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Applying magnetic fields up t@@ = 29 T, we investigate the formation of electric-field domains
in Landau-quantized semiconductor superlattices. Surprisingly, the electric-field distribution remains
determined by the subband spacing rather than by the cyclotron energy. At the domain boundary,
however, strong inter-Landau-level tunneling occurs, which leads to a magnetically tunable number of
extra resonances in the current-voltage curve. In addition, we discuss a novel magnetic-field assisted
high-field domain also stabilized by inter-Landau-level tunneling. [S0031-9007(98)07497-3]

PACS numbers: 73.20.Dx, 72.20.Ht, 73.40.Gk

Initiated by Esaki and Tsu [1], the physics of semicon-at energiesk; = 36 meV and E; = 141 meV. Their
ductor superlattices (SLs) has evolved into a particularlyspacing is given byE,; = E, — E; = 105 meV and
active field of research. Fundamental phenomena origitheir widths are AE; = 2 meV and AE, = 10 meV.
nally predicted for bulk matter could be first observed inThe doping of the quantum wells provides a nonvanishing
SLs, because their lattice period exceeds the atomic laklectron density in the lower miniband. Neglecting
tice constant of the host material by orders of magnitudeinhomogeneities at the contacts, the electron density
Prominent examples are the Bloch oscillations [2,3] andnside the quantum wells equats, = 1.5 X 10'! cm™2,
Wannier-Stark localization [4,5]. corresponding to a Fermi energy Bf = 5 meV.

Another beautiful effect is the formation of electric-field From this SL, we fabricated mesas with Ohmic contacts
domains. Miniband transport and sequential resonant turend measured theif(V) curves by sweeping the bias
neling lead to a negative differential resistance in semivoltage from zero to positive values. Figure 1 shows
conductor SLs. If the electron density in such nonlineatthe (V) curve of a device witl2 uwm diameter recorded
systems is large, the uniform electric-field distribution be-at a temperature of = 4.2 K. As many as 12 current
comes unstable at the onset of the negative differential repeaks with strikingly regular voltage spacing are clearly
sistance and two domains of different electric-field strengtlobserved. These current peaks reflect the formation of
are formed [6—9]. The formation of electric-field domains electric-field domains in the SL. In another SL wiilx
results in a series of peaks in the current-voltage curvéower electron density, we found similar current peaks
1(V), which reflect the spacing of the electronic subband®f reduced magnitude, while an undoped control sample
in the SL. did not show any structure in th€V) curve as observed

External perturbations can be utilized to introducepreviously [8].
additional energy levels and thus influence the formation The origin of domain formation is a strongly nonlinear
of electric-field domains in SLs. Recently, for instance,dependence of the electron drift velocity on the applied
photon-assisted virtual states were observed to strongkglectric fieldF, as illustrated in the inset of Fig. 1. This
modify the electric-field distribution [10]. In this Letter, curve exhibits two maxima. The first maximum EBjf
we study the influence of Landau quantization on thecorresponds to transport in the lowest level & Ey),
formation of electric-field domains in a GaAs-AlGaAs either via miniband conduction or, if scattering processes
SL. This case is particularly challenging, since it featuresare very efficient, via sequential resonant tunneling. If
an intricate interplay of intra- and inter-Landau-level the electric field is increased beyofd, the drift velocity
tunneling and relaxation processes. decreases due to the detuning of the lowest energy levels

The SL was grown by molecular-beam epitaxy onof neighboring quantum wells. The drift velocity exhibits
n*t-type GaAs substrate. It consists of 15 GaAs quantuna second maximum af,; where the field is strong
wells of 9 nm width, which are separated from each otheenough to allow resonant tunneling betweBn and E,
by 5 nm thick Al 33Ga67AS barriers; i.e., the SL period of neighboring quantum wells({ — E»).
is given byd = 14 nm. The central 3 nm of the quantum  The formation of electric-field domains is illustrated in
wells aren doped with Sitd X 107 cm™3. Spacerlayers the sketch above Fig. 1. At low bias voltages electron
of 5 nm GaAs separate the SL from 300 nm GaAs contadransport occurs exclusively in the lowest levE|, — E;
layers, which are: doped to2 X 10'® cm™3. Atransfer- [Fig. 1(a)]. The electric field is constant throughout the
matrix calculation predicts the existence of two minibandswvhole structure. If the bias voltage is increased such that
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N R rent peaks are separated by the subband spacing,

E, AV = E;;/e = 105 mV (k numbers the quantum wells

Ey H M of the SL). This value would be correct if the field were
E%

[T\1

(a)
zero in the low-field domain an#,;/ed in the high-field

= domain. InsteadfF; > 0 and Fy < E,;/ed hold since
the drift velocities in the low- and high-field domain have

2 to be identical to allow current conservation throughout

the SL [11] (see the inset of Fig. 1). Hence, we measure

a smaller peak spacing dfV = 77 = 9 mV < E;;/e.

~ To compareAV and E»;/e, we have to take scattering

H N into account. Both level&; and E, exhibit a scattering-

N L induced broadeningi/7; and &/, due to interface

= roughness and impurity scattering [12]. For resonant

77— tunneling in the high-field domain, it is sufficient if the

E top edge of the broadened levEl is aligned with the

1 bottom edge of the broadened level in the following

. quantum well, i.e., the peak spacing is given by

AV ~ E21/€ - T](ﬁ/Tl + h/Tz), (1)

where n is a factor of order unity [7]. The broad-
ening of E; can be estimated from the low-bias part
of the I(V) curve. Transport througlt; works as long
0 — e L as the voltage drop across one SL period does not exceed
0.0 0.4 0.8 12 16 the scattering-induced broadening, i.e., until the bottom
V() edge ofE; crosses the top edge @& in the following
FIG. 1. Current-voltage curvé(V) of the weakly coupled quantum well. In our samples, transport through
semiconductor superlatticeT (= 4.2 K). Multiple current  works up toV; ~ 300-400 mV, which corresponds to a
peaks reflect the formation of electric-field domains, as illus-proadening offi/7; = eV;/15 ~ 20-25 meV. Assum-
trated by sketches (a)—(c). The inset shows the electron drn‘i'hg li/t, = Ii/7, we obtainn = 0.6-0.7 from Eq. (1).
velocity as a function of electric field. The scattering-induced broadening exceeds the miniband
width AE; = 2 meV by 1 order of magnitude. There-
the average electric field excees, the last quantum well fore, sequential resonant tunneling dominates over mini-
of the SL breaks off from resonant conduction and the curband conduction at low bias voltages.
rent drops abruptly. The resistance increases locally which Now, we investigate the formation of electric-field
leads to a higher electron density in the preceding quantudomains at high magnetic fields applied parallel to the
well [Fig. 1(b)]. Thus, the field in the last quantum well direction of current flow. Figure 2 shows thHV)
exceeds; and a high-field domain develops. In the restcharacteristics for0 = B =29 T. The most striking
of the SL forming the low-field domain the electric field feature of the data is a multiplication of the number
remainsF;. The extra electron density required for the of current peaks at intermediate magnetic fields. At
electric-field difference is dynamically accumulated at theultrahigh fields, thel(V) curves are again similar to
domain boundary. Transport occurs via nonresonant turthat at B = 0 T, except for the reduction of the very
neling through the corresponding single barrier. By furtheffirst current peak. For a detailed analysis of the data,
increasing the bias, the current grows again due to redueve plot in Fig. 3(a) the numerically obtained differential
tion of this single barrier, untic; — E, resonant tunnel- conductanceG = dI/dV as a function of bias voltage
ing followed by intersubband relaxation becomes possibleand magnetic field. White lines reflect regions of strongly
[Fig. 1(c)]. By increasing the bias voltage still further, the negative differential conductance, i.e., they indicate the
next quantum well breaks off from resonant conductionpositions of the sharp current drops that follow the
etc., i.e., the high-field domain expands gradually towardpeaks in thel(V) data. In the regime of intermediate
the emitter of the SL, while the low-field domain shrinks fields of5 < B < 20 T, two additional resonances appear
simultaneously. The number of current peaks correspondsetween each pair of the original resonances present at
to the number of quantum wells in the SL. We observeB = 0 T. These fan-type extra resonances move with
slightly fewer current peaks, which can be explained byincreasing magnetic field to higher bias voltage [13].
inhomogeneities at the contacts. At very low or high bias, To reveal the origin of the extra resonances, we
when one of the two domains is short, several SL periodsonsider the formation of Landau levels (LL&), =
can switch together [11]. E; + (n + 1/2)hiw. in the SL, wherei = 1,2 is the
The current peaks should occur at bias voltagesubband indexz = 0,1, ... is the Landau quantum num-
of Vi, = const+ kEy /e, such that consecutive cur- ber, and w. = eB/m* is the cyclotron frequency.
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FIG. 2. Magnetic-field dependence of téV) curve [ =

0.5 K). The curves are plotted with a vertical offset (step
0.5 T). Sketch (a) illustrates inter-LL tunneling at the domain
boundary. Sketch (b) shows the formation of a magnetic-field
assisted high-field domain.

According to the equilibrium electron density of
n, = 1.5 X 10" cm 2, the SL is atB >3 T in the

magnetic quantum limit. In a first step, we restrict B (T)
ourselves to this case, in which only the lowest (spin-
degenerate) LL is occupied. FIG. 3. (a) Grey-scale plot of the differential conductance

. . G
In the absence of scattering, tunneling conserves thg — ;j7/4v versus bias voltage and magnetic field (white:
Landau index. Inter-LL tunneling is forbidden, since G = —7 uS; black: G = 15 uS). (b) Detail of plot (a).
the in-plane wave functions of the LLs are orthogonalDashed lines extend the extra resonancesBte 0 T. The
harmonic oscillator eigenfunctions. Under these Condidotted_line runs in pa_raIIeI to the main resonances starting at
tions, E1 o — E1 o and E1 o — Ea transport replaces the ' Point of extrapolation.

E, — E; and E; — E, processes in the low- and high- ]
field domains. In contrast to our data, no extra peak&XPerimentally, the extra resonances are less pronounced
would show up in thé (V) curve. in the SL with 5X lower doping concentration, which

Elastic scattering processes such as interface roughne4Pports the conclusion that their formation involves

or impurity scattering as well as optical-phonon emissionfMPurity scattering. , _ _

lead to inter-LL tunneling, which was observed both in_ FOr @ quantitative comparison, we consider Fig. 3(b).
double-barrier heterostructures [14,15] and in SLs [16,17]The dashed white lines extend the extra resonances to
In the case of strong elastic scattering, as expected for o4€r0 magnetic field. They do not extrapolate to the bias
doped SL, resonant inter-LL tunnelirig ¢ — E, ,, at the voltage of the original resonance #f = 0.61 V but to
domain boundary leads to extra resonances between eagHower absolute valu&,. This difference reflects the

pair of original resonances at bias voltages of broadening of the LLs, since the spacing lof and the
next original resonanck, . coincides withE,;/e. Thus,

AVy = m(hoc)/ea <AV, (2)  we ascribe the extra resonance€ip — E;; andE;y —
as illustrated in sketch (a) of Fig. 2. In Eq. (23),denotes E;, tunneling. Using the magnetic-field dependence of
the voltage-to-energy conversion coefficient involved. Inthe main resonances as a reference (dotted line), we
agreement with our data, these extra resonances mowebtainae = 0.4 from Eq. (2). This value is close to the
with increasing magnetic field to higher bias voltage.voltage-to-energy conversion coefficient in double-barrier
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heterostructures, which is not surprising since the domaiof scattering-induced broadening, these resonances can be
boundary extends over one SL period [8]. observedonly iAV' ~ hiw./e — m(h/7 + h/712) > 0,

The magnetic-field independence of the main-resonanceorresponding taB > 16 T [Eq. (1)]. Figure 2 shows
spacingAV shows that, despite the possibility of elasticthat the shape of the first current peak changes beyond
scattering, transport in the low- and high-field domainsl5 T. Accompanied by a significant reduction in current,
occurs viaE; g — Ejg and E; g — E,o intra-LL tunnel-  its width starts to increase with magnetic field. This shape
ing. According to Eg. (2), the extra resonances shouldthange is possibly a precursor of the magnetic-field as-
intersect the next main resonance, whdh, reaches\ vV sisted high-field domain.
or, equivalently, whenn(fw.)/a = E,, corresponding In conclusion, the formation of electric-field domains
toB = 12and 25 TforE;y — E, andE; o — E;;. EX- in Landau-quantized semiconductor superlattices is gov-
perimentally, theE; ; — E;, resonances vanish at 12 T, erned by the subband spacing rather than by the cyclotron
while theE| o — E;; resonances turn into the main reso-energy. At intermediate magnetic fields, fan-type series
nance close to 20 T. The extra resonances disappeaf magnetically tunable extra resonances occur in/ (e
rather than intersecting the main resonances, because tbagrve due to scattering-assisted inter-LL tunneling at the
quantum well at the domain boundary joins the high-domain boundary. Within the domains, intra-LL tunnel-
field domain such that efficient intra-LL transport replacesng dominates over a wide range of bias voltages indepen-
inter-LL tunneling [18]. dent of magnetic field.

The domain boundary reaches the magnetic quantum One of us (T.S.) thanks the Grenoble High Mag-
limit at a higher magnetic field than the rest of thenetic Field Laboratory for hospitality and the Alexander
SL. From the electric-field difference between the do-von Humboldt Foundation for support. We also thank
mains, we estimate an accumulated electron density d&. Platero and E. E. Mendez for stimulating discussions.
An,, ~ AV/e€pd = 3.8 X 10! cm™2. Thus, the quan-
tum well at the domain boundary reaches the quantum
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into account. However, such additional processes do nof# E-E. Mendez, F. Agullo-Rueda, and J.M. Hong, Phys.
lead to new resonances, since Eq. (2) is valid independent Rev. Lett.60, 2426 (1988); P. Voisiret al., ibid.61, 1639

tone S 2) Is valid indeper (1988),
of n: for instance £, — Ei3 tunneling simply intensi- 5, "y “Sopmidtet al., Phys. Rev. Lett72, 2769 (1994).

fies thek, o — E, resonances. [6] L. Esaki and L. L. Chang, Phys. Rev. LeB3, 495 (1974).
Interestingly, our model is independent of the electron 7] k. k. Choi et al., Phys. Rev. B35, 4172 (1987).

density in the SL as long & < Ey;. IfaSLisnotin  [8] H.T. Grahnet al., Phys. Rev. Lett67, 1618 (1991).
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play of domain formation and Landau quantization is veryl11] See, e.g..Semiconductor Superlatticegdited by H.T.
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undertaken [19]. However, it was not possible to take dudt2 The quantum-confined Stark shift & and £ is negli-

: ] gible compared with the scattering-induced broadening.

account for inter-LL tunneling in the SL.

. . . ng] The noise level in Fig. 3 increases towards higher bias
Returnlng to Fl_g. 3, we note that the main resonance reflecting increasing instabilities [for multistability and
move to higher bias with increasing magnetic field. The  c,qrent oscillations in SLs, see Y. Zhaegal., Phys. Rev.
Fermi energy in the emitter contact remains essentially  Lett. 77, 3001 (1996), and references therein].
constant buk; o moves to higher energy; i.e., the bias volt- [14] M. L. Leadbeateet al., Phys. Rev. B39, 3438 (1989).
age has to be increased to sustain the electron flow from tH&5] G.S. Boebinget al., Phys. Rev. Lett65, 235 (1990);
emitter into the SL. AB > 15 T, the main resonances ex- Phys. Rev. B47, 16 608 (1993).
hibit oscillatory features (predominantly at high bias when[16] W. Mdiller et al., Phys. Rev. B46, 9800 (1992).
the domain boundary approaches the emitter), which giveld 7] L. Canaliet al., Phys. Rev. Lett76, 3618 (1996).
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Finally, we discuss a novel magnetic-field assisted high- ~ Png becomes important. Magnetopolaron  formation
field domain. Provided that inter-LL tunneling is suf- makes the extra resonances magnetic-field independent
g

g : ' . . at m(hw,) ~ h 16], corresponding taB = 10 and
ficiently strong, a high-field domain can be formed in Zln;(foc;)E)lO fﬁoz z[in(}Elo - 121 (h'ngo ~ 36 meV).

which the current is carried by — Ey, transport [19] R. Aguado and G. Platero, cond-mat/9803039.

[sketch (b) of Fig. 2]. Magnetic-field dependent reso-[20] See, e.g., T. Schmidét al., Phys. Rev. Lett.78, 1540
nances aV, ~ const+ k(fiw.)/e should evolve from the (1997), for a discussion of Landau-band depopulation in
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