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Magnetic-Field-Induced Suppression of Electronic Conduction in a Superlattice
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We use a magnetic field applied along the axis of a semiconductor superlattice (SL) as a controllable
means of creating a one-dimensional band structure. We demonstrate that the current flow through the
SL is strongly suppressed when the electron motion perpendicular to the SL axis is strongly confined by
the quantizing magnetic field. By modeling this behavior using semiclassical and nonequilibrium
Green’s function methods, we show that the observed quenching arises from a qualitative change in
electron dynamics caused by increasing quantum confinement.
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The multilayered superlattice (SL) heterostructure [1]
provides the condensed matter physicist with a system in
which a highly anisotropic electronic band structure can
be ‘‘made to order.’’ For example, it has been used as a
testbed for the study of fundamental quantum phe-
nomena, such as carrier localization effects in the elec-
trical conduction of one-dimensional (1D) disordered
systems [2] and Bloch oscillations [3–5]. The SL concept
is also a key component in novel device structures, such
as quantum cascade lasers [6,7]. The electronic properties
of a SL can be controlled in a flexible way by varying the
miniband width � and the extent of the minizone in k
space. The extent of the minizone is simply 2�=d, where
d is the SL period. The miniband width is mainly deter-
mined by the rate at which an electron tunnels between
adjacent quantum wells (QWs) and can be adjusted by
changing the thickness and composition of the wells and
tunnel barriers. This also determines the extent of carrier
confinement along the SL axis. In the limit of small �, the
electrons undergo free planar motion in a series of un-
coupled QWs. Nanometer-scale quantum pillars fabri-
cated by lithography and etching techniques [8] could
in principle provide a means of confining the carrier
motion in the SL plane to create a 1D conduction band.
However, this approach is presently limited by techno-
logical constraints on the control of the pillar width at
length scales, 100 nm or less, necessary for observing
quantum effects in this type of structure.

In this work, we create a quasi-1D band structure by
applying a large quantizing magnetic field B (up to 23 T)
along the SL axis such that the cyclotron energy �h!c
exceeds �.We demonstrate that the SL current is strongly
quenched at high B and low temperature and that plots of
the current intensity versus the ratio �h!c=� for SLs with
different � fall approximately on a single ‘‘universal’’
curve. We analyze this behavior using a nonequilibrium
Green’s function (NEGF) method of the type developed
by Wacker and co-workers [9,10] but extended to include
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the effect of the quantizing magnetic field. We demon-
strate that the current quenching arises from the quasi-1D
SL states formed in the quantum limit. This study is
relevant to the understanding of magnetoresistance ef-
fects reported previously in semiconductor SLs [11–13].
Also, it is of general interest as it concerns the motion of
electrons in a quasi-1D periodic potential and the funda-
mental changes in electron dynamics caused by increas-
ing quantum confinement [14]. This is of topical interest
for the properties of other anisotropic conductors, such as
graphitic materials and organic crystals, which are pres-
ently attracting great interest in the condensed matter
physics community.

We investigated a number of SLs with different unit
cell structures and differently designed interfaces be-
tween the n-type contact layers and the SL array. A
Kronig-Penney model was used to determine �. In this
Letter, we focus on three samples S1, S2, and S3, with the
following values of �: 12 meV (S1); 20 meV (S2); 30 meV
(S3). They were grown by molecular beam epitaxy on
(100)-oriented Si-doped n-type �1018 cm�3� substrates.
Samples S1 and S3 contain 15 SL periods, which are
separated from two heavily n-doped GaAs contacts by
Si-doped Al0:03Ga0:97As (S1) or Al0:06Ga0:94As (S3) layers
of width 30 nm and doping concentration of 2� 1016 and
6� 1016 cm�3, respectively. A SL unit cell is formed by
2.5 nm of Al0:3Ga0:7As and 10 nm (S1) or 6.5 nm (S3) of
GaAs doped with Si at 1:8� 1016 cm�3. Sample S2 con-
tains 15 SL periods, which are separated from two heav-
ily n-doped GaAs contacts by Si-doped GaAs layers of
width 50 nm and doping concentration of 1� 1017 cm�3.
Each unit cell of the SL is formed by a 1 nm AlAs layer, a
7 nm QW layer of GaAs, and an InAs layer of thickness of
0.8 monolayers inserted at the center of each QW, all
doped with Si at 3� 1016 cm�3. The samples were pro-
cessed into circular mesa devices of diameter 25 �m,
with Ohmic contacts to the substrate and top capping
layer.
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Our SLs were designed so that the low-energy k states
of the lowest energy miniband were aligned with the
Fermi energy of the doped contact layers at zero bias.
This ensures a small and Ohmic contact impedance,
which is insensitive to the effect of B. For devices in
which the chemical potential of the electrons in the doped
contact emitter layer lies below the energy of the SL, the
magnetic field leads to a strong suppression of the SL
current due to a decrease in the rate of injection of
electrons into the SL miniband from the emitter states
[15]. For samples S1 and S3, the alignment of the chemi-
cal potential was achieved by increasing the conduction
band energy of the doped GaAs contact layers by the
addition of a small percentage of Al. For sample S2, we
achieved alignment by incorporating an InAs layer at the
center of each GaAs QW of the SL unit cells [16].

Figure 1 shows the B dependence of the current-voltage
plots, I�V�, at 4.2 K for all SLs. At B � 0 T, the I�V�
curves exhibit an Ohmic region at low bias, followed by a
peak in the current and a region of negative differential
conductance (NDC), in which occurs small steplike fea-
tures associated with the formation of charge domains
[17]. The current is suppressed by the application of the
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FIG. 1. I�V� curves versus B for samples S1 (a), S2 (b), and
S3 (c) at T � 4:2 K. B is increased from 0 to 23 T by steps of
0.5 T (S1) or 1 T (S2 and S3). The thick lines in (b) represent
I�V� curves at B � 23 T and at different temperatures. The
inset sketches the geometry of our experiment and the SL
Landau level minibands.
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magnetic field. When the intensity of the current peak in
I�V� is plotted versus the ratio �h!c=�, we find that the
data for all the SLs fall approximately on a single uni-
versal curve (see Fig. 2). Similar curves were obtained
also by plotting the dependence of current measured at
lower voltages. In contrast, at higher voltages, the current
has a weaker B dependence due to magnetophonon reso-
nance effects [11–13,18]. In this Letter, we focus on the
low-bias regime.

To understand the B-induced quenching of current, we
first consider a semiclassical model for electron motion.
At B � 0 T, electrons are accelerated by the electric field,
F, and scattered by impurities, well width fluctuations,
and phonons [19,20], resulting in an overall drift motion
along the SL axis. Provided that the average scattering
time � is much smaller than !�1

B , where !B � eFd= �h is
the Bloch frequency, the wave vector (k) of electrons
remains within the range 0 to �=�2d�, where the velocity
increases with k. In this regime, an increase of F leads to
an increasing average drift velocity and a linear increase
of current. In contrast, when � > !�1

B , electrons reach the
region of k for which an increase of k decreases the mean
velocity, thus producing a region of NDC in I�V�. The
drift velocity-field characteristic is given by v �

2vp!B�=�1� �!B��2�, where vp is the peak drift veloc-
ity and � includes inelastic (�i) and elastic (�e) scattering

processes, i.e., ��1 �
���������������������������������
��1
i ���1

i � ��1
e �

q
[19]. According

to this model, the miniband conduction is totally
quenched in the absence of inelastic scattering, i.e.,
v ! 0 as �i ! 1, and/or in the presence of strong elastic
scattering, i.e., v ! 0 as �e ! 0. The scattering mecha-
nisms and the drift velocity are modified by the magnetic
field. As shown in Fig. 2(b), for �h!c < �, the energies of
the quasi-1D Landau level minibands overlap with each
other and elastic and inelastic scattering processes involv-
ing a change of the Landau index N can occur. In contrast,
for �h!c >�, the minibands become energetically de-
coupled from each other. Since � is smaller than the
longitudinal optical (LO) phonon energy, �h!LO, for all
three SLs, optical-phonon scattering processes are for-
bidden within a Landau level miniband with �i ! 1. In
this regime, electrons can only undergo elastic processes
and/or quasielastic scattering by acoustic phonons within
one Landau miniband. This leads to a continuous reversal
of the electron velocity and to a corresponding suppres-
sion of the SL current.

The similarity in the B-induced quenching of the mini-
band conduction observed in SLs with different � is
indicative of the formation of 1D Landau level minibands
when �h!c >� and of the corresponding change in in-
elastic scattering. At these high B, the SL current is only
partly restored with increasing the sample temperature
up to 300 K [see Fig. 1(b)]. This temperature dependence,
which differs from the thermal decrease of the SL current
observed at B � 0 T in our SLs and in other similar SLs
reported in the literature [21], indicates a slight increase
146801-2
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FIG. 3. Probability densities of the Wannier-Landau wave
functions for the first (N � 0, continuous curves) and second
(N � 1, dotted curves) Landau level at different values of
�h!c=� for � � 12 meV and eFd � 2 meV.
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FIG. 2. (a) Dependence of Ip on �h!c=� and B for our SLs
(T � 4:2 K). Continuous lines are guides to the eye. (b) Sketch
of elastic and inelastic collisions for �h!c < � and �h!c > �.

VOLUME 93, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S week ending
1 OCTOBER 2004
in efficiency of inelastic phonon scattering processes due
to the thermal population of higher Landau energy
minibands.

In contrast to the sharp falloff of the current when
�h!c � � predicted by semiclassical Monte Carlo simu-
lations of the electron motion [22], the measured current
is quenched gradually as B is increased beyond the �h!c �
� condition. This suggests that the Landau level mini-
bands are energy broadened so that overlap occurs even
when �h!c > �. Also the applied electric field tends to
localize the miniband states into Wannier-Stark (WS)
states [23,24]. In the WS quantization regime, Landau
levels associated with WS states localized at different
QWs can have the same energy even when �h!c > �,
thus allowing elastic and inelastic inter-QW scattering
processes involving a change of the Landau index N
[25–27]. To understand how these phenomena affect the
current quenching, we model the miniband conduction by
a transport theory that combines both quantum effects
and scattering events; i.e., we use a NEGF method of the
type developed by Wacker and co-workers [9,10] but ex-
tended to include the effect of the quantizing magnetic
field.

We describe the electron motion along the SL axis z by
using the set of Wannier functions

��z�Md� �

�������
d
2�

s Z �=d

��=d
e�iMkd�k�z�dk; (1)

where M is theWannier index and �k�z� is a SL miniband
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Bloch state. The electronic states including the xy motion
are specified by the Landau index N, the guiding coor-
dinate X, and the Wannier index M. Since the Wannier
functions are localized within single QWs, we consider a
local scattering model in which we neglect scattering
matrix elements between nonadjacent QWs and determine
the current from the M to the �M� 1� well according to
the relation

JM!M�1 �
4eT1

�h

X
NX

Refiha�NXM�t�aNXM�1�t�ig

�
eT1

� �hl2B

X
N

Z
ReG<

M�1;M�N;E�dE; (2)

where aNXM�a�NXM� is the annihilation (creation) operator
for the Wannier-Landau (WL) basis state jN;X;Mi with
associated energy ENM � �N � 1=2� �h!c �MeFd, T1 is
the interwell coupling strength, lB is the magnetic length,
146801-3
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and G<
M1M2

�N;E� is the lesser Green’s function, which can
be calculated via the Keldysh equation [28]. We consider
short-range elastic scattering events and a constant scat-
tering potential U; we describe the optical-phonon scat-
tering by a Fröhlich coupling constant, ' � 0:07, and a
phonon energy, �h!LO � 36:6 meV; for acoustic phonon
scattering, we assume a continuous linear dispersion and
longitudinal speed of sound sl � 5:2� 103 m=s.

As shown in Fig. 3, the overlap between different WL
levels decreases smoothly as B increases. This reduces the
scattering matrix element connecting Wannier states of
different QWs and hence suppresses the electrical conduc-
tion. Figure 4 shows the calculated B dependence of I for
various values of the scattering potential U and � �
12 meV. The NEGF model describes well the measured
B dependence of I for U > 1 meV. Increasing U leads to a
smoother current quenching due to an increasing proba-
bility of elastic scattering-induced inter-Landau level
tunneling. In a miniband picture, this effect can be under-
stood in terms of the energy broadening of the Landau
minibands, which gives rise to an overlap between the
minibands even when �h!c > � (see inset of Fig. 4), thus
freeing the electrons from the constraint of scattering
within a single miniband only.

In conclusion, we have created a 1D band structure by
applying a large quantizing magnetic field along the axis
of a semiconductor SL. This acts to suppress the electrical
conduction. Using semiclassical and NEGF methods, we
demonstrated that this behavior arises from the quasi-1D
SL states formed in the quantum limit and from the
146801-4
restricted range of scattering processes available to the
conduction electrons. Our study of these artificial ‘‘tailor
made’’ conductors demonstrates the fundamental change
in electrical properties caused by increasing quantum
confinement.
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