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Momentum Conservation in Tunneling Processes between Barrier-Separated
2D-Electron-Gas Systems
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We directly determine the momentum conservation rules for tunneling processes between two in-

dependently contacted two-dimensional-electron-gas systems on GaAs-GaA1As heterostructures. In
transverse magnetic fields, the conservation of the canonical momentum results in a new and giant
broadening of the subband resonances. As a consequence, the mean values of the wave functions, even
for nonoccupied subbands, can be determined directly.

PACS numbers: 72.20.My, 73.20.Dx, 73.40.6k

Tunneling processes in transverse magnetic fields be-
came a topic of increased interest in the last few years.
In double-barrier heterostructures, it was found that the
position of the negative differential resistance is shifted if
a magnetic field is applied parallel to the plane of the
barriers. ' Further, the tunneling current is reduced by
an increased effective barrier height. ' Magnetoquan-
tized interface states, corresponding to classical skipping
orbits, were investigated on both InP-InGaAs (Refs. 4
and 5) and GaAs-A1GaAs (Ref. 6) single-barrier hetero-
structures. Resonant tunneling into so-called cycloidal
interface states is also evident at high magnetic fields. '

At extremely high fields, an anticrossing of the energy
levels on both sides of a tunneling barrier occurs, which
is apparent as a new series of resonances in the tunneling
current. " As an additional feature, the negative dif-
ferential conductivity region in the current-voltage
characteristics of double-barrier structures is washed
out. ' Basic calculations about tunneling in transverse
magnetic fields' ' and hybrid magnetoelectric quan-
tized states' ' were also performed, since in narrow-gap
semiconductors these states offer interesting possibilities
for tunable light sources and far-infrared detectors.

In order to investigate the momentum conservation
rules, we have studied the tunneling processes between
two independently contacted two-dimensional-electron-
gas systems, separated by a barrier of 200 A. Applying
a bias voltage Vb across the barrier, the quantized states
on both sides of the barrier are shifted energetically by
eVb with respect to each other. All transitions between
quantized states are reflected in the tunneling current
directly. ' In transverse magnetic fields, we observe a
tremendous splitting of the subband resonances, being
more than 1 order of magnitude larger than the cyclo-
tron energy @co,. This confirms that Landau levels are
not involved in this effect.

The samples consist of an unintentionally p-doped
GaAs layer grown on a semi-insulating substrate (Nz
& 1 x 10'5 cm 3), followed by an undoped spacer
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FIG. 1. Band structure of a typical sample. EP' and E„'""
denote the subbands in the accumulation and inversion layers.
EP" and EP" are the corresponding Fermi levels.

(d =50 4), doped GaA1As (d =45 A, No =4x 10's
cm ), another spacer (d =100 A.), and n-doped GaAs
(d =800 A., ND =1.2x10' cm ). An additional GaAs
cap layer was highly n-doped (d =150 A., ND =6.4 x 10's
cm ). The resulting band structure is shown in Fig. l.
Thus, we have a system where an accumulation layer
and an inversion layer are separated by a barrier of only
200 A. From Shubnikov-de Haas measurements it was
deduced that only one subband is occupied in both the
inversion layer and the accumulation layer, having an
electron concentration of n,'""=6.1 x 10" cm and
n,"'=5.8 x 10" cm, respectively. The contacts to the
inversion layer were found using a AuGe alloy. For an
Ohmic contact to the upper channel AuGe was used also,
but in this case the AuGe was only slightly diffused into
the n-doped GaAs. The GaAs layer around the top con-
tact were removed selectively, yielding independent con-
tacts to both electron-gas systems. All measurements of
the current-voltage (I-V) characteristics and its deriva-
tive (dI/dV) were made using a four-terminal conduc-
tance bridge with a modulation frequency of 22 Hz
and a modulation voltage of 0.3 mV to achieve a high
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FIG. 3. dl/dV curves of sample 1816/21 for various trans-
verse magnetic fields. The arrows indicate the splitting of the
8 0-T resonance peaks.

FIG. 2. (a) I-V-characteristics of sample 1816/21 at 8 0
T. The resonance positions are marked by arrows. (b) Reso-
nance broadening in transverse magnetic fields, schematically
shown. The widths of the resonances are indicated by the bars.

resolution.
Figure 2(a) shows the I-V characteristics of sample

1816/21. Several steplike structures are clearly ob-
served, which are washed out more negative bias volt-
ages. If a transverse magnetic field is applied to the
sample, the current resonances broaden drastically, as
shown in Fig. 2(b). This effect is much better resolved
in dI/dV, where the broadening of the current reso-
nances results in a splitting of the B=0-T dI/dV peaks
(Fig. 3). With increasing magnetic field, the peaks in

dI/dV are broadened and the tunneling current de-
creases considerably.

We first discuss in detail the B =O-T results: The to-
tal energy of an electron in a two-dimensional system
can be written as E =E&+E~~, where E& is the subband
energy and E~~=A k~/2m*+A k /2m*. If the
momentum of the electrons parallel to the barrier is con-
served during the tunneling process, resonances between
the two quantized systems will occur, if two states are
aligned energetically in E&. E

~l
will have no inAuence on

the tunneling current. This situation is achieved each
time a subband in the accumulation layer matches a sub-
band in the inversion layer. In this case resonances ap-
pear in the tunneling current, which are better resolved
as sharp peaks in the dI/dV curves (Fig. 3) due to the
well defined E& distribution in the emitter electrode.
Thus, we attribute the peak at Vb =+2 mV (inversion
layer grounded) to a tunneling process from Eo"" into the
lowest subband in the accumulation layer, Eo". As only
one peak in dI/dV is observed in forward bias, we con-
clude that only one subband exists in the accumulation

layer. At negative bias, the first peak in dI/dV is due to
a tunneling process from Eo" into the first subband in
the inversion layer, E~"". The subsequent peaks in

dI/dV are due to tunneling processes into the higher
subbands. If the parallel momentum were not conserved,
the E& distribution of the incident electrons would have
a width comparable to the Fermi energy, resulting in
broad structures in dI/dV. From the experimental data
in Fig. 3, however, we get a value of 8 meV for the
linewidth in edI/dV of the Eo"-Et"" transition. This is
much smaller than the Fermi energy EF"=21 meV,
which indicates that the klan conservation is a valid as-
sumption at B =0 T.

In order to gain more information about the momen-
tum conservation rules, a transverse magnetic field is ap-
plied to the sample. Classically, the Lorentz force cou-
ples the components of momentum in the y and z direc-
tions, which quantum mechanically is nothing less than
the conservation of the canonical momentum. For an
electron traveling through the barrier in the z direction,
the wave vector in the y direction is changed by hk~
=eBd/It, where d is the distance traveled. This results
in a change of k, by h, k„corresponding to a change in

E& by ~F. &. In terms of the total energy, the incident
electron is described by E&+It k~/2m*+6 k„/2m*.
Beyond the barrier, the total energy is conserved and can
be written as

(E~+&F~)+(ky+Aky) It /2m*+It k /2m*.

Therefore, AF ~ is evaluated as

&F. ~=( 2kyhky Aky)It /2m*

Since the wave functions and subband energies in the 2D
systems are only weakly inAuenced by the occurrence of
magnetoelectric hybrid states, ' ' ' at low magnetic
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fields, the zero-field resonance condition Epcc =E„'""can
be replaced by

E inv E ace +~Fn p - J

This means, that the resonance condition for a tunneling
electron is shifted by &F. &. Consequently, resonant tun-
neling now occurs at a bias voltage Vb+AVb, where
AVb =&F. i/e. From Eq. (1) it is obvious that AI'. & is a
function of the magnetic field, the length of the trajecto-
ry, and the value of k~ of the tunneling electrons. Note
that the sign of &F. & depends on the sign of k~. If h. F. &

is positive, a tunneling electron will gain k, and lose k~,
which means that for this electron, a resonant tunneling
process is possible at lower gate voltages than in the case
of zero magnetic fields. For negative values of &F.~ res-
onant tunneling processes into the nth subband of the in-
version layer can still occur at energies Ep ~ E„'"".

Since the electrons in the emitter electrode have k~
values limited by ~ kF, the range of the corresponding
4F. & values is thus well defined. This results in a
broadening of the sharp zero-field resonance into a wide
but confined resonance range, which is clearly shown in

Fig. 2(b). The double-step-like shape of the I-V curve is
only due to the exponential background signal; both the
onset and the end of the resonant tunneling regime are
marked by a peak in the dI/dV. Thus, the resonance
broadening results in a splitting of the dI/dV peaks for
increasing transverse magnetic fields. !n Fig. 3 the mea-
sured dI/dV curves are plotted for various magnetic
fields. The splitting is well observed for the Ep"-Ep""
and the Ep -E &"" transition. Figure 4 shows the posi-
tions of the split peaks versus magnetic field. Because of
an overlap of the split peaks for higher subbands dif-
ficulties appear in assigning peak positions for increasing
magnetic fields and the peaks in dI/dV are washed out
drastically. This intensity dependence of the individual
peaks can be understood classically. When the trajecto-
ry of the tunneling particles in high magnetic fields no
longer reaches the target electrode, the tunneling current
decreases drastically.

In order to verify the conservation of the canonical
momentum, the peak positions in dI/dV were calculated
using Eq. (1) for k» = ~ kF. The distances dp„=(zp")
+d b„„,„+(z„'"") are used as a fitting parameter. The
mean value (z) denotes the average distance of the elec-
trons from the interface and the indices denote the sub-
band resonances. The d values which give the best fit to
the experimental data are dpp =350 A, dp| =460 A,
dp2 =570 A, and dp3 650 A. The corresponding results
of &F. ~/e=AVb are shown in Fig. 4 as solid lines. In
this fit, the dependence of the wave vectors kF"' and kF"
on the applied bias voltage Vb was also taken into ac-
count.

At low magnetic fields, 6k~ is much smaller than kF,
and the term (hk») in Eq. (1) is small, leading to the
linear behavior evident in Fig. 4. Since for the higher
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FIG. 4. Fan chart of the measured (dots) and theoretically
calculated dI/dV peak positions (solid lines).

subbands the average distance between the electrons and
the GaAs-GaA1As interface is increased, the splitting of
the corresponding resonance peaks is larger than the
splitting for the transition between the lowest subbands.
If the magnetic field increases, the term (Ak») in Eq.
(1) will become important, leading to a nonlinear behav-
ior at higher magnetic fields.

The mean values (z) can also be determined theoreti-
cally. To check the values of d obtained from the fit, the
potential distribution and the eigenfunctions of the sys-
tem were determined self-consistently. ' All calcula-
tions were carried out at 8 =0 T, since for low magnetic
fields the influence of magnetoelectric hybrid states can
be neglected. Comparing the dp„values obtained from
the self-consistent results (dpp =340 A, dpi =450 A, dp2
=540 A, dp3 =610 A) with the values from the fit, one
gets an excellent agreement. For the lowest two sub-
bands the deviation between experiment and theory is
only 10 A; for the higher subbands the theory matches
the experiment within 30 and 40 A, respectively. Note
that, in principle, the values of dp„depend on the applied
gate voltage. The numerical results, however, show that
this eff'ect is rather small and cannot be resolved within
the experimental accuracy. Therefore, the assumption of
constant distances dp„ is justified when Vb is varied.

Using the fundamental assumption that the canonical
momentum is conserved during the tunneling process, we
are able to explain the experimental results within a very
basic theory. The excellent agreement of the experimen-
tal data and the calculated data according to Eq. (1) in-
dicates that our interpretation is correct. Even the con-
servation of the component of the wave vector parallel to
the applied magnetic field, k„, is a natural consequence
of the presented analysis. The symmetry of the problem
implies that, if a magnetic field is applied in the x direc-
tion, k is conserved. This leads to the conclusion that at
zero magnetic fields, where the problem is completely
symmetric with respect to the z direction, both k and k~
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are conserved. Therefore, the k~i conservation deduced
from the small linewidths of the 8 =0-T resonance peaks
in dI/dV is to be expected.

In addition, our tunneling method not only gives infor-
mation about the subband energies, but also provides a
measurement of the mean values of the electron wave
function. From the measured subband energies, the (z)
values can only be determined by solving Schrodinger's
equation. The conservation of the canonical momentum,
however, for the first time offers a tool to measure the
(z) values directly, if kF is known in the emitter elec-
trode. This method has the advantage that the investi-
gated subband need not to be occupied. On the other
hand, kF can be determined if do„ is known.

In summary, we have studied the momentum conser-
vation rules in tunneling processes between two indepen-
dently contacted two-dimensional-electron-gas systems.
A giant broadening of the subband resonances in the
tunneling current is observed in transverse magnetic
fields. Through the quantitative explanation of this
effect, our experiment unambiguously verifies both the
conservation of the canonical momentum and the conser-
vation of k~i in the case of zero magnetic field.

This work was partially sponsored by Stiftung
Volkswagenwerk, Project No. I-61840.
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