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a b s t r a c t

We investigate electron tunneling between two GaAs accumulation two-dimensional layers separated

by an (AlGa)As barrier which is modulation-doped with donors. A Coulomb pseudogap suppresses

electron tunneling at the Fermi level and is induced by a magnetic field applied perpendicular to the

accumulation layers. By measuring the tunnel current as a function of magnetic field and bias voltage,

we examine how the pseudogap is influenced by elastic scattering processes.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Many-body effects are the most attractive subjects of investiga-
tion in the modern semiconductor physics. In particular a two-
dimensional electron gas (2DEGs) in a quantizing magnetic field
is the most successive object for such a kind of investigation. Actually
the electron transport in the gas reveals such many-body effects
as the fractional quantum Hall effect, the Wigner crystallization, the
skyrmion effects [1]. Now a lot of attention is paid to the many-body
state of the 2DEG at the Landau-levels filling factor n¼ 5

2 [2]. Most of
these effects are investigated experimentally by the in-plane electron
transport. As for the tunneling, i.e., vertical electron transport, there
were observed only few many-body effects concerning this activity.
The first one was the Coulomb pseudogap [3]. The pseudogap causes
suppression of electron tunneling at the Fermi level of the 2DEG,
whereas the electron motion remains free along the plane of the
2DEGs. The physics of the pseudogap is similar to that of the Fermi-
edge singularity [4]. Briefly speaking since electron tunneling is a fast
process, it introduces a local charge fluctuation that is relaxed by the
lateral motion of nearby electrons. In the presence of a magnetic field
applied perpendicular to the 2DEG planes, the resulting vortex-like
motion requires a finite amount of energy or pseudogap energy [5].
As a result, tunneling electrons encounter a pseudogap at the Fermi
energy. The pseudogap has been observed as a suppression of the
tunnel current between identical 2DEGs [6] at low bias or as an
ll rights reserved.
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additional voltage shift of the resonant current peak in the case of
2DEGs with different electron concentrations [7]. Recently an
enhancement of the Landau levels (LL) spin-splitting was observed
in electron tunneling between 2DEGs or in the 2D–2D tunneling [8].
The similar effect was observed earlier in the lateral transport and
originated from the exchange part of the Coulomb interaction
of the electrons in the 2DEGs. This splitting was found to be equal for
the both gases in spite of its different filling factors that indicates on
the gases should not be considered as separate systems concerning
Coulomb electron interaction. It might be more appropriate to apply
the physics of the bilayer 2DEGs for the 2D–2D tunnel structures. In
addition the collapse of the spin-splitting was observed at nr2 [8]
similar effect was observed in asymmetric double-quantum-well
systems [9].

It is worth noting that the resonant character of the 2D–2D
tunneling is very important for the pseudogap investigation. In
the single-particle picture the tunnel current has a sharp
peak when the subband levels align in both 2DEGs, i.e., E01¼ E02

(see insert in Fig. 1). This condition is a following of tunneling
coherence, i.e., of the electron energy and transverse momentum
conservation. In a quantizing magnetic field new current peaks
appear in the I–V curve. The peaks originate from the electron
tunneling assisted by elastic scattering [10]. In this case the
energy conservation gives additional resonant conditions as
follows:

E01�E02 ¼ k‘oc , ð1Þ

where k is an integer number, ‘ is the Planck constant, oc is the
cyclotron frequency. Thus elastic scattering assists electron
tunneling between Landau levels (LLs) with the Landau level
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Fig. 1. Tunnel characteristics of the heterostructure under investigation. A solid

curve shows the current–voltage characteristic of the diode; a dashed one

corresponds to the second current derivative d2I/dV2. In the insert a schematic

diagram of the conductance-band bottom plotted as a solid curve and the subband

levels shown as solid segments.

Table 1
Layer sequence of the heterostructure under investigation.

Layer composition Donor density (cm�3) Thickness (nm)

n+-GaAs (upper layer) 1.5�1018 300

n+-GaAs 5�1017 50

n-GaAs (spacer) (2–3)�1015 70

GaAs Undoped 10

Al0.3Ga0.7As Undoped 5

n+-Al0.3Ga0.7As 6�1017 10

Al0.3Ga0.7As Undoped 5

GaAs Undoped 10

n-GaAs (spacer) (2–3)�1015 70

n+-GaAs 5�1017 50

n+-GaAs 1.5�1018 1000

Substrate: n+-GaAs, nD¼(2–3)�1018 cm�3.
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number difference of k. Given that many-body effects cause a
voltage shift of the resonance peak, it is interesting to pose the
question ‘‘what happens to the elastic scattering features?’’ Here
we study these elastic features in the I–V curves for the case of
2D–2D electron tunneling at high magnetic fields, B, applied
perpendicular to the 2DEG planes.
Fig. 2. Tunnel spectra for B applied perpendicular to the 2DEG planes. The grey-

scale plot was reconstructed [16] from the original second derivative-voltage

curves at different B. Filled square, circular, triangular and empty circular symbols

show the experimental values of Vr, Ven, Vep and Vs accordingly. This values are

taken from the curves. The values of Vr, Vep and Ven calculated in the single-particle

model are shown as segments of the solid, dashed and dash-dotted lines

accordingly. In the insert the Landau levels in the 2DEGs are shown in an

energy–density-of-states (E–D) plot. The LL are under first resonance condition in

the case of the LL pinning. In this case segments of horizontal solid lines show the

pined Fermi levels in the 2DEGs in the magnetic field range 4 ToBo6 T.

Horizontal segments of dashed lines correspond the Fermi levels in the magnetic

field range 6 ToBo8 T. Segments of dotted lines show the Fermi levels in the

magnetic field range 9 ToBo14 T. The Fermi levels in the field range B415 T are

shown as dot-dashed segments. The resonance voltage Vr is proportional to the

Fermi level separation.
2. Experiment

Our single barrier GaAs/(AlGa)As/GaAs heterostructure was
grown by molecular beam epitaxy on an n+-Si-doped GaAs
substrate and consists of two electron accumulation layers on
either side of a single 20 nm thick barrier layer of Al0.3Ga0.7As
which is modulation-doped with Si-donors near its centre.
Accumulation 2D layers appear in the adjacent undoped GaAs
layers due to the donor ionization in the barrier layer. In this case
the 2DEGs are separated from the n+-GaAs layers with spacers or
doped 70 nm thick GaAs layers. A detailed description of the
heterostructure can be found in Table 1. A schematic conduction
band diagram of the diode is shown in the insert of Fig. 1. The
structures were processed into mesa diodes using optical
lithography and wet etching. The parameters of the 2DEGs are
as follows: the concentration of the 2DEG with subband energy
E01 is n1 ¼ 4�1011 cm�2; the concentration of the 2DEG
accumulation layer with level E02 is n2 ¼ 6 �1011 cm�2.

According to the previous investigation [11] we can state that the
resistance of the spacers is negligible in compare with that of the
barrier layers. This allowed us to interpret all the features in the I–V

curve as features of 2D–2D electron tunneling. The parameters of the
2DEGs have been determined in the similar way as that was used in
Ref. [8]. The tunnel characteristics were measured at temperature
T ¼ 1.5 K. A typical current–voltage characteristic of the diode is
shown in Fig. 1 as a solid curve. A current peak at the bias voltage
Vr ¼ 7 mV corresponds to the first coherent resonance when the first
resonant condition is satisfied, i.e., E01(Vr) ¼ E02(Vr). A current
shoulder at Vs ¼ �14 mV associates with the second resonance,
i.e., E01(Vs) ¼ E12(Vs). To improve energy resolution and to exclude
influence of a non-resonant background current we have investi-
gated the second derivative of the current on voltage shown in Fig. 1
as a dashed curve. In this case for the positive voltage the d2I/dV2

minimum of the highest amplitude corresponds to the first
resonance while for the negative voltage the d2I/dV2 maximum of
the highest amplitude associates to the second resonance (see Fig. 1).
In a magnetic field applied perpendicular to the 2DEGs planes the
current peak and shoulder are shifted and have non-monotonic
magnetic field dependencies. In addition new features appear in the
I–V and in the d2I/dV2–V curves (see grey-scale plot in Fig. 2).
3. Discussion

The non-monotonic voltage shift of the resonance features can
be understood as follows. Above 2 T, the Landau levels become
well-defined and the energies of the subband levels oscillate as a
function of B; this modulation is induced by Landau level
depopulation and a transfer of charge between the 2DEGs and
the nearby doped GaAs contact layers and can be strong enough
to provide LL pinning on the Fermi levels. The behaviour was
calculated numerically [12] and observed by the optical [13] and



Fig. 3. Voltage shifts of the first and the elastic resonances at positive and negative

bias are shown versus magnetic field as circles, squares and triangles accordingly.

A solid line shows the best fit sublinear curve to the squares.
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the capacitance [14] spectroscopy. The conditions of the LL
pinning have been considered analytically in Ref. [15]. The
subband level oscillations are similar to the Shubnikov–de Haas
those in the sense that they are periodical in the inverse field and
their period is determined by the Fermi energy at zero field or the
electron concentration.1 Since the concentrations of the 2DEGs
are different the oscillations of the subband levels E01 and E02 are
not in-phase. This means that the energy difference DE¼ E01�E02

is also oscillating and causes the oscillations of the first-resonance
voltage Vr, i.e., the voltage at which DEðVrÞ ¼ 0. To improve the
experimental accuracy we have determined the resonant voltage
as a voltage of the d2I/dV2 minimum. The experimental values of
the voltage Vr are plotted in Fig. 2 as filled squares. Similar
behaviour has been observed previously [8]. We note that in the
single-particle approximation, coherent resonance takes place
when the Landau ladders of the 2DEGs coincide (k ¼ 0 in Eq. (1)
see also insert in Fig. 2). If the upper partially filled LLs are pinned
to the Fermi levels in both 2DEGs then the resonance voltages are
determined by the energy difference of the upper partially filled
LLs (see insert in Fig. 2). One can determine the quantum numbers
of the upper LLs from the LL filling factors plotted on the top axis
in Fig. 2. Hence for 4 ToBo6 T,

eV r ¼ ‘oc , ð2Þ

for 6 ToBo8 T,

eV r ¼Ds, ð3Þ

where Ds is the LL spin splitting; for 9 ToBo14 T,

eV r ¼ ‘oc�Ds, ð4Þ

and for B415 T,2

eV r ¼ 0: ð5Þ

We attribute the significant shift of the experimental data from
the expected values to the effect of the Coulomb pseudogap. By
plotting the difference DVr between the experimental and
expected values we can describe empirically the data by a unified
dependence over the full range of B—see circles in Fig. 3—using
the relation

DVr ¼ bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðB�B0Þ

p
, ð6Þ

where b¼ 0:9 mV, a¼ 5:2� 10�6 V2=T, B0 ¼ 6.5 T are the fitting
parameters. The similar sublinear dependences were observed
previously in the different structures and temperature [7,8]. To
our knowledge there is no theory describing such magnetic
dependence of the pseudogap shift. It is worth to note that
the value of the LL spin splitting Ds was chosen to succeed
this unified-curve description. In this case we suppose that
Ds ¼ 0:28‘oc . This corresponds to the Landé factor of g* ¼ 8.4.
This value is very close to the previous experimental observations
of the exchange-enhanced Landé factor [17,18].

Thus we have the well-described magnetic dependence of the
first coherent resonance in the frame of the LL pinning model. We
shall show further how this model can describe the elastic
features in the tunnel spectra. In Fig. 2, the experimental voltage
positions of the elastic features in positive and negative bias
are shown as triangles and circles. To calculate the positions of
the elastic features in the single-particle model one should take
into account the concentration corrections. Due to the finite
1 In our sample the spacers and barrier layers are thick enough to provide low

value of the specific capacity that determines the number of electrons transferred

from or in the 2DEG during these oscillations. This means that amplitude of the

concentration oscillations is very small in compare with its average value.
2 Here we have omitted the LL spin-splitting like it was done in Ref. [8].

Disappearance of the spin splitting will be discussed further when the elastic

features will be considered.
capacitance of the tunnel barrier an applied voltage changes the
electron concentrations and the LL filling factors. Since the barrier
is relatively thick this provides only a small correction to the
initial concentrations.3 In the case of the elastic feature at positive
bias we have average concentrations as follows: n1 ¼ 3.6�1011

cm�2 and n2¼6.4�1011 cm�2. From these concentrations one
can recalculate new LL filling factors and determine the new
resonance voltage Vr from (2), (4) and (6). Being determined from
Eq. (1) as: eVep ¼ eV rþ‘oc the positive elastic feature voltage
Vepcan be found as follows: in the field 4:5 ToBo6:5 T

eVep ¼ 2‘oc , ð7Þ

for 7 ToBo11 T

eVep ¼ 2‘oc�Ds, ð8Þ

and for B413 T

eVep ¼ ‘oc : ð9Þ

The calculated values are shown in Fig. 2 as segments of
dashed lines. One can see the considerable high-voltage shift of
the experimental data with respect to the calculated those. In
Fig. 3 this shift is plotted versus magnetic field. Note that this
elastic pseudogap shift is very close to the shift of the first
resonance at the magnetic field lower 12 T. However in the
magnetic field higher 12 T it becomes considerably less than the
coherent shift.

To understand what happens at B ¼ 12 T, we consider the
behaviour of the elastic feature in negative bias. The voltage
positions Ven of the elastic feature are plotted in Fig. 2 as filled
circles. The expected values are shown as segments of the dash-
dotted lines and calculated taking into account the filling factors
from Eq. (1) setting k ¼ �1 as follows: for 4 ToBo6 T,

eVen ¼ 0, ð10Þ
3 To calculate the concentration correction Dn one can use a specific

capacitance of the barrier that is C ¼ ee0=d, where e¼ 13 is the Al0.3Ga0.7As

permittivity; e0 ¼ 8:9 pF=m is the vacuum permittivity; d is a thickness of the

Al0.3Ga0.7As barrier layer. In this case Dn¼ VaC=e where e is the electron charge;

Va is an average voltage position, relatively which the voltage position of a feature

is changing in magnetic field. We can roughly estimate it for the elastic feature in

positive bias as follows: Va ¼ (Vep(B ¼ 4.5 T) + Vep(B ¼ 23 T))/2. Finally the

correction is Dn¼ 0:4� 1011 cm�2.



V.G. Popov et al. / Physica E 43 (2010) 151–154154
for 6 ToBo8:5 T,

eVen ¼Ds�‘oc , ð11Þ

for 8:5 ToBo12 T,

eVen ¼�Ds, ð12Þ

and for B412 T,

eVen ¼�‘oc: ð13Þ

Similar to the positive elastic feature one can determine the shift
of the elastic feature at negative bias. The experimental magnetic
dependence of this shift are shown in Fig. 3 as filled circles. One
can see that the elastic-feature shift starts to increase in the same
field as the coherent-resonance one and sharply decreases at the
field range B412 T. This sharp decrease coincides with the
second-resonance transition. In this transition the elastic feature
is very close in the voltage position to the second resonance, i.e.,
Ven � Vs (see Fig. 2) that means the cyclotron energy is close to the
intersubband energy and it becomes larger in the higher field. It is
interesting to note that the shift of the positive feature decreases
at the same field B ¼ 12 T.4 When the energy of a tunneling
electron exceeds the intersubband that the electron can interact
with the intersubband plasmon and relaxes more fast. Since the
role of the plasmons is important in the pseudogap formation [5],
pseudogap decrease can be associated with increasing role of the
intersubband plasmon emission in the electron relaxation.
4. Conclusions

To summarize the results, we have investigated the electron
tunneling between 2DEGs of different concentrations in quantiz-
ing magnetic fields. The observed features have magnetic
dependencies that can be explained in the model combining the
LL pinning with such many-body effects as the Coulomb
pseudogap and the enhanced LL spin-splitting. We revealed and
investigated new effects such as the voltage shifts of the I–V
4 Here one can find another confirmations of the spin-splitting suppression. In

the field B416 T the spin polarisation of the pined LLs becomes different in the

2DEGs, i.e., n2 41 and n1 o1. This means that Eq. (3) is valid again. Thus firstly we

should observe the resonance transition at B ¼ 16 T but we do not. Secondly for

the elastic features Eq. (11) and eVep ¼ ‘ocþDs should be justified. In this case the

single-particle Vep values will exceed the experimental those that contradicts to

the pseudogap effect and hardly can be explained.
features created by the elastic scattering processes. These shifts
significantly decrease in the high magnetic fields when the
cyclotron energy exceeds the intersubband one. We ascribe this
effect to the pseudogap formation in the case of fast electron
relaxation via emission of the intersubband plasmons.
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