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Dynamic Instabilities in Resonant Tunneling Induced by a Magnetic Field
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We show that the addition of a magnetic field parallel to the current induces self-sustained intrinsic
current oscillations in an asymmetric double barrier structure. The oscillations are attributed to the
nonlinear dynamic coupling of the current to the charge trapped in the well, and the effect of the external
field over the local density of states across the system. Our results show that the system bifurcates as
the field is increased, and may transit to chaos at large enough fields. [S0031-9007(97)03630-2]

PACS numbers: 73.40.Gk, 72.15.Gd

Since the first observation of resonant tunneling througlis simple if a parabolic energy dispersion parallel to the
a semiconductor double barrier structure (DBS) by Chandgnterfaces is assumed. The field quantizes the motion of
Esaki, and Tsu, devices based on this structure have beéme electrons in they plane, giving rise to Landau levels
found to exhibit a variety of interesting physical propertieswith energiese,, = (n + 1/2)hw., wheren =0, 1,2,...
[1]. Besides a peak due to simple resonant transmissiofis the Landau index and. = eB/m"c is the cyclotron
structures arising from phonon [2] and plasmon-assisteffequency. To a good approximation the longitudinal de-
[3] resonant tunneling, as well as from Landau level matchgrees of freedom are decoupled from the transverse motion
ing [4,5], have been observed. Moreover, an intrinsicand may be treated independently. The probability ampli-
dynamical bistability and hysteresis in the negative differtudeb;* for an electron in a time dependent sthi¢ to be
ential resistance region of the current-voltage characterisat planej alongz and in the Landau level is determined
tic has been reported [4,6,7]. This is a nonlinear effecby the equation of motion
produced by the Coulomb repulsion experienced by the

incoming electrons from the charge buildup in the space ik dbj*® — e +e + UZ |bm/3|2 pne
between the barriers [6]. dt / " v J
Qualitative arguments given by Ricco and Azbel [8] + u(b"Y, + b1, — 2b"7) (1)
J— J J ’

suggest the existence of intrinsic oscillations in a DBS
for the one-dimensional case. When the energy of thevherev is the hopping matrix element between electrons
incoming electrons matches the resonance energy they nearest neighbor planes, ard represents the band
enter the device and charge the potential well, lifting itscontour and external bias. Here the sum ovet 8)
bottom, thus driving the system away from resonance. Theovers all occupied electron states of the system, within
ensuing current decrease lowers the charge in the wethe various Landau leveta with energies below the Fermi
bringing the system back to resonance, and a new cyclevel, incident on the DBS from the emitter side. In writing
in an oscillatory behavior begins. Numerical calculationsEq. (1) we have adopted a Hartree model for the electron-
support this prediction for ballistic electrons provided theyelectron interaction, keeping just the intra-atomic terms
are not monoenergetic, and in fact their energy spread ias measured by the effective coupling constént We
comparable, or wider than the resonance width [9]. have neglected inter-Landau level transitions since they
In this Letter we report the presence of sustained intrinare of little importance at not too low magnetic fields [10],
sic oscillations when the source is a Fermi sea of electrongnd averaged over allowed transitions between degenerate
as one normally has in DBS devices. The oscillations magtates within a Landau level, taking advantage of the
be regular or irregular, and are made possible by the predacalization induced by the Gaussian factor in the Landau
ence of a magnetic field applied in the direction of the curbasis. Detailed inclusion of long range effects make
rent. They arise thanks to the drastic change that the fieldumerical calculations more difficult, without introducing
causes on the density of states, and from the magnetic field qualitative difference in the physical description of the
induced enhancement of the nonlinearity of the system, asystem. As we will show in what follows, the nonlinear
described below. term proportional toU appearing in Eq. (1) is of key
Consider a DBS device. In order to study its time evo-importance in the behavior of the system.
lution under a bias we adopt a first-neighbors tight-binding The time dependent Eq. (1) is solved using a half-
model for the Hamiltonian. Inclusion of a magnetic fi@d implicit numerical method which is second-order accurate
in the growth direction, henceforth called thealirection, and unitary [11]. Discretizing the time variable, it can be
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written in the form

i
%[bfi’l(z + 81) + i (e + 80)] + {% —1—2v[e; + € + V,-Q(t)]}b;?“(r + 1)

na na l na
= —5[b"e (1) + b1 (0] + {% + 1+ 2u[ej + €, + va(t)]}bj ), (2

WhererQ(t) = UZmB Ib}"ﬁ(t)l2 ands: is the time incre- | that the zero bias resonance lies well above the Fermi sea.
ment. In solving the tridiagonal matrix of Eq. (2), bound- The parameter values in Eq. (1) are sevat —2.16 eV

ary conditions must be specified at the lgft= —L) and andU = 100 meV. The latter was chosen phenomeno-
right (z = L) edges of the structure. The approach takerogically so as to fit the experimentéV characteristic
here assumes that in the presence of a bias, the wave furfor a GaAs device in the absence of an external magnetic

tion at timet outside the structure is given by [11] field [4].
ne 1 ikoz kg For small values of the magnetic field a stationary
bi® = le"™* + Rjpe ", zj=-L, () solution is reached after a short transient. At large enough
b = Tjneiké,z,-, zj=1L. (4) bias two stationary solutions emerge, however, reached

separately by either increasing or decreasing the applied

Herek, andk/, = \/2m*[e* — €.]/h are the wave num- voltage. Inthe former case the solution sustains a charged
bers of the incoming and outgoing states, respectively, withvell while in the latter the well is uncharged and the current
€% = €, — 4vsint(k,a/2) the energy of the incoming is very small. The effects mentioned have been observed
particle. To model the interaction with the particle reser-experimentally [5] and are presently well understood [12].
voir outside the structure the incident amplitudes as- A completely novel feature starts to develop as the
sumed to be a constant independent of the coordinatesiagnetic field is increased. Atsmall values of the external
The envelope function of the reflected and transmittedias a stationary solution is rapidly reached. As the bias is
waves,R;, andT;,, are allowed to vary with), however. increased, however, a critical value arises beyond which
Since far from the barriers these quantities are a weak funao stationary solution exists, and the system begins to
tion of the coordinate; we restrict ourselves to the linear oscillate in a self-sustained way. After a range of voltages
corrections only. This approximation is appropriate pro-over which the oscillations persist a stationary solution is
vided the time ste@: does not exceed a certain limiting reached again. This is illustrated in Fig. 1 where iké
value. For the results presented here, a maximum value characteristic for an applied field of 13 T is exhibited. The
8t =3 X 1077 s was found sufficient to eliminate spuri- lobe in the figure shows the current maxima and minima
ous reflections at the boundary while maintaining numeriin the unstable region, its size and location depending
cal stability up ta20 X 1072 s. sensitively on the magnetic field. For the case of Fig. 1 its

In our numerical procedure the coefficients obtainednset is at a rather low bias and reaches into the bistable
for one bias are used as the starting point for the nextegion, while at lower magnetic fields the lobe is entirely
bias step. Onceé;“ are known, the current at sifeis
numerically obtained from [11]

k
e " *na (na na
5= e S, e = e,

5) o0}
where 1,, = (lic/eB)'/? is the magnetic lengthk,; =
V2m*(ey — €,) /h with €, the Fermi energy, and the sum [
is over magnetic energies = ;.

We next apply our model to an asymmetric GdAs
AlGaAs double barrier structure, with emitter and collec-  os0
tor barrier thicknesses of 1.12 nm (2 sites) and 3.36 nm
(6 sites), respectively, and a well thickness of 11.2 nm
(20 sites). The second barrier is made wider than the first
in order to enhance the trapping of charge in the well. For
this geometry the first resonance at zero bias and magnetic 4, . Soro
field occurs at 30 meV. The conduction band offset is set % 010 Vovatts) 030 040
at 300 meV. The buffer layers are uniformly doped up

to 3 nm from either barrier, so as to give a neutralizin >y
9 g13 T. The lobe edges mark the oscillation extremes when an

; i 17 a3
free carrier c.qnc:.entratlon df X 107" cm at_ the CoN- ynstable solution is present. The dashed line represents the
tacts. In equilibrium and a& =_0 T, the F.erml level lies  |ower arm of the bistable regime, reached when the bias is
19.2 meV above the asymptotic conduction band edge, daeing decreased.
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FIG. 1. [-V characteristic of the asymmetric DBS &t=
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contained in the low bias range, and lies outside the regiom ~ 0.3 and 0.8 THz. The reason why the presence of two
of bistability. In fact, our results show that the well known frequencies is predominant remains unclear. As shown in
bistability and the magnetic field induced instability areFig. 2(c) forB = 17 T, at still higher magnetic fields the
entirely separate phenomena. oscillation becomes irregular. A power spectrum of this
In Fig. 2 we show the current at the center of thelatter signal shows that the narrow peaks observed below
well for three different values of the magnetic field and1 THz are replaced by a broad low frequency structure sug-
a fixed biasV = 0.27 V. For B =9 T, the system is gesting that a chaotic regime has been reached. Note that
seen to reach a stationary state after a transient lastirtge initial condition from which all three curves were ob-
about 5 ps [Fig. 2(a)]. FaB = 13 T, however, the tran- tained is the stable solution at 0.2 V. When reaching a
sient is followed by an oscillation that is never dampedbias of 0.27 V from a closer voltage the transient oscilla-
out [Fig. 2(b)]. Although not perfectly periodic, the os- tions are less pronounced, yet their relaxation time is of the
cillation has two strong Fourier components at frequenciesame order as in the more extreme voltage jump exhibited
in the figure. Although the amplitude of the sustained os-
cillations depends somewhat on the initial conditions, their

frequency and structure does not.
Figure 3 shows the regions where the various structures
s we have described appear in the two parameter spake
) The thick lines delimit the range in which two stable solu-
tions may exist for the same applied potential. The dotted
- regions mark areas where self-sustained oscillatory solu-
(a) tions appear. Regions with highly irregular oscillations
-0.5 . L . L + suggesting a chaotic behavior appear filled with a brick de-
sign. We note that while we include in our simulations up
15 to several hundred thousands time steps, the number of os-
cillations covered before numerical instabilities arise is not
< enough to obtain a fully detailed power spectrum at all val-
S ues of parameters. The search of stationary solutions using
a standard self-consistent iterative loop, however, did show
- 10 f unambiguously a transition to chaos through successive bi-
§ furcations within the region where no stationary solutions
= exist. Although the iteration number in this case is not a
#ps) true time variable, the parameter values at which nonsta-
s L tionary solutions exist and the nature of the latter coincide
) with those obtained in the true-time-dependent analysis.
We used this fact in sketching Fig. 3.
(b)
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FIG. 2. Current as a function of time at the center of theFIG. 3. Phase diagram in th V parameter space. The thick
well for V = 0.27 V and an applied magnetic field of (a) 9 T, lines delimit the region where bistability occurs. Dotted areas
(b) 13 T, and (c) 17 T. The inset in (b) shows the charge andorrespond to oscillatory behavior, while the brick design marks
current shifted one relative to the other by 1.4 ps. The inset irthe regions where highly irregular solutions are present. The
(c) exhibits a detail of the high frequency transient oscillations filled circles mark the values used in Fig. 2.
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We interpret our findings in the following way. In with respect to the latter. The relaxation timeand the
general, current flows through the system as long as period of the oscillations are determined by the tunneling
tunneling resonance lies within the emitter Fermi seatime for the electrons to leak out through the barriers and
The resonance acts effectively as an energy filter for thenay be adjusted by modifying the barrier thicknesses. The
transmitted electrons. We assume that at very low bias ibscillatory current is always nonuniform across the device,
lies above the Fermi energy so that no current flows. Asvith prominent oscillations in the well and the emitter
the bias increases the resonance drops, reaching eventuadige, while the collector current exhibits a weaker structure.
the Fermi energy, thus opening a channel for electron$his is due to the large width of the collector barrier
to tunnel through the double barrier. A current is thusrelative to that in the emitter side, a necessary feature of
established. What happens next depends sensitively on tidesign to have enough charge accumulation in the well,
presence or absence of a magnetic field. In the absenemd thereby, a strong electron-electron interaction. In fact,
of the electron-electron interaction the current, roughlynonlinear effects disappear in our sample if the width of
speaking, grows linearly with the bias B = 0. This the collector barrier is reduced from six to just three sites,
behavior is due to the gradual increase in tunneling statda agreement with experimental observations [13]. The
that satisfy the conservation laws as the voltage is raisedery high frequency oscillations seen early in the process
At a critical bias the falling resonance reaches the bottonand shown in the inset of Fig. 2(c) are quickly damped
of the conduction band, after which the current dropsout and do not contribute to the long term behavior of the
abruptly. This overall behavior gives thHeV curve its system. We attribute them to a transient pulse going back
characteristic triangular shape. For finBehowever, also and forth in the space between the barriers before it looses
in the absence of electron-electron interaction, owing to theoherence and decays. Its period corresponds to electrons
new density of states each time a Landau level enters that the Fermi velocity being successively reflected by the
Fermi sea the current rises abruptly, remaining essentiallgarriers in the well region.
constant until the next level comes in. TlieV curve There is a wide region of accessible values of bias
acquires then a staircase shape, with a step rise mad&d magnetic field where oscillatory currents are either
smooth by the resonance line shape. When the resonanpeesent or absent. This opens up the interesting and unique
reaches the bottom of the first Landau level in the emitterpossibility of studying experimentally the transition from
the current falls abruptly, as in ti®& = 0 case. stationary to oscillatory behavior and possibly chaos, as the

We next take into account the electron-electron interacmagnetic field is increased in an asymmetric DBS device
tion. As the resonance enters the Fermi sea, current beginsider bias. When oscillating, the system could act as an
to flow and charge is trapped in the potential well, raisingelectromagnetic generator in the THz region. Research
its bottom and pushing the resonance towards higher eneircorporating the interaction between the current and the
gies. The current drops, some of the accumulated chargadiation field is currently under progress.
leaks out allowing the current to flow more easily once Work supported by FONDECYT Grants No. 1950190
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