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Electron transport in crystals in intense parallel electric and magnetic fields is investigated. C
resonances are shown for particular ratios of electric and magnetic fields satisfying the Stark-cy
resonance (SCR) condition. At SCR, the potential drop per period is an integer multiple of the ma
quantization energy and elastic tunneling transport between Landau levels belonging to neigh
crystal sites becomes possible. Unambiguous demonstration of SCR in an appropriately t
heterojunction superlattice is given for transitions involving up to four Landau-level index cha
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After the birth of quantum mechanics electron transp
studies in crystals acquired a new meaning and imp
tance. In fact, they have proved very effective tools
probe electronic states and energy levels in solids.
report here on the manifestation in transport of spect
discretization and the localization of corresponding sta
occurring when intense electric and magnetic fields
superimposed on a periodic potential. This quantum
chanical behavior is demonstrated for the first time by
observation of particular current resonances.

In the absence of perturbations to the periodic cry
potential, electronic states are delocalized over the en
solid and the energy spectrum consists of allowed ene
bands separated by forbiddengaps. Wannier [1] showed
that an external electric field localizes electronic sta
along the field direction into the now-called Wannie
Stark states, whose extension is inversely proportiona
the applied field. Correspondingly, the energy spectr
is drastically modified: Each band breaks down in
a Wannier-Stark ladder, a set of subbands separated
energy byeFd, wheree is the electronic charge,F the
applied electric field, andd the period of the crystal (we
assume a one-dimensional structure for simplicity). T
experimental confirmation of this picture was achiev
only relatively recently and was made possible by
introduction of the concept of heterojunction superlatt
(SL) by Esaki and Tsu [2].

A SL is an artificial crystal constituted by a period
arrangement of thin films of different semiconductors.
steplike effective potential in the growth direction is gen
ally used to model electronic dynamics in these structu
[3]. The discontinuities in the effective potential are link
to the different gaps of the constituents and identifywell
andbarrier layers (see Fig. 1, where the conduction ba
of a SL is sketched in the bias conditions here of intere
Crystal parameters can be tailored over a wide rang
values changing semiconductor types and/or well and
rier thicknesses. In particular, Wannier-Stark localizat
is made accessible to experimental demonstration in
0031-9007y96y76(19)y3618(4)$10.00
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and was demonstrated in these crystals by optical [4]
transport measurements [5].

Wannier-Stark levels cannot be resolved when th
broadening (G) is greater than their energy separation, i.
whenG . eFd. By this argument a critical fieldFc can
be introduced such thateFcd  G. For F , Fc current
increases with applied electric field (reducing to Ohm
law for F ø Fc), while in the caseF . Fc current
proceeds by hopping between neighboring Wannier-S
states. Their increasing localization withF leads to
current decreasing with applied field. This gives rise
negative differential conductance (NDC) in the curre
voltage (I-V ) characteristic [2,6]. In “natural” crystal
this phenomenon was never observed sinceFc is of the
same order of magnitude as the threshold field for Ze
(interband) tunneling, which overwhelms the NDC sign

Upon application of high electric and magnetic fiel
parallel to the SL growth axis, assuming parabolic disp

FIG. 1. Schematic conduction-band profile (Ec) of a super-
lattice in parallel electric (F) and magnetic (B) fields. Bias
conditions illustrate Stark-cyclotron resonance (eFd  dnh̄vc,
wherevc is the cyclotron frequency) for the case of Landa
level index changedn  1. Wannier-Stark-Landau levels ar
represented forn up to 4. Some possible transport paths a
indicated by arrows together with the sketch of a Wannier-St
state (ce).
© 1996 The American Physical Society
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sion the energy spectrum is given by [7]

En,n  seFddn 1 h̄vcsn 1
1
2 d , (1)

where n  0, 61, 62, . . . is the Wannier-Stark index
vc  eBymp is the cyclotron frequency,B is the mag-
netic field, mp is the effective mass, andn  0, 1, 2, . . .
is the Landau index. This modified spectrum was
perimentally analyzed by the optical measurements
Alexandrou, Mandez, and Hong [8]. Corresponding sta
will be called Wannier-Stark-Landau (WSL) states. W
shall factorize WSL states by decoupling the motion alo
the growth axis and in the plane of the layers. Along
growth axis WSL states are localized Wannier states
previously discussed. In the layer planes whenB  0
electronic states are plane waves, while in the presenc
nonzero magnetic field they are Landau states [9].
discrete nature of the spectrum is a direct consequenc
this further localization.

In this Letter we study electronic transport in the pr
ence of intense parallel electric and magnetic fields.
shall present the first experimental demonstration of ela
transport resonances that stem from the interplay betw
electric and magnetic fields in a GaAsyAl 0.3Ga0.7As SL
grown by molecular beam epitaxy (MBE).

When both fields are present current proceeds mainl
inelastic hopping between WSL states belonging to ne
boring wells [10,11]. Here we want to focus, in particul
on the situation when WSL states with different Land
(n) and Wannier-Stark (n) indices are isoenergetic. Th
is called the Stark-cyclotron resonance (SCR) condit
It is important to note that at resonance coherent tunne
between WSL levels with different Landau indices is fo
bidden by the Landau-index selection rule, while tunnel
assisted by elastic scattering is allowed [12,13]. The a
lytical expression of SCR is

eFd  dn h̄vc , (2)

wheredn is an integer number representing the Land
level index change and is illustrated in Fig. 1 for t
casedn  1. Electronic transport in this situation wa
investigated theoretically by several authors, conside
the effects of the angle between electric and magnetic fi
[14], acoustic-phonon-assisted quasielastic scattering
and impurities [12]. Whenever the SCR condition is m
current is expected to increase owing to the onset of
new elastic transport channel. The resulting current pe
are the manifestation in the transport of SCR.

An important check must be performed in order to est
lish the observability of these resonances. Scattering ti
have been estimated by Ferreira [12] for a GaAsyAlGaAs
SL with an impurity layer concentration of1010 cm22.
Ferreira showed that elastic and inelastic times can b
the same order of magnitude and predicted SCR osc
tions for the elastic component of the current [12]. Anoth
factor favoring the observation of SCR in transport is
suppression of inelastic scattering caused by a magn
-
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field which produces a threshold for inter-Landau-le
transitions involving phonon emission [15]. As shown
Fig. 1, after the elastic transition current can proceed
intrawell relaxation and further tunneling. Multiple sca
tering processes could also play a role (see Fig. 1).

In order to demonstrate SCR, a suitable heterostruc
was designed and grown by MBE. Essential requireme
are a sufficiently large miniband dispersion in order to
sure SL formation and a wide minigap to suppress in
miniband tunneling in the bias region of interest [5]. T
SL studied is nominally undoped and consists of 14 p
ods of 50 Å thick GaAs well and 34 Å thick Al0.3Ga0.7As
barrier. The ground-state miniband has a calculated
persion of 23 meV and is separated from the first-exc
one by a 130 meV wide minigap. SL growth was preced
by an injector structure composed of three thin (12
barriers separated by wells 128, 81, and 81 Å thick,
spectively. This structure was introduced to reduce
potential threshold for electron injection into the fir
miniband. The first barrier of the SL, on the injector sid
was grown thicker (93 Å) to reduce current injection in
the structure and consequently improve electric-field
mogeneity in the SL region. After the SL a nomina
undoped0.2 mm thick GaAs layer was grown. Thes
layers are enclosed between two0.5 mm thick Si-doped
n . 1018 cm23 GaAs layers. The structure was fabricat
by standard photolithographic and wet-etching techniqu
Individual devices are75 mm diameter circular mesas t
which contacts were provided.I-V measurements wer
performed with a HP4142B. Magnetic fields up to 9.2
were produced by a NbTi superconducting magnet. T
perature was varied in a closed-cycle3He refrigerator in
the0.3 200 K range.

Figure 2 shows theI-V characteristic at 4.2 K and zer
magnetic field, positive biases refer to electron inject

FIG. 2. Current vs voltage characteristic at 4.2 K in t
absence of magnetic field (solid line) and at 8 T (dotted line
3619
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from the injector side. Typical miniband transport beha
ior can be seen. At low fields current monotonically in
creases, while at higher fields NDC is observed. No spa
charge effects are present in our structure. In fact, by t
ing into account the carrier velocity in the miniband regim
and the current density, one obtains an upper limit for t
carrier density,1013 cm23 [16]. For biases higher than
about 1.5 V tunneling current into the first excited min
band becomes observable. From about 2.0 V it dom
nates theI-V and NDC is suppressed. In this region a
Vbias ø 2.6 V, a shoulder can be observed. As will b
apparent from the data of Table I, this bias correspon
to a potential drop per period of about 77 mV: It can b
inferred that this shoulder is due to sequential resonant t
neling [16] into the excited subband of the second neighb
well (at flat bands the calculated energy separation betw
levels is 160 meV). Here we are interested in the NDC r
gion where current proceeds mainly by hopping betwe
Wannier-Stark levels (bias range0.6 1.5 V).

Setting the bias and consequently the electric field
the SL by varying the applied magnetic field SCR wi
manifest as current peaks. Indeed we found resonan
in current vs magnetic field (I-B) characteristics with ap-
plied biases in the NDC region as reported in Fig. 3 f
three valuesVbias  0.84, 1.02, and 1.22 V [17]. These
peaks occur on an increasing background due to the se
conductor bulk positive magnetoresistance. This behav
is linked to the negative slope of theI-V at the biases of
Fig. 3 (see also Fig. 2). The amplitude of SCR peaks
of the order of 1% indicating that inelastic hopping is th
dominant transport mechanism. Peaks occurring at hig
magnetic fields are noticeably more pronounced in agr
ment with the arguments of Ref. [15]. To relate the expe
mental resonances to SCR, magnetic-field peak positi
sBpd were extracted from theI-B characteristics for differ-
ent biasessVpd within the bias range of the NDC region.

In Fig. 4 sBp , Vpd points are plotted in an applied
magnetic field vs bias (B-V ) plane. Experimental points
clearly align along four straight lines, in agreement wi
(2). In order to model the observed peak positions o
must consider that at equilibrium the SL is subject to
built-in electric field so that flat-band conditions in th
SL are reached upon application of an external biasV0 .

TABLE I. Linear least square fitBp  asVp 2 V0d for the
data of Fig. 4 (V0  0.2 V, see text). Resonances are labele
by the Landau-level index change (dn) identified by computing
the ratiosas1dyasdnd.

Resonance a

dn sTyV d as1dyasdnd
1 21.3 6 0.5 · · ·

2 11.9 6 0.1 as1dyas2d  1.8 6 0.1

3 7.0 6 0.1 as1dyas3d  3.0 6 0.2

4 5.1 6 0.1 as1dyas4d  4.2 6 0.2
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FIG. 3. Current vs magnetic-field characteristics for thr
different bias conditions,Vbias  0.84 V (lower panel),Vbias 
1.02 V (middle panel), andVbias  1.22 V (upper panel).
Measurements were performed at 4.2 K.

0.2 V [18]. For this reason and the above mentioned fi
homogeneity, electric field in the SL can be given byF ~

sV 2 V0d. By these arguments the SCR condition can
expressed byBp ~ sVp 2 V0dydn. Note, in particular,
that the slope is inversely proportional to the Landau-le
index changedn. We report in Table I the values of th
fitted slopes for the four lines considered. By computi
the ratios of the slopes over that of the left-most lin

FIG. 4. Experimental magnetic field and applied bias at Sta
cyclotron resonance (SCR). Also shown are the fits w
parameters defined in Table I.dn is defined by the SCR con
dition eFd  dnh̄vc and is derived from the data of Table I.
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agreement is found with the SCR condition and transitio
with dn  1, 2, 3, and 4 are unambiguously identified.

SCR is observable only in a region of theB-V plane
experimentally defined by0.6 & Vp & 1.5 V and Bp *

5 T. An additional limitation stems from the highe
magnetic field available (9.2 T in our case). In fact, f
lower biases Wannier-Stark levels are not resolved beca
of broadening, while for larger electric fields current
dominated by tunneling into the excited miniband. F
low magnetic-field intensities, in turn, Landau levels a
not resolved because of broadening. Finally, note that S
transitions withdn $ 5 are not observable in the prese
sample because they lie in the forbidden low magne
field and interminiband tunneling regions.

The broadeningG can be estimated independently fro
G  eFcd and G  h̄eBtymp, where Fc is the critical
field for NDC andBt is the threshold magnetic field. Bot
expressions are consistent withG , 10 meV, a value
ascribable mainly to inhomogeneous broadening [16].

As mentioned above several scattering mechanisms
contribute to make SCR observable in transport. By a
lyzing the temperature dependence of theI-B character-
istics we have not observed any significant change
the characteristics in the0.3 50 K range. This indicates
that acoustic-phonon-assisted (quasielastic) transport is
dominant. The SL is nominally undoped but we can e
mate ap-type (carbon) background residual doping of t
order of1015 cm23. Elastic scattering with ionized back
ground impurities [12] and with layer fluctuations are t
main mechanisms assisting resonant transport in the
temperature range. At temperatures above 50 K the N
region (and consequently SCR signal) is increasingly s
pressed by the rising thermally assisted tunneling curre

In conclusion, we have reported the first observat
of the Stark-cyclotron resonance, a quantum mechan
effect caused by the localization of electronic states
crystals produced by intense parallel electric and magn
fields. This leads to singularities in the density of sta
that have been proved in high-field magnetotransp
experiment on an artificially tailored crystal synthesiz
by epitaxial technique.

The authors gratefully acknowledge F. Capasso
R. A. Suris for stimulating discussions.
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