover, if a magnetic field is applied perpendicular
to the sample, additional peaks are resolved in dI/de.
It is demonstrated that these structures are due to tran-
sitions from a Landau level on one side of the barrier
to another Landau level on the other side of the barrier,
not necessarily with the same quantum number. In or-
der to investigate the momentum conservation rules, the
magnetic field is applied parallel to the layers of the sam-
ple. A very large broadening of the subband resonances
is observed, from which the conservation of the canonical
momentum and the conservation of parallel momentum
ki) in the case of zero magnetic field is deduced.

The next section gives a description of the sample,
the sample preparation and a discussion of the tunnel-
ing current measurements, including the results of self-
consistent calculations. Subsequently, the results of the
experiments where a magnetic field is applied perpendic-
ular (Sec. III) and parallel (Sec. IV) to the layers of the
sample are discussed.

II. TUNNELING MEASUREMENTS

The sample consists of a nominally undoped GaAs
layer (N~ ( 1x10 cm ) grown on a semi-insulating
substrate, followed by an undoped spacer (d = 50 A),
doped Al Gaq As (d = 45 A. , ND = 4 x 10~s cm s, z =
0.36), another spacer (d = 100 A) and n -type doped
GaAs (d = 800 A, ND = 1.2 x 10's cm s). An addi-
tional GaAs cap layer was highly n-type doped (d = 150
A. , ND = 6.4 x 10 cm ). The resulting band struc-
ture is shown in Fig. 1(a), where the inversion layer
and the accumulation layer are separated by only 195 A.
From Shubnikov —de Haas (SdH) measurements on sam-
ple No. 1 it was deduced that in both the inversion layer
and the accumulation layer only one subband is occupied
having electron concentrations of n'," = 6.3 x 10 cm
and n, = 5.8 x 10~ cm, respectively. The contacts
to the inversion layer were formed using a Au/Au-Ge/Ni
alloy. For an Ohmic contact to the upper channel (ac-
cumulation layer) Au-Ge was used, too, but in this case
the Au-Ge was only slightly dift'used into the n -type
doped GaAs. The upper GaAs layers around the top
contact were removed selectively in order to locally de-
plete the accumulation channel. This preparation tech-
nique leads to independent contacts to both electron gas
systems, as can be seen in Fig. 1(b). The dotted line
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FIG. 1. (a) Band structure of a typical sample. Eo" and
E'„"" denote the subbands in the accumulation and inversion
layers. F~" and E&" are the corresponding Fermi levels. Vq

stands for the applied bias voltage, Vb for the backgate volt-
age. (b) Top view and intersection along the 8 line after
sample preparation: I and A denote the contacts to the in-
version layer and the accumulation layer, respectively. The
dotted line indicates the current path, assuming a positive
bias voltage.

shows the current path: in the case of a positive bias
voltage the electrons enter the system via the two outer
contacts, thermalize in the inversion channel, and move
to the middle of the sample. They then tunnel through
the Al Gat As barrier into the accumulation layer and
leave the system via the top contact.

All measurements of the current-voltage characteristic
I(Vg) and its derivative dI/dVb were made using a four-
terminal conductance bridge in order to compensate
series resistances inside the contacts and the inversion
channel. The modulation frequency of 22 Hz and mod-
ulation voltage of 0.3 mV were chosen to achieve a high
resolution and to avoid parasitical capacitive perturba-
tions.

Figure 2 shows the current-voltage characteristic I(Vg)
and its derivative dI/de for sample No. 1, measured at
a temperature of 4.2 K. Several steplike structures in
I(Vb) are clearly observed, most clearly at bias voltages
of Vb ——+2.2 and —32.5 mV. At more negative bias volt-
ages, the I(Uy) characteristic shows only a few very weak
structures which are only clearly seen in the derivative
signal as a series of sharp peaks.

To understand these characteristics, one has to bear in
mind that the samples are provided with two indepen-
dently contacted 2D EG's. The total energy of an elec-
tron in a 2D EG system can be written as F = E + E~i,
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FIG. 2. Current-voltage characteristics I(Vb) of sample
No. 1, measured at T = 4.2 K, and its derivative, dI/dVb

where E~ corresponds to the electrons' energy at the
subband edge. The energy of the carriers' motion par-
allel to the channel is denoted by E~~ ——h k~~/2m*

h k /2m* + h k„/2m* (in case the z direction is parallel
to the growth axis). As the translational symmetry is
retained in the x and y direction, these coordinates are
cyclic, and therefore kI~ and E~~ should be conserved. By
applying a bias voltage Vb to the sample, where in the
ideal case the voltage drops exclusively over the barrier,
it is possible to shift both 2D EG systems energetically
with respect to each other. Resonances between the two
quantized systems occur when a subband edge in the ac-
cumulation channel E " becomes degenerate with one
in the inversion channel (E„'" ), again assuming tllaf k~~

is conserved in the tunneling process. E~~ should have
no influence on the tunneling current. Thus, the peak
in dI/dVb at Ub

—+2.2 mV (inversion layer grounded)
is attributed to the tunneling process from Eo" into the
lowest subband in the accumulation layer, Eo", which
will be referred to as the 0-0 transition. At higher pos-
itive bias voltages no further peaks can be observed in
dI/dVb and thus we conclude that there is only one sub-
band in the accumulation layer. Consequently, the first
peak in dI/dVb at a negative bias of Vb ———32.5 mV is
due to a tunneling process from Eo" into Ei" (0-1 tran-
sition). The subsequent peaks correspond to transitions
into higher subbands. Although these structures soon
become less pronounced with increasing negative voltage
due to the large current flowing through the sample, up
to eight subbands are observed.

It will be shown later that, to a very good approxima-
tion, the applied bias voltage Vb drops entirely across the
barrier, i.e., results in an energetic shift AE = eVb of the
two 2D EG systems with respect to each other. There-
fore, the diA'erences in bias voltage between the resonance
peak for the 0-0 transition and the 0-n transition give
directly the subband spacings in the inversion channel.
This is not immediately obvious due to the self-consistent

nature of the band structure, since the change in the bias
voltage causes a change in the electron concentrations in
both the inversion and the accumulation layer.

The width of the resonance in the current-voltage
characteristic can be readily obtained by measuring the
linewidth of the peaks in dI/dVb, giving values of around
10 meV. As the liquid-helium temperature corresponds
to an energy of k~T = 0.36 meV, thermal broadening
cannot be responsible for the observed values. However,
the resonance range is expected to depend on the full
linewidth of a resonant peak in the coherent transmis-
sion probability, SET. On the other hand, SET and the
tunneling lifetime of the quasilevel giving rise to the reso-
nance, r, are necessarily related byAET = h/r (Ref. 15).
Within a simple model, the time 7 can be estimated
by r = Khk/m')/26]DT, where k is the wave vector
of the tunneling electron, 6 is the width of the poten-
tial the electron is confined by and DT is the transmis-
sion probability through the barrier. ~ For realistic values
(b = 120 A, k = 3.0 x 10 m ), assuming ideal transmis-
sion (D~ = 1), an upper limit GET ( 14 meV for the
energy uncertainty is obtained. Therefore, the linewidths
of the resonance structures observed in dI/dVb are within
the same range as the results predicted by a simple the-
ory of resonant tunneling.

The carrier concentrations at zero bias both in the ac-
cumulation and the inversion layer, are equivalent to a
Fermi energy of about E~ 20 meV. If the momentum
of the electrons parallel to the interfaces was not con-
served, the width of the resonance structure in dI/dVb
(i.e. , the linewidth of the peaks) would be expected to be
in the same order as the Fermi energy, just as in the case
of the double-barrier structure mentioned above, where
electrons tunnel from a 3D "emitter" electrode into a 2D
quantum well. But since much smaller values for the
linewidth are obtained from the experimental data, the
assumption of k~~ conservation is justified. Consequently,
the resonance condition is given by

Einv Eacc
n 0

Nevertheless, there is a slight inconsistency between
the results obtained by the experiment and the theoreti-
cal predictions. As discussed above, in the ideal case tun-
neling between the two 2D systems is expected to occur
at well-defined bias voltages provided by the resonance
condition (1) to satisfy the conservation of total energy
and parallel momentum. If the two quantum states were
misaligned energetically (i.e. , in E~), resonant tunneling
would not be allowed at all, resulting in a clear decrease
of the current or in large negative difI'erential resistances
in dI/dVb. The measured current-voltage characteristic
shows such a behavior only very weakly for the 0-0 and
the 0-1 transitions, whereas with increasing negative bias
voltage the current grows exponentially. This large cur-
rent background, on which the structures due to the sub-
band resonances are superimposed, is caused by electrons
tunneling nonresonantly, i.e. , without conservation of to-
tal energy and parallel momentum through the barrier.
The annihilation of the momentum and energy informa-
tion of a tunneling electron is mainly due to scattering
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is conserved. Thus, conservation of Landau-level index
N is expected. Note that, if the applied bias voltage
adjusts two subbands energetically according to the res-
onance condition (I), all Landau levels on both sides of
the barrier will be aligned automatically, as their spacing
hu, is solely determined by the magnetic field. Shifting
the quantized systems energetically with respect to each
other by an amount of Nhu„a state is created where
a Landau level in the accumulation layer is degenerate
with a Landau level in the inversion channel. In such a
tunneling process between two states of diA'erent Landau
index, resonant tunneling is not allowed in the absence
of scattering. Thus, no additional resonance structures
are expected in the tunneling current.

Figure 7 shows the derivatives dI/de, of the current-
voltage characteristics at various values of a magnetic
field for sample No. 2. At field strengths below B = 3 T,
only the zero-field resonant transitions can be observed.
For higher fields, however, additional structures, marked
by arrows, are clearly revealed in dI/dVb on both sides of
the resonance peak corresponding to the 0-0 transition.
The position of the B = 0 T resonance does not change
with increasing magnetic field. The additional peaks on
the left and on the right side of it are shifted to more
negative and more positive bias voltages, respectively. Si-
multaneously, the linewidths and the amplitudes of these
peaks, as well as their distances, grow larger. The peaks
vanish whenever they approach the next-highest subband
resonance position. For the 0-1 transition, a similar be-
havior could not be resolved. At magnetic fields higher
than B = 6 T, the measurements are more and more
disturbed by the occurrence of a Hall voltage VH, arising
from the the current in the inversion channel Bowing per-
pendicular to the magnetic field direction. In this case,
a serious analysis of the experimental results was not at-
tempted.

In Fig. 8(a), the bias voltages at the marked peaks
in Fig. 7 are plotted versus the applied magnetic field.
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The peak positions vary linearly with the magnetic field
B and at any given field are equally spaced. In addi-
tion, lines are drawn into the fan chart with gradients of
+ha, /B and +2hu, /B. Thereby, the effective mass is
used as a fitting parameter, leading to a best fit value of
m'/mo —0.067 + 0.005. As all structures appear at dis-
tances from the B = 0 T resonance equal to integer mul-
tiples of the cyclotron energy hu, /e, the additional peaks
in dI/de, are interpreted as tunneling processes between
Landau levels on both sides of the barrier with diA'er-

ent Landau-level index. The numbers at the end of the
lines in Fig. 8(a) denote the change in the Landau-level
index 4¹The result is a proof that the bias voltage
drops completely across the barrier, since the effective
mass obtained is very close to the free-electron mass of
GaAs.

According to the theoretical predictions, transitions
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FIG. 7. Selected dI/de curves for different magnetic
fields applied perpendicular to the 2D EG's. The 0-0 tran-
sition as well as the corresponding additional structures are
marked by arrows.

FIG. 8. (a) Fan chart of the observed peak positions vs
magnetic field. The numbers at the end of the lines denote the
change in Landau-level index EN (b) Tunneling .processes,
corresponding to the 0-0 transition, are illustrated schemati-
cally for B = 5 T at reverse bias. The Landau-level index is
changed by AN = 2. DV& denotes the shift in bias voltage
compared to the zero-field resonance position to achieve a new
resonance condition. The target level must not be completely
occupied.
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between Landau levels with difFerent indices are only pos-
sible if the electron momentum is changed during the tun-
neling process. Since at zero magnetic field the tunneling
current is independent of E~~, we expect at finite magnetic
field that the Landau-level energies hu, (N + 2) will not
enter the resonance condition. However, elastic impu-
rity scattering inside the barrier can induce a coupling
between the potential energy E~ and the Landau-level
energy during a tunneling process. In this case, transi-
tions between difFerent Landau levels will be allowed if
the potential energy is changed by an integer multiple of
the cyclotron energy her, . For the 0-0 transition discussed
here, the new resonance condition is given by

Eo ——Eo + ANh

In Fig. 8(b), a tunneling process corresponding to the
0-0 transition is illustrated schematically for a magnetic
field of B = 5 T, where the Landau-level index is changed
by AN = 2 at reverse bias. E denotes the total energy of
an electron, which is still conserved. Note that tunneling
is only possible if the target level is not completely occu-
pied. The filling factors were calculated from the electron
concentrations in the two 2D EG systems at B = 0 T,
spin efFects were neglected. To a good approximation,
the electron densities in both the accumulation and the
inversion channel can be assumed to be constant within
a bias voltage range of V~ ——+20 mV. To achieve the
situation plotted in Fig. 8(b), the applied bias voltage
has to difFer from the Eo" ~ Eo ' resonance position by
KVb = —2hu, /e. Tunneling can occur between the low-
est Landau level in the accumulation layer, LLo ', and
the second Landau level in the inversion layer, LL2", as
well as between LL&" and LL3", and so on. At higher
magnetic fields, the Landau-level spacings and filling fac-
tors are difFerent, but qualitatively the situation does not
change.

In contrast to the 0-0 transition, tunneling processes
into Landau levels of the higher subbands of the inver-
sion channel are not resolved. As the energy difFerences
between these subbands are considerably smaller than
the spacing E&" —Eo", all expected features are prob-
ably washed out by the overlapping resonances and the
exponentially growing contribution of nonresonantly tun-
neling electrons at more negative bias voltages.

As discussed above, scattering processes are necessary
to induce tunneling between Landau levels with difFer-
ent indices. The low temperatures, at which the experi-
ments are performed, ensure that interface roughness and
impurity scattering are the dominant scattering mecha-
nisms. To analyze the influence of impurity scattering
in combined action with the magnetic field, the tunnel-
ing electrons can be described in a classical one-electron
picture as a free carrier which moves in an external elec-
tric and magnetic field orientated parallel to each other.
The diameter of the helix-type trajectory is given by the
cyclotron radius i., = gh/mu„whereas the length is
determined by the electric field and the transition time
7, respectively. Note that under our experimental condi-
tions ~,7 && 1 is always valid. Using t,he classical equa-
tions of motion, where the length s of the particle tra-
jectory is given by s = J'Ch ~v(h)(, a term proportional

to B ln(const x gl/B) has to be added to the B = 0 T
tunneling distance. Since the length of the trajectory
is enlarged by the magnetic field, the probability of an
electron to be scattered inside the barrier increases as B
grows larger. On the other hand, scattering processes
are responsible for a coupling between the potential en-
ergy and Landau-level energy of an electron. As a con-
sequence, tunneling between Landau levels with difFer-
ent indices becomes more probable at higher magnetic
fields. This is reflected in the experimental data, as at
fields above B = 5 T the amplitudes of the Landau-level—
Landau-level tunneling peaks (AN g 0) are comparable
to the 0-0 subband resonance (AN = 0).

In summary, we have investigated the tunneling pro-
cesses between two fully quantized systems. Peaks in
the derivative of the tunneling current were used to iden-
tify transitions between Landau levels with difFerent in-
dices on both sides of the barrier. These normally for-
bidden transitions are enabled by elastic scattering pro-
cesses inside the Al Gai As barrier, thereby coupling
the potential energy and the I andau-level energy. By an-
alyzing intensities and linewidths of the magnetic-field-
induced structures, it is demonstrated that apart from
interface roughness, impurity scattering is the dominant
mechanism breaking the expected conservation laws. At
high magnetic fields, the amplitude of the Landau-level—
Landau-level tunneling peaks is comparable to the sub-
band resonances. In reverse bias, where electrons can be
injected into higher Landau-levels of the inversion layer, a
situation can be realized, where unoccupied Landau lev-
els exist below the injection energy. Thus, Landau-level
inversion could be obtained, which would be a promis-
ing mechanism to realize a tunable light source in the
far-infr ared sp ectr al range.

IV. TUNNELING PROCESSES IN TRANSVERSE
MAGNETIC FIELDS

Experiments in which a magnetic field is oriented par-
allel to the layers of the sample, i.e. , perpendicular to the
tunneling current, are discussed in this section. The re-
sults give detailed information about momentum and en-
ergy selection rules for 2D-2D electron tunneling. Again,
the influence of an additional backgate voltage is inves-
tigated in order to confirm the obtained results.

The influence of transverse magnetic fields on elec-
tron tunneling was originally studied with Sb-doped
germanium tunnel diodes, where an applied magnetic
field caused a drastic decrease in the reverse tunneling
current. More recently, similar result, s were obtained
for double-barrier heterostructures, where the reduction
of the tunneling current was attributed to an increased
efFective barrier height. In addition, with increasing
magnetic field the minimum of the negative difFerential
resistance was observed to shift to higher bias voltages.
When applied to 2D EG systems, a high transverse mag-
netic field leads to the formation of so-called magne-
toelectric hybrid states or magnetoquantized interface
states, since the magnetic- as well as the electric-potential
contribution causes a confinement perpendicular to the
interface. These states correspond to the classical skip-
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I'IG. 9. Resonance broadening of the 0-0 transition in a
tranverse magnetic field of B = 0.5 T, schematically shown
for the current-voltage characteristics I(Vb) of sample No. 1.
The widths of the resonances are indicated by bars.

ping orbits, which describe the cyclotron movement along
an interface. Experimentally, these states have been ob-
served as a series of oscillations in d~I/dB2 (I is the
tunneling current), in InP-In Gai As as well as in
GaAs-Al Gai As single-barrier heterostructures.
In double barriers, tunneling transitions into magneto-
electric hybrid states were investigated at high trans-
verse magnetic fields. In this case, the region of neg-
ative difI'erential resistivity becomes less pronounced as
the magnetic field is increased. In device research, a
magnetic field transverse to the tunneling direction can
be used to tune the electron's energy, for example, for
studying the ballistic electron contribution to the I(Vb)
characteristic of vertically integrated resonant tunneling
diodes. To explain the observed eA'ects, theoretical cal-
culations have been performed on single-interface het-
erostructures and on (multi)quantum wells, leading to
two main findings. First, the formation of magnetoelec-
tric hybrid states results in an increase of the subband
energies and the subband spacings and also breaks
the symmetry of the dispersion relation. Second, the
magnet, ic field induces a change of the transverse mo-
mentum of the tunneling electrons due to the Lorentz
force. These two eA'ects were found to be responsi-
ble for a new type of oscillation in the tunneling current
characteristic between a (2D) accumulation layer and a
(2D) wide quantum we11.47

In our experiment, we investigate the influence of small
transverse magnetic fields on the tunneling processes in
order to obtain information about the momentum con-
servation rules. The steplike resonances in the current-
voltage characteristic I(Vb) broaden as the magnetic field
increases and form a very weak double step structure.
Figure 9 schematically shows a comparison between the
narrow B = 0 T resonance structure and the broadened
B = 0.5 T structure for the 0-0 transition of sample No. 1.
The other transitions behave in a similar way. All current
resonance structures rapidly become less pronounced for
increasing magnetic field and totally vanish at magnetic

FIG. 10. dI/dVb curves of sample No. 1 for various in-
plane magnetic fields. The arrows indicate the splitting of
the B = 0 T resonance peaks.

fields B ) 2 T. This eAect is much better resolved in
the derivative of the tunneling current dI/dVb Here. ,

the drastic broadening of the resonances in the presence
oL" a transverse magnetic field leads to a splitting of the
d=&de peaks into two small resonance peaks, marked
by arrows for the 0-0 and the 0-1 transitions in Fig. 10.
When the magnetic field grows larger, the intensity of
the resonance peaks decreases rapidly. Alt;hough the ef-
fe"t of resonance broadening is also observable for higher
transitions, the experimental data are very difFicult to
analyze as the structures in dI/dVb are very weak and
only of steplike appearance. Additionally, the overlap of
the split peaks, as well as the spreading at high nega-
tive bias voltages, makes it complicated to identify all
the features. It must be emphasized that the splitting
is larger by one order of magnitude than the cyclotron
energy hw„which shows that the Landau levels are not
responsible for this eA'ect.

We first explain the observed eKects within a quantum-
mechanical picture. Subsequently, a simple classical pic-
ture is discussed, where the tunneling particle is under-
stood as a free electron, the trajectory of which is deter-
mined by external forces due to the electric and magnetic
field.

The calculations, which are based on the envelope func-
tion approximation, start with the potential distribution
shown in Fig. 1(a). In order to study the influence of
a transverse magnetic field on the subband energies and
dispersion relations, the Schrodinger equation has to be
solved for the complete system. To simplify the prob-
lem, we proceed from the potential V(z) obtained by self-
consistent calculations at B = 0 T. When a transverse
magnetic field is applied to the sample, the kinetic mo-
mentum in the Schrodinger equation has to be replaced
by p + eA. Choosing the magnetic field orientation in
the x direction, the vector potential A in Landau gauge
is A = (0, Bz, 0). Consequen—tly, the Hamilton operator
depends on the z coordinate only, which leads, using the
separation ansatz 4„(r) = e'" e'"» f, (z), to the follow-
ing equation for the conduction-band envelope function
&.(z):
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h kz esB f hk„'i h+ i
z — "

i

—t9, 8, + V(z) —E„(k,k„) f„(z) = 0. (4)

The spin of the electrons is not taken into account, since
the magnetic fields are small. For further simplification,
nonparabolicity eA'ects are neglected assuming a constant
effective mass m(z) = m*. Therefore, the additive en-
ergy term h k /2m' is omitted in the following consid-
erations. The in-plane magnetic field gives rise to the
second term in Eq. (4), which is quadratic in z. For this
parabolic potent, ial contribution the center coordinate zo
is defined as zp — hk&/e—B. To solve the problem nu-
merically, the finite diAerence method is used, transform-
ing the diA'erential equation into an eigenvalue problem
of the corresponding tridiagonal matrix. The subband
energies (eigenvalues) and envelope functions (eigenvec-
tors) are calculated using EISPACK algorithms for band
matrices. In doing so, the center coordinate zo or the
momentum component k&, respectively, are treated as a
parameter, whereas k is set to zero. The resulting dis-
persion relations E (») of the lowest three subbands of
our 20-20 system are plotted in Fig. 11 for a fixed mag-
netic field of B = 1 T. The shape of the electric potential
is marked by a dotted line.

We first discuss the limit of zero magnetic field: in the
case of B = 0 T, the center coordinate zo is no longer
defined. The term quadratic in z of Eq. (4) converges
to h k2/2m', only kz is a valid parameter and, in ad-
dition, a good quantum number. For that reason, the
dispersion relations of Fig. 11 turn into the simple ana-
lytic form E„(kz) = E + h k2/2m", where E denotes
the energy of the vth subband edge. By applying a volt-
age to the sample, these parabolas are shifted in energy
with respect to each other. Since a resonance position is
achieved, if two subband edges are aligned, the dispersion
parabola of a subband belonging to the inversion chan-

I

nel coincides completely with the dispersion parabola of
a subband belonging to the accumulation layer. Thus, all
electrons are allowed to tunnel resonantly, provided that
final states are available. For nonzero magnetic field, the
dispersion relations can be defined as a function of the
wave-vector component k& or as a function of the center
coordinate zo. Both representations are equivalent.

A magnetic field in the z direction, however, breaks
the symmetry between positive and negative kz values
because the energy depends on the center coordinate
relative to the sample interface. As shown in Fig. 11
for B = 1 T, the dispersion relations E (zp) exhibit
parabolic behavior near their minimum. The vertices are
shifted horizontally with respect to each other. At the en-
circled point, where an intersection of the two dispersion
relations Eti'P(zp) and Ei" (zp) is expected, an anticross-
ing behavior is observed, as indicated inside the enlarged
inset (full lines). The resulting energy gap, however, is
very small (« 0.2 meV). Therefore, an electron having
a wave vector kz and energy E (k&) of such an intersec-
tion point is allowed to change its quantum-mechanical
state satisfying the energy and momentum conservation
rules. As long as the energy of this anticrossing point is
below the Fermi level of one 20 system, then resonant
tunneling is possible, even if the subband edges of the
corresponding states are not exactly aligned in energy,
but are shifted by LE~ with respect to each other. From
Fig. 11 it is clear that positive as well as negative val-
ues are allowed for AE~, depending on which side of the
Ei"'(zp) parabola's vertex the anticrossing point is sit-
uated. Consequently, the zero-field resonance condition
(1) has to be replaced by
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Thus, resonant tunneling occurs at a bias voltage Vg +
AVg, where KVa = AE~/e.

In order to determine the possible values of AE~ an-
alytically, the dispersion relations were ca.lculated us-
ing pertubation theory. This is a valid approximation,
since at magnetic fields below 8 = 3 T wave functions
and subband energies in the 2D systems are only weakly
influenced by the occurrence of magnetoelectric hybrid
stat, es. The analytic result is given by

~2+2 ~2 j@2E.(")=E.+
2 . ((z') —(")')+

2 . (» —("))'
I

400
I
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CENTER COORDINATE 2 (A)

FIG. 11. Numerically calculated dispersion relations
Ep""(zp), Ep" (zp), and Ei""(zp) as a function of the center
coordinate zo at a magnetic field of B = 1 T. The dotted line
indicates the potential used in the calculations. The full lines
represent the numerically obtained results, while the broken
lines (framed inset) are calculated using perturbation theory.
The inset's dimensions are 100 A. in the horizontal and 2 meV
in the vertical direction, respectively.

The first term denotes the energy of the subband edge in
case of zero magnetic field, the second one corresponds
to the so-called diamagnetic shift. At a magnetic field
of B = 2 T this constant shift is smaller by more than
2 orders of magnitude compared to E~, and is t,herefore
neglected. The expectation values of the z coordinate
and its square in the state ~@„) are indicated by (z )
and (z2), respectively. The last term of the sum (6) is
responsible for the dispersion, and can be written as
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where I. is the magnetic length, E = gh/eB. From this
equation it is obvious that, in first-order pertubation the-
ory, the in-plane magnetic field causes the dispersion re-
lation E„(zo) to shift its vertex towards the expectation
value of the z coordinate in real space, (z ), of the cor-
responding quantum state. Both the numerically calcu-
lated results and the analytic results obtained by per-
tubation theory are plotted in Fig. 11. The only clear
deviation is detectable in the encircled region, where nu-
merical results show an anticrossing behavior (full lines),
while the analytic curves intersect (broken lines). If the
parabolas on each side of the barrier are shifted energeti-
cally by LE~ with respect to each other, the intersection
point moves along both curves. Note that in this approx-
imation the subband energies are assumed to be constant
as the applied voltages are small. Using the analytic ex-
pressions for the parabolas (7), the center coordinate zo;
corresponding to the intersection point of the dispersion
relations, for example, Eo"(zo) and E„'" (zo), is given by

~2+2
„(zo, —(z"'))' = «+ . (zo, -(z'."'))'

ground due to the nonresonant tunneling electrons, this
eA'ect is very weak but observable, as shown in Fig. 9 in
case of the 0-0 transition at a magnetic field of B = 0.5 T.
In the derivative of the tunneling current, the extension
of the resonance condition results in a broadening and
finally in a splitting of the zero-field dI/de peaks. Both
the onset and the end of the resonant tunneling regime
are marked by a peak. The values of the bias voltage
that correspond to the positions of the split peaks in
dI/de are plotted in Fig. 12(a) as a function of the ap-
plied transverse magnetic field. The splitting is clearly
observed for the 0-0 and the 0-1 transitions. An assign-
ment of the other resonance structures in dI/de, to tran-
sitions into higher subbands is dificult due to the overlap
and the drastic spreading of the peaks at more negative
bias voltages.

The quantum-mechanical predictions presented above
are based on the conservation of momentum and energy
during the tunneling process. In order to compare theory
and experiment, the positions of the split peaks in dI/de

where AE~ denotes the diA'erence in the vertex energy of
both states. As resonant tunneling is no longer possible,
if the energy of the intersection point exceeds the Fermi
energy of the quantum state the electron starts from, i.e. ,

E&", we can state that the value of QE~ is restricted to
a well-defined range. At this point it must be emphasized
that the Fermi energy does not change compared to the
case of zero magnetic field, because the dispersion in k&

direction is only shifted in k space, according to Eq. (7).
In order to determine the maximum resonant tunneling
range, the center coordinates corresponding to the Fermi
energy in the accumulation layer have to be calculated,
leading to values of
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In our experiment, resonances for a fixed value of AE~
appear in the tunneling current at a shifted bias voltage
Vi, + AVi, , where AVa = AE~/e. Therefore, the sharp
zero-field resonances broaden to a wide but confined res-
onance range, which is clearly shown in Figs. 9 and 10.
Assuming that the tunneling electrons lead to a con-
stant current contribution within the resonance range,
the steplike resonance structure in I(Vb) is extended to a
double steplike shape. Because of the exponential back-
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FIG. 12. Fan chart of the measured (dots with error bars)
a,nd theoretically calculated dI/dVb peak positions, ma. rking
the maximum resonant tunneling range, at (a) zero backgate
voltage; (b) an applied backgate voltage of Vj,s

——+300 V; (c)
an applied backgate voltage of Vb&

———300 V.
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are calculated, using Eq. (10). The Fermi energy used in
this approximation is obtained by the self-consistent cal-
culations performed at B = 0 T. Therefore, the depen-
dence of E~ on the applied bias voltage Vb is included
in this theory. The second important parameter is the
distance d„= (z ")—(z„'" ), which can classically be in-
terpreted as the tunneling distance. Using the d values as
a fitting parameter, it is possible to achieve an excellent
agreement between experiment and theory, as shown in
Fig. 12(a). The dots (error bars included) mark the po-
sitions of the split peaks, while the solid lines correspond
to AV&

~ ——AE~~~"/e. The d values giving the best fit
are do —350 A, di —460 A. , d2 —570 A, and ds ——650 A. .

At low magnetic fields, the second term in Eq. (10)
which is quadratic in B can be neglected, leading to the
linear behavior evident in Fig. 12(a). If the magnetic
field increases, this term becomes important and leads
to the observed nonlinear behavior. In addition, the av-
erage distance between the mean value (z„'" ) and the
GaAs-Al Gai As interface grows larger as the subband
index increases. Therefore, the increase in the splitting
of the resonance structures corresponding to the transi-
tions into the higher subbands of the inversion channel
can also be explained within this theory.

The mean values (z ") and (z„'" ) are calculated self-
consistently at conditions corresponding to the zero-Geld
resonance positions. The calculations for low magnetic
fields show that the influence of the magnetoelectric hy-
brid states on the mean values (z ) and the Fermi energy
can be neglected. Comparing d values obtained from the
fit with the values determined theoretically do ——340 L,
di ——450 A. , d2 ——540 A, and ds ——610 ), excellent
agreement is achieved. For the transitions into the lowest
two subbands of the inversion channel the deviation be-
tween theory and experiment is only 10 A; for the higher
subbands the theory matches the experiment to within
40 A. . Note that, in principle, the d values depend on Vb,
as the resonances are extended to a defined bias voltage
range. This eKect is mainly responsible for the deviation
between theory and experiment for the transitions into
the higher subbands of the inversion layer. In the case
of the 0-0 and 0-1 transitions, however, the numerical re-
sults show only a. small dependence on Up, which cannot
be resolved within the experimental accuracy. Therefore,
the assumption of constant distances d is justified when
Vy is varied.

Using the fundamental assumption that canonical mo-
mentum and energy are conserved during the tunneling
process, we are able to explain the experimental results
within a very basic theory. The excellent agreement be-
tween calculated and experimental results further vali-
dates the mode used. The conservation of the momentum
component parallel to the applied magnetic field, k~, is
obvious. If the magnetic field is applied parallel to the y
direction, the symmetry of the problem implies that k& is
conserved. Therefore, in the case of zero magnetic field
we conclude that both k~ and k& are conserved, since
the problem is symmetric with respect to the z direction.
This is equivalent to the conservation of parallel momen-
tum deduced from the results discussed in Sec. II of this
paper.

where Lz is the distance traveled in the z direction. Note
that this is not in contradiction to quantum mechanics
which states the conservation of the canonical momentum
L, &, because the relation II& ——hk& is only valid in the case
of zero magnetic field. The total energy of the starting
electron is given by

The change in II& results in a change of II, by LII„
corresponding to a change in E~ by AE~. Therefore,
the total energy beyond the barrier can be written as

Since the total energy must be conserved during the tun-
neling process, AE~ is evaluated as

AE = [—211' XIII —(Ally)~j/2m'. (14)

As described above, LE~ is responsible for a shift of the
zero-field resonance condition, similar to Eq. (5). Us-
ing the relation E~ —fi II„&/2m*, it turns out that
Eqs. (14) and (10) are completely identical, if the tun-
neling distance Lz is replaced by. the difference in mean
values d„= (z ")—(z„'"').

This fact unambiguously shows the equivalence be-
tween the classical and quantum-mechanical picture. On
the other hand, it can be concluded that the mean values
(z„) determine the tunneling distance, and not, as might
be expected, the maximum of the local density, given by
the maximum of (4; ~

@„).

The results obtained by tunneling spectroscopy in the
presence of an in-plane magnetic field give information
about both momentum and energy conservation rules,
and also provide a powerful tool to determine the ex-
pectation values (z ) of the states involved in electron
tunneling. If the Fermi energy is known in the emitter
electrode, the mean values (z~) can be measured directly
by fitting the experimental data according to the the-
ory described above. This method holds advantages over
methods such as capacitance measurements as the inves-
tigated subbands need not to be occupied. Additionally,
the Fermi energy can be determined, if d is known.

These experimental results can also be understood in
terms of a classical picture. In this picture, the tunnel-
ing electron is regarded as a free particle with charge
e and mass m', moving in crossed electric (z direction)
and magnetic (z direction) fields. Classically, the I orentz
force couples the y and the z component of the momen-
tum, which leads to a cycloidal trajectory. The z compo-
nent II, of the kinetic momentum, however, is given by
the potential energy of the electron in the initial state,
II, = /2m'E~/h. The subband energy E~ is assumed
to be independent of the applied magnetic field. For an
electron tunneling through the barrier, the y component
of the kinetic momentum is changed by

Ally —— eBAz/—fi,
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FIG. 13. Comparison between the d values obtained from
the fits, denoted as experimental data (with 570 error bars),
and the values determined by self-consistent calculations
(solid lines) as a function of the applied backgate voltage.

In applying a backgate voltage Ub@ to the sample, the
electron density and the subband energies in the inversion
channel can be changed, as discussed in Sec. II. Therefore
it is possible to vary the mean distance of the electrons
from one GaAs-Al~ Gaq As interface, since the shape of
the potential near this interface is strongly inAuenced by
the depletion field. In order to confirm the results pre-
sented above, all tunneling measurements with in-plane
magnetic field are repeated in the presence of an applied
backgate voltage at values Vbs

—+300 and —300 V. The
experimental data are analyzed in the same way.

The results for Vbs ——+300 V are shown in Fig. 12(b).
As the depletion field at the lower interface (inversion
channel) is reduced, only the transitions into the three
lowest subbands are observed. At bias voltages below
Ub

———50 mV, the structures are no longer resolved. As
in the case of zero backgate voltage, the agreement be-
tween theory and experiment is very good. A comparison
between the d values used to fit the measured data and
the values obtained by the self-consistent calculations is
shown in Fig. 13. The deviation is below 3%, which val-
idates our assumptions concerning backgate voltage and
transverse magnetic field. In the case of Vbg & 0, the
envelope functions are more extended, which results in
either a considerable. increase of the d values and thus
the tunneling distance. Therefore, the fitted d values and
the difference between the calculated expectation values
are larger than in the case of zero backgate voltage. This,
however, predicts a larger splitting at resonance, which
is, in fact, observed.

In Fig. 12(c), the results for Vg@
——300 V are plotted.

The resonan. ce positions at zero magnetic field appear at
much higher negative bias voltages, as the subband en-
ergies in the inversion layer increase due to the enhanced
depletion field. In addition, a negative backgate voltage
leads to a smaller average distance of the electrons from
the lower GaAs-Al Gai As interface. Again it is pos-
sible to fit the experimental results very closely. The d

values used in the fit and the self-consistently calculated
differences in the expectation values are shown in Fig. 13.
For the lowest two transitions, the deviation between the-
ory and experiment is below 10 A. ; for the 0-3 transition,
theory matches the experiment within 30 A. Note that
the latter transition occurs at a comparatively high bias
voltage. Therefore, the dependence of the d values on Ub

can no longer be neglected. As the tunneling distance is
reduced by a negative backgate voltage, the splitting is
decreased as compared to the case of Vbg: 0 V.

All d values, whether they are obtained from fitting
the experimental data (indicated by filled rhornbs, in-
cluding 5%%uo error bars) or from self-consistent calcula-
tions (solid lines, denoted as theoretical data), are plotted
in Fig. 13 as a function of the applied backgate voltage
Ubg ———300, +0, and + 300 V. In applying a backgate
voltage to the sample, it is possible to vary the extension
of the electronic states in the inversion channel within a
large range. The broadening of the resonance range in
the presence of an in-plane magnetic field, however, is
very sensitive with respect to the expectation values of
the z coordinate of the initial and the final state which
are involved in the resonant tunneling process. As a re-
sult, transitions into the higher subbands of the inver-
sion layer show the predicted behavior according to our
theory discussed in Sec. II. The agreement between the
experimental and calculated data further proves our in-
terpretation of the resonance broadening.

In summary, we use an in-plane magnetic field to study
the momentum and energy conservation rules for electron
tunneling between two independently contacted 2D EG
systems. In analyzing the magnetic-field-induced broad-
ening of the sharp 2D-2D resonances, we are able to de-
duce that canonical momentum is conserved during tun-
neling. In addition, the parallel momentum k~~ is con-
served in the case of zero magnetic field. The observed
effects are explained within a quantum-mechanical pic-
ture based on pertubation theory as well as a classical
picture based on the equations of motion of a charged
particle in a crossed-fields configuration. We show that
these two pictures are equivalent, if the difference be-
tween the expectation values of the states (subbands)
which are involved in the tunneling process corresponds
to the classical tunneling distance. It is also shown how
the distances between the mean values of the wave func-
tions on both sides of the barrier can be tuned within a
large range through the application of a backgate voltage
to the sample. Thus, it is possible to vary the tunneling
distance d which determines the width of the resonance
broadenin. g. The infiuence of Uj,g on the electron concen-
tration can be neglected.

V. CONCLUSION

In this paper, we report on detailed studies of electron
tunneling between two barrier-separated 2D EG systems.
The resonances in the tunneling current are identified as
transitions between quantized states on both sides of the
barrier. The comparison between the experimental data
and the theoretical results obtained by a self-consistent
calculation show that a bias voltage U~ causes the 2D EG
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levels to shift energetically by LE = eVt, . Experiments
with an additionally applied backgate voltage confirm
this result.

Tunneling processes between Landau levels with dif-
ferent quantum numbers are observed in the case of a
magnetic field applied perpendicular to the interfaces.
We show that the selection rules for tunneling transi-
tions break down for fields higher than B = 3 T. Due to
scattering processes, the expected energy and momentum
conservation laws no longer apply.

In the parallel field geometry, our tunneling experiment
proves that canonical momentum is conserved during a
tunneling process for a magnetic field lower than B =

3 T. The observed phenomena yield an elegant way to
determine "tunneling distances. "

In addition, such a heterostructure is ideally suited
to study the influence of scattering processes on elec-
tron tunneling by performing temperature-dependent
and tilted-field measurements.
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