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Many-body blockade of resonant tunneling of two-dimensional electrons
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In high magnetic fields tunneling of two-dimensional electrons requires an extra energy to overcome an
effective barrier due to electron-electron interaction. This barrier is clearly visible as a shift of the tunnel
resonance to higher biases. The filling facierl marks a surprisingly rapid transition between low-field
(quadratically developing shjfand high-field(saturation regimes. At low temperatures, the many-body shift
decays linearly with increasing temperature, which can be attributed to coupling of a tunneling electron to
phononlike excitations in the correlated electron sysfe$0163-18207)04327-1

Since the pioneering work of Chang, Esaki, and fTau sure magnetic-field and temperature dependences of the
great deal of attention has been paid to studying physics ajuasigap which both appear to be remarkable. In high mag-
resonant tunneling and the single-particle approach is foundetic fields, the many-body shift exhibits saturation to a
to be generally adequate to describe this long familiar sysvalue of aboutA (T=0)~e?/r wherer is the average elec-
tem. However, it has recently become clear that many-bodyron spacing in the 2DEG, in agreement with the previous
phenomena can also play a substantial role in resonant tui#ork on double 2DEG systems. In low fields, we have found
neling and even lead to qualitative changes in its behavior@ quadratic dependence @nwhich cannot be explained by
Such changes have been observed in two specific situgurrent theories. The transition point between the two re-
tions: as a Fermi-edge singularity for the tunneling of two-gimes is clearly marked by the filling facter=1 and cannot
dimensional2D) electrons through a strongly localized state be connected to any other meaningful filling factor, evg:2
of a single impurity and as a plasmon replica in asymmetricor 3. This is an unambiguous indication that the quasigap
resonant tunneling devicéRTD’s) in the regime of change involves spin correlations. Third, the observed temperature
accumulatior?. dependence of the interaction shift is well described by the

In this paper, we show that electron-electron interaction iginusual exponential dependena¢0)exg —akgT/A(0)] (a
also responsible for another qualitative feature which car=1) within the whole temperature range. At low tempera-
readily be seen in the behavior of conventional RTD’s with atures, this yields the linear dependent€T)~A(0)—kgT
two-dimensional electron ga@DEG) at the emitter inter- Which, we speculate, indicates contribution to the tunnel pro-
face. The interaction leads to a clearly noticeable shift of theeess of thermally excited phononlike plasmons inside the
tunnel resonance to higher biases when a strong magnetiorrelated electron system.
field is applied perpendicular to the 2DEG. Such a shift in- We have studied magnetotunneling of 2D electrons using
dicates the emergence of an extra barrier that restrains eleGAlGa)As double-barrier RTD’s. A schematic band diagram
tron tunneling. We explain this shift in terms of the so-calledof our devices under bias is shown in the inset of Fig. 1. Due
Coulomb (quas)gap, which has recently been observed forto the presence of an undoped spacer layer between the
equilibrium tunneling between two 2D-electron systéms (AlGa)As emitter barrier and the-doped contact region, a
and, subsequently, attracted significant theoretical intér8st. 2DEG is formed in the accumulation layer at the emitter
The observation of the quasigap as a first-order effect innterface. Tunneling occurs when the 2DEG comes in reso-
resonant tunneling that survives up to temperatures of sey:ance with a 2D subband in the quantum well giving rise to
eral tens of Kelvin is only one of the points of this paper. a sharp peak on the-V curve (Fig. 2. Our devices were
Further, the process which controls the tunnel current in ougrown by molecular-beam epitaxy and have the peak-to-
RTD’s is tunneling from the emitter 2DEG into trempty  valley ratio for the main resonance of about 20 at 4 K, indi-
guantum well. This essentially distinguishes our system frontating their high quality. A large number of devices with
double-layer devicés giving further information about the various layer composition&ifferent thicknesses of tunnel
nature of the Coulomb quasigap. First, the evidence for théarriers, the quantum well and spacer layers, and various
many-body blockade in the system with a single 2DEGdoping profile have been studied. Here, we focus on data
proves that the intralayer rather than interlayer interactiorior two of our structures which fairly represent the range of
dominates this effe&Second, a free supply of electrons into possible behavior in this system. For the first sample, the
the emitter 2DEG from the parallel planar contact layer ef-active region consists of an 11-nm AGa 6As barrier, a
fectively removes the strongly oscillating in-plane 2DEG 5.8-nm GaAs quantum well followed by another 8.3-nm
magnetoresistance which has hampered the accuracy of medlky /Ga gAs barrier with 3.4-nm space layers. The second
surements in the double 2DEG systems in low magneticlevice has a 9.0-nm GaAs quantum well sandwiched be-
fields. In our system, we have been able to accurately medween two 5.7-nm AJ:Ga -As barrier followed by 20-nm
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magnetic field. The shift of the main resonance may some-
times be accompanied by changes in its amplitude; however,
if the resonance is normalized to the peak value, the rigid
shift of the front part of the resonance is always evident. The
part beyond the resonance usually experiences some changes
as the resonance becomes more symmetric in high magnetic
fields, in agreement with theory.

Another important experimental fact which elucidates the
nature of the observed shift is that the value of the magnetic
field where the saturation occurs corresponds to filling factor

. 1 in the emitter 2DEGfilling factor is found from the period

0'20.0 510 10.0 15.0 of the magneto-oscillationsThis indicates that the shift is
B(T) related to quantization in the 2DEG. Furthermore, rotating
the field direction relative to the plane of the emitter 2DEG

FIG. 1. Suppression of the tunnel current by a strong magneticonfirms that the shift is 2D in nature. The magnitude of the
field parallel to the current at biases near the onset of the resonanegift is found to be several mV depending on the layer com-
(v=1atB~6 T). Inset: schematic diagram of the conduction-bandposition and 2D electron concentratiprin different devices.
profile of our devices under bias. Electron tunneling occurs fromConverting the voltage shift into the ene,ﬁy{ we find that
the emitter 2DEG through the 2D subband in the quantum well. 5t |ow temperatures the additional enerdyrequired for

resonant tunneling in high fields varies between 2 and 5 meV
spacer layers. The doping starts from a low value (2for different devices with n between 0.7 and 3.0
X 10'* em~3) over thicknesses of 100 and 300 nm close tox 10! ¢m2. Note thatA does not correspond to any other
the spacer layers, for the two devices, respectively. We disgpyious energy scale in the problem. The enekgycreases
cuss the situation when the current is controlled by tunnelingyith increasingn and, within the data scatter for different
through the emitter barrier and serial resistances due to Oth‘éi'évices, can be described by the dependexg®) = Be?/r
parts of the structure can be neglected. For further details wg 1/2 (8~0.6-0.8)*"8
refer to Refs. 2 and 10. _ . As mentioned above, the observed shift of the tunnel reso-

When measuring the tunnel current at a fixed b|a§ below,ance to higher bias is not expected in a simple single-
the peak of the main resonance, the current always first rapsarticle theory of resonant tunneliddIn fact, the onset of
idly decreases with increasing magnetic field and, then, thigye resonance is due to 2D electrons at the Fermi level which
is followed by a saturation or slower decrease in fields above,nnel with energy conservation but without momentum con-
v=1. Figure 1 shows that this is a primary effect with the servation due to the presence of impurity and interface scat-
currer11lt being suppressgd_by a factor of 2?59- 1 or tering. On the other hand, the 2D Fermi level is pinned to the
more:~ Full I-\/ characterlsncs measured for d_|fferent Va'“?SFermi level in the doped contact region because the corre-
of the magnetic field reveal that the suppression of tunnehngponding series resistance of the spacer layers is negligibly
is simply due to the shift of the whole body of the resonancesmg|. Since the zero-point energy sHifi,/2 (lowest Lan-
to higher biasegsee Fig. 2 The inset shows that the shift is 5, |eve] is the same for all parts of the structure, the single-
really “rigid,” covering the whole range of the exponential particle theory of magnetotunneling predicts that the onset of
increase in the tunnel current down to the regime ofihe tunnel resonance is independent of the value of the per-
impurity-related tunneling:"* From the phenomenological pendicular magnetic field. We note that we considered a
point of view the magnetic field acts as if the energy of the,ymper of other reasons which could speculatively lead to a
2D subband in the quantum wefthe Fermi level of the  ghift of the resonance. Among those are magnetoresistance
2DEG) is moved upwards(downward$ with increasing of the spacer regions or the emitter 2DEG, change in the
shape of the emitter confinement, tunneling with momentum
conservation, nonparabolicity of the energy spectrum in the
quantum well, and misalignment of the magnetic field with
respect to the 2DEG. All such speculation arejiralitative
disagreement with the discussed behavior or have been ruled
out by additional experimeni®.g., rotation in the magnetic
field, changing its polarity, and capacitance measurements

A straightforward explanation for the observed shift is
given by employing the concept of the Coulomb quasigap
observed in recent experiments on equilibrium tunneling of
2D electrong:® The many-body gap can be interpreted as
- being due to local excitations left in a 2D system by rapid
0 50 200 250 300 350 extraction of a tunneling electron. In high magnetic fields 2D

V(mv) electrons become strongly correlated as the magnetic field
guenches their kinetic energy. Then, extraction of an electron

FIG. 2. Parallel shift of the tunnel resonance to higher biase®ut of the correlated system leaves local plasmon excitations.
when a quantizing magnetic field is applied to the 2DEG. Inset; thddence, an additional enerdgr biag has to be supplied to
same resonance in the logarithmic scale. the system to provide the energy conservation in the whole
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FIG. 3. Temperature dependence of the energy required to over- FIG. 4. Development of the interaction barrier with increasing
come the additional barrier caused by the magnetic field. Experimagnetic field at 4.2 K for two samples with different electron
mental data are shown by dots; the solid line is the best fit by theoncentrations. Curves ai situ measurements at a fixed value of
function A(O)exd —akgT/A(0)] with a ~1; the dashed line is the the tunnel current. The dotted curve takes into account changes in
linear suppressiol\(T)=A(0)—kgT. The inset shows in more the amplitude of the resonance for one of the samples.
detail the evolution of the resonance position with increasing tem-
perature in the fields of 0 and 20 T€3). quasigap over the field interval from 0 to 20 T for the two

samples discussed. The 2DEG concentrations differ by a fac-
tunnel process which now includes the plasmon emissionor of about 2. The solid and dashed lines are obtained di-
The value of the “gap” corresponds to the interaction en-rectly by fixing the tunnel current and sweeping the magnetic
ergye®/r and the gap appears in high magnetic fields and afield. This procedure accurately measures the shift of the
low temperatures when the 2D system is strongly correlatedunnel resonance if its form does not change. This is the case
Applying this concept to our experimental system explainsof the device depicted by the dashed curve in Fig. 4. For the
the observed shift, its absolute value, and the concentratiogolid curve, the amplitude of the resonance slightly decreases
dependencé® in fields above 12 T and this leads to the artifact that the

We have used the new experimental situati@mgle solid curve goes up. The real shift is obtained by normalizing
2DEG,; vertical supply of electroingo study the behavior of the resonance amplitudes in different fieldmtted curve
the many-body blockade at high temperatures and in lowDne can see that with increasing field, the gap develops non-
magnetic fields. The temperature dependence is plotted imonotonically and can exhibit strong magneto-oscillations.
Fig. 3. As expected,the thermal energkgT required to  The exact amplitude and phase of these oscillations are be-
suppress the blockade is of the same order of magnitude §®&nd accuracy of the present experiment because it is pos-
the gap itself,A(0)/kg=~40 K (Fig. 3. The resonance be- sible that simultaneously there is an oscillating contribution
comes slightly smalleand broader with increasing tem-  to the measured signal due to a self-consistent adjustment of
perature up to 70 K but its position in zero magnetic field isthe accumulation layer We note that at low temperatures
temperature independe(gee inset in Fig. B On the other (~0.4 K) a small but clear increase in the value of the gap is
hand, in high magnetic fields the resonance shifts to lowepbserved av=2 and 3.
biases with increasing temperature, gradually approaching its \When the amplitude of the oscillations in the value of the
zero-field position. This unambiguously indicates that all thegap is small, two field regimes can be clearly distinguished.
additional energy is related to the magnetically quantizedn low fields, the gap is described by a quadratic dependence,
state of the 2D system and the blockade of tunneling is abwhile in high fields it rapidly saturates. The quadratic growth
sent in zero field. Further, the temperature dependence of ths the quasigap is predicted in Ref. 7 but the rate of this
shift of the resonance shown in Fig. 3 can be well describeghcrease is one order of magnitude larger than that measured
by the exponential functior (0)exd —kgT/A(0)], which is  in our experiment. We note that the thebigonsiders the
drastically different from the Arrhenius dependence expclean limit in the 2DEG while in our structures impurity
[—A(0)ksT] or the Fermi function. In the absence of a scattering is perhaps important at the onset of the resonance.
theory for such behavior, we note that at low temperaturesn high magnetic field§v<1), there is a smaller increase in
[T<A(0)/kg] the experimental dependence is also well dethe gap value which can be described as a square-root de-
scribed by the linear functiod (T)=A(0)—kgT (dashed pendence offset from the origin at zero field. Such a weak-
line in Fig. 3. We speculate that this dependence suggestfield dependence is expected because the magnetic length
phononlike excitations in the strongly correlated electronl,; still does not reach the classical limit for the interacting
system. Such phonortanalogous to acoustic phonons but in system (,;<r). Note that the transition between the two
an electron glagshave a characteristic energgyT and can field regimes is remarkably sharp and for all samples is de-
couple with tunneling electrons, thus supplying the extra entermined by the filling factow=1 and not by the absolute
ergy of the order okgT necessary to overcome the block- value of the magnetic field. The filling facter=1 is marked
ade. At higher temperaturekgT~A), the correlated system by arrows in Fig. 4 and it is clear that the transition between
melts and the gap completely disappears. the two field regimes occurs at the spin-splitted state and not

Figure 4 shows the magnetic-field dependence of that »=2. This indicates that the observed ‘“gap” is
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not only related to the Coulomb interaction between elecand high-field regimes indicates that spin correlations are

trons but that also their spin correlations are involved. important for the description of the quasigap. We observe a
In conclusion, many-body interaction causes considerablgquadratic evolution of the gap in low fields but its amplitude

and easily observable changesl #V characteristics of con- s considerably smaller than predicted.

ventional resonant tunneling devices. This phenomena sur-

vives even at elevated temperatures of several 10 K. The This work is part of a research program of the Stichting

temperature dependence cannot be explained by presev@or Fundamenteel Onderzoek der Matefl®OM) finan-

theories and indicates coupling of the initial state of the tun<ially supported by NWQ(The Netherlandsand was also

nel electron with phononlike excitations in the correlatedsupported by EPSRQJK).

electron system. The point of the crossover between the low-
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