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Nonlinear effects of two-dimensional electron-gas systems at high magnetic fields are studied, and a current-
driven instability is found to take place in magnetic fields corresponding to integer filling factors of Landau
levels. The current instability is ascribed to the occurrence of a negative differential conductivity, predicted
theoretically more than three decades ago. Physical origin of the negative differential conductivity is discussed
and suggested to originate from an electric-field-induced reduction in the average scattering probability of
electrons.
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I. INTRODUCTION

Instability associated with negative differential conductiv-
ity �NDC� in two-dimensional electron-gas �2DEG� systems
has attracted much research interest recently. To a large ex-
tent studies have been stimulated by the recent finding of
“zero-resistance state” in high-mobility 2DEG systems in
GaAs/AlGaAs heterostructure crystals under strong micro-
wave radiation.1–3 It is theoretically suggested that the con-
ductivity �xx may become negative in the presence of the
radiation and a magnetic field.4–8 Understanding of the origin
of the NDC may be crucial for clarifying the possible mecha-
nism behind the phenomenon.

In the absence of magnetic fields, NDC in bulk semicon-
ductors has been extensively studied for nearly four
decades.9 The NDC is characterized by a multivalued depen-
dence in the current-voltage �I-V� relationship, viz., V is a
multivalued function of I when the I-V curve is N shaped,
while I is a multivalued function of V when the I-V curve is
S shaped. In either case, the electron system becomes un-
stable against fluctuation of the space-charge distribution. A
steady state may be reached if a particular mode of space-
charge distribution exponentially grows, but otherwise, the
system may continue to fluctuate without reaching steady
state. It is well known that the N-shaped NDC develops
high-electric field domains while the S-shaped NDC leads to
formation of high-current filaments.

Although NDC in the presence of magnetic fields has not
been studied so extensively as the one in the absence of
magnetic field,10 it is more than three decades ago when
Kurosawa et al.11 provided generalized discussion of NDC in
arbitrary magnetic fields. It was shown theoretically that
NDC is made more probable as the Hall angle � approaches
� /2 in strong magnetic fields. Let J be a current flowing in
dc electric field E in the presence of a magnetic field B
perpendicular to E. A small variation, �E, in E causes a
response, �J, in J as illustrated in Fig. 1�a�. Kurosawa
et al.11 noted that the generalized condition of NDC is that
the inequality relation

�J · �E � 0 �1�

holds in some direction of �E. If �E is induced by a sheet of
space charge shown in Fig. 1�b�, the response current �J
satisfying relation �1� increases the original space charge.
Thus the space-charge sheet exponentially grows up, making
the system unstable. In strong magnetic fields, the angle be-
tween �E and �J is close to � /2 even if the J-E relation is
strictly linear. As will be explicitly described later, the angle
can exceed � /2 with infinitesimal nonlinearities as � ap-
proaches � /2.

The quantum-Hall �QH� electron system is an interesting
candidate for studying such NDC because � is nearly equal
to � /2. Although experiments have demonstrated that the
QH effect state is a stable state without exhibiting NDC at
low E and low lattice temperatures TL, NDC may occur at
higher values of E and elevated TL, where significant nonlin-
earity in the current response can be expected. Experimental
observation of this type of NDC was briefly reported two
decades ago.12 The mechanism behind the NDC, however,
was left unclear.

The negative conductivity states discussed in Refs. 4–8
are the NDC induced by intense alternating electric fields in
the presence of weak dc fields. The symmetry point of the N-
or S-shaped I-V curve is shifted to the origin of the coordi-
nates under microwave illumination.6 Based on these new
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FIG. 1. �a� A sketch of �J ·�E�0, where J ·E�0 under strong
magnetic fields. �b� Growth of a space-charge sheet in the condition
of �J ·�E�0. �Adopted from Fig. 1 in Ref. 11.�
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theoretical developments, few experiments have attempted to
study these nonlinear phenomena in nonequilibrium 2DEG
systems at high magnetic field.13–16 Although those phenom-
ena may bear little direct relevance to the NDC discussed
here, understanding of the NDC in strong dc electric fields
may provide a firm and sound platform for exploring the
nature of the alternating-field-induced NDC.

Here we study transport properties of 2DEG systems in
GaAs /AlxGa1−xAs heterostructures up to high-current levels
in high magnetic fields. We find that current instability takes
place due to the NDC predicted theoretically more than three
decades ago.11 This paper is organized as follows. Section II
describes device geometry and experimental method along
with experimental results including the observation of cur-
rent instability. In Sec. III A, nonlinear response of the sys-
tem is clarified by deriving differential transport coefficients,
and the current instability is ascribed to the occurrence of the
NDC discussed in Ref. 11. In Sec. III B, a particular profile
of the space-charge needle �filament� is suggested to grow in
the regime of the NDC. Low-temperature characteristics are
discussed in Sec. III C. In Sec. III D, physical mechanism
leading to the nonlinear transport coefficients is discussed. In
Sec. IV, we conclude that NDC is a general feature of high-
mobility 2DEG systems in high magnetic fields when the
Landau-level �LL� filling factor is close to an integer.

II. EXPERIMENTAL METHODS AND RESULTS

Samples have been prepared in two different modulation-
doped GaAs /Al0.3Ga0.7As single heterostructure crystals
grown by molecular-beam epitaxy. Sample 1 is a
100-�m-wide Hall bar with two pairs of voltage probes
placed at a distance of 200 �m as schematically shown in
the inset of Fig. 2�a�. The device is fabricated in a wafer of
an electron density of Ns=3.1�1011 cm−2 and a 4.2 K mo-
bility of �=8.0�105 cm2 /Vs. Sample 2 is similar to the
one described in Ref. 12, which is a 50-�m-wide Hall bar
with three pairs of voltage probes separated at a 100 �m
distance. The device is fabricated in a wafer of Ns=3.8
�1011 cm−2 and �=4.0�105 cm2 /Vs. Similar experimen-
tal results have been obtained in samples 1 and 2. For the
reason of space, however, experimental results of sample 1
will be mainly described below. Most of the measurements
are carried out by transmitting square-wave current �17 Hz�
alternating between I=0 and I= ISD through contacts 5 and 6,
ISD= I56. The longitudinal voltage, Vxx, is studied by record-
ing the voltage difference between contacts 1 and 2 �V12� or
contacts 3 and 4 �V34�, and the Hall voltage, Vxy, by V13 or
V24. At elevated temperatures �TL�7 K for 	=4 and TL
�13 K for 	=2�, the values of Vxx and Vxy obtained with
different pairs of voltage probes were found to agree with
one another within an accuracy of 10−3, which allow us to
assume that the spatial distribution of the current or the elec-
tric field should be highly uniform.

Figure 2�a� displays the curves of Rxx=V12 / ISD and Rxy
=V13 / ISD versus B in sample 1 taken at T=4.2 K with ISD
=0.1 �A. As will be described below, nonlinear response of
the system at higher levels of ISD is similar between the
filling factors of 	=2 �B=5.88 T� and 	=4 �B=2.94 T�.

The current instability, however, shows up only at 	=2.
Figure 2�b� shows the dependence of Vxx=V12 on ISD at

	=4 for different temperatures. At 4.2 K, Vxx increases
abruptly when ISD exceeds �20 �A, which is ascribed to
the current-induced breakdown of the integer Quantum Hall
effect �IQHE�.17,18 At elevated temperatures, Vxx is already
finite in the limit of small ISD. We note that the curves of Vxx
versus ISD are smooth, which are free from any anomalous
structures. Closer look at the data �TL�16 K� clarifies that
the increase in Vxx is weakly sublinear. Though not shown
here, the increase in Vxy with increasing ISD at elevated tem-
peratures is slightly superlinear.

The dependence of Vxx on ISD at 	=2 is shown in Fig.
3�a�. Overall features are similar to those of the data at 	
=4. At lower temperatures �TL�10 K�, Vxx rapidly increases
with increasing ISD above a certain critical value due to the
current-induced breakdown. At elevated temperatures �16

TL
28 K�, Vxx increases sublinearly with increasing ISD,
similar to the case of 	=4. Differently from the data at 	
=4, however, the smooth sublinear increase is terminated by
a kink �ISD= Ith�, above which Vxx abruptly drops and the
voltage starts to significantly fluctuate. The threshold current,
Ith, increases with increasing the lattice temperature TL as
marked by the arrows in Fig. 3�a�. For later analysis, the
electric field values reached at Ith, derived from Eth
= ��Vxx /L�2+ �Vxy /W�2�1/2 with the inter-voltage probe dis-
tance L=200 �m and the Hall-bar width W=100 �m for
sample 1, are listed on Table I along with the values of Ith.
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FIG. 2. �a� Longitudinal resistance Rxx and Hall resistance Rxy at
4.2 K and ISD=0.1 �A in sample 1. The inset is a schematic of the
device geometry. �b� Dependence of the voltage along the channel
Vxx on the source-drain current ISD at 	=4 with the temperature as
a parameter.
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The fluctuation of Vxx is visible as small irregular structures
in the Vxx versus IDS curves in Fig. 3�a�. Some of the struc-
tures are reproducible but the others are random fluctuations.
The curves also exhibit hysteresis when the direction of cur-
rent scan is reversed as the example shown in the inset of
Fig. 3�a�.

The increase in Vxy with increasing ISD �TL�15 K� is
found to be slightly superlinear. It follows that the Hall re-
sistance Rxy =Vxy / ISD increases slightly with increasing ISD
as shown in Fig. 3�b�, where Rxy is normalized by its value,
R0, at small ISD and TL=4.2 K. Curves at three different

temperatures are displayed in Fig. 3�b�, where the curves at
other elevated temperatures �TL�15 K� are all similar to
each other.

As already mentioned, the values of Vxx and Vxy in the
stable region �ISD
 Ith and TL�15 K� are substantially in-
dependent of the voltage probes used, viz., values of V12 and
V34 and those of V13 and V24 agree with one another to an
accuracy better than 10−3. In the unstable region, ISD� Ith,
the values of V12 and V34 differ appreciably although the
overall feature of the Vxx versus ISD curves is similar. We
have also confirmed that the effects described above �and
below� are independent of the polarity of current and mag-
netic field.

In sample 2, we carried out similar measurements both at
	=4 and 	=2, and obtained similar experimental results de-
scribed above for sample 1, viz., Vxx is found to sublinearly
increase with ISD both at 	=4 and 	=2 but current instability
shows up only at 	=2. The curves of Vxx versus ISD are
featured with similar structures to those shown in Fig. 3�a�.
No instability is seen at 	=4.

The experimental results �Figs. 2 and 3� for ISD� Ith are
found to be substantially independent of the choice of volt-
age probes; thus we assume that the distribution of the elec-
tric field E or the current density J is highly uniform in the
Hall bars at elevated temperatures in our following analysis.
These features, along with the fact that the phenomena are
independent of the polarities of current and magnetic field,
suggest strongly that �i� the current instability found here is
intrinsic to the 2DEG system at high magnetic fields and �ii�
the effect is controlled by the local conductivity tensor. We
should mention, however, that the current instability takes
place only at 	�2, although the sublinear dependence of Vxx
on ISD is similar between 	�2 and 	�4.

III. DISCUSSION

A. Condition of NDC

Generalized condition of NDC is that inequality �1� is
satisfied in some direction of �E. Kurosawa et al.11 de-
scribed this criterion in terms of differential conductivity ten-
sor, �d, defined by �Ji=� j��Ji /�Ej��Ej =� j�ij

d �Ej. The ten-
sor is decomposed into a symmetric and an antisymmetric
parts: �d=�S

d+�A
d . The criterion of the NDC is equivalent

such that the symmetric matrix, �S
d, is of a negative eigen-

value. This requirement, in turn, is equivalent to the condi-
tion that �S

d is of a negative determinant, which is explicitly
represented by the inequality

D = �2 tan2 � + 2��2 − ��tan � + �2 − 4�1 − �� � 0, �2�

where �=�� /� log E=E��� /�E� is the nonlinear parameter
characterizing the change in the Hall angle � and �=1

TABLE I. Values of Ith, Eth, and ENDC for each TL derived from the data in Figs. 3�a�, 3�b�, and 4�e�.

TL �K� 17 20 22 24 26 28

Ith ��A� 20.30.4 27.30.7 30.40.3 35.10.4 40.90.7 46.90.4

Eth �V/cm� 26.10.5 35.10.7 39.10.4 45.20.4 51.70.9 60.70.5

ENDC �V/cm� 25.80.4 35.10.3 38.90.3 45.00.3 52.80.4 61.10.3
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FIG. 3. �a� Vxx vs ISD for 	=2 Hall plateau in sample 1. The
arrows mark the threshold current IDS= Ith, above which the current
instability takes place. The inset shows an example of zigzaglike
dependence and hysteresis in Vxx-ISD curve above Ith at TL=26 K.
�b� The Hall resistance Rxy as a function of ISD, where values of Rxy

are normalized by the value at zero current limit, R0

=VH / ISD �ISD=0. Note that the cyclotron energy is ��c /kB�118 K at
	=2 �B=5.88 T�, where ��c is the cyclotron energy and kB is the
Boltzmann constant.
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− �� log J /� log E�=1− �E /J���J /�E� is the parameter char-
acterizing the nonlinear increase in the current J. If the re-
sponse is strictly linear, �=�=0 and D=−4. In the presence
of nonlinearity ���0 and/or ��0�, D can be larger than −4,
eventually reaching positive values. In the absence of mag-
netic field ��=0�, relation �2� is reduced to the familiar con-
dition of NDC, ��1 or �J /�E�0. We note in relation �2�
that the NDC becomes more and more probable as tan �
�1 increases. �This will be made explicit in relation �3�.�

Since in the experiments E and J are assumed to be highly
uniform at elevated temperatures, we can evaluate �, �, and
� up to ISD= Ith from the experimental data of Vxx and Vxy
�TL�13 K�. We first derive values of E, J, and � as a func-
tion of ISD through the relations E= ��Vxx /L�2+ �Vxy /W�2�1/2,
J= ISD /W, and �=tan−1�VxyL /VxxW�, where L=200 �m and
W=100 �m for sample 1 and L=100 �m and W=50 �m
for sample 2.

Values of ��E� and J�E� are shown as a function E in
Figs. 4�a� and 4�b� for sample 1 �	=2� at several elevated
temperatures. The amplitude of � �Fig. 4�a�� increases with
increasing E because of the sublinear increase in Vxx with ISD
�Fig. 3�a��. Figure 4�b� displays J-E curve at TL=20 K. The
other curves at elevated temperatures �16
TL
44 K� are
similar to the curve of 20 K. Though not clear in Fig. 4�b�, J
depends sublinearly on E because of the superlinear increase
in Vxy with increasing ISD �Fig. 3�b��.

Parameters � and � are numerically derived from the data
of ��E� and J�E� up to E=Eth and are shown, respectively, in
Figs. 4�c� and 4�d�. In actual practice, Vxx and Vxy were re-
corded as a function of ISD and numerically differentiated
with respect to ISD with a finite difference of �ISD
�0.1 �A ��E�1 mV /cm�. The accuracy of the data
points of � and � in Figs. 4�c� and 4�d� is estimated to be
better than 4�10−4. Values of � are positive since � in-
creases with E, and � is positive because the increase in J
with E is sublinear.

Knowing the values of ��E�, ��E�, and ��E�, we can
derive values of D, as plotted against E in Fig. 4�e� for el-
evated temperatures. While D exhibits general trend of in-
crease with increasing E at all elevated temperatures, values
of D for TL�28 K are found to reach the threshold value,
D=0. The critical values of E=ENDC, at which D=0 is
reached, are marked by the black dots in Fig. 4�e� and are
listed in Table I for comparison with Eth. We note that the
values of ENDC agree extremely well with the values of E
=Eth, at which the current instability is found to take place.
�No adjustable parameters are used in the analysis.� We
should also note that D for TL�30 K do not reach D=0 in
Fig. 4�e�, which is consistent with the absence of current
instability �Fig. 2�b��. We hence conclude that the current
instability found in the present experiments is caused by the
NDC predicted by Kurosawa et al.11

We made similar analysis for 	=4 and found similar non-
linearities, viz., � and � are positive and increase with in-
creasing E; in addition, the absolute amplitudes of � and �
are on the same order as those at 	=2. Nevertheless, D stays
within the negative �stable� region, not reaching zero at any
temperatures studied. We identified that the difference arises
from the smaller amplitude of the Hall angle, tan �=20
�30, which is compared with the larger values, tan �=44
�93 with 1.548���1.56, at 	=2.

In sample 2, similar current instability is observed and
ascribed to the NDC via similar analysis at 	=2 �B
=7.8 T� and TL=17�35 K. The current instability did not
occur at 	=4 �B=3.9 T�. The overall feature of the nonlin-
earity is similar to that of sample 1, viz., Vxx sublinearly
increases �Rxx decreases� with increasing ISD up to ISD= Ith; �
is positive and increases with increasing E. In sample 2,
however, Rxy slightly decreases with increasing ISD and
hence � is negative, which is a feature opposite to that of
sample 1 �Fig. 3�b��. Nevertheless, the effect of decreasing
Rxy is quantitatively small and � remains to be positive.

When tan ��1, relation �2� can be well approximated by
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FIG. 4. �a� The Hall angle � and �b� the current density J against
E at several elevated temperatures, as derived from the data of Fig.
3. � increases with E. The curves of J versus E obtained at TL

=17�44 K are similar, and the increase in J is slightly sublinear.
Nonlinear parameters �c� � and �d� � against E, deduced from the
data shown in Figs. 4�a� and 4�b�. �e� Values of D against E derived
from the values of �, �, and �. Possible errors in the values of D
and E are �3.5�10−2 and �10−3 V /cm, respectively, which are
small compared to the width of each line in the figure. The circles
represent the terminal point of data analysis. The E-field values at
which D equals 0 are denoted by ENDC and marked by the black
dots.
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�� � − ��2/4 + 1, �3�

where ��=� tan � and ��=� tan � are parameters enhanced
by tan �. Figure 5�a� shows the parabola ��=−��2 /4+1 in
the ��-�� plane, where the region of NDC regime is repre-
sented by shading. Relation �3� makes it explicit that large
Hall angles ���� /2� make NDC probable. That is, no mat-
ter how � and/or � are small, any system falls into NDC if
tan � is sufficiently large. The data of sample 1 ���0, solid
lines� and those of sample 2 ���0, broken lines� are shown
together in Fig. 5�a�. It is also revealed that in the present
experiments � plays a primary role, while � �whether posi-
tive or negative� plays a secondary role of reducing Eth.

B. Space-charge domains

As mentioned in Sec. I �Fig. 1�, charge domains are ex-
pected to develop in the regime of NDC. Reference 11 ar-
gued that the charge domains �needles� develop most rapidly
in the direction perpendicular to the eigenvector associated
with the negative eigenvalue of �S

d. Specifically, the eigen-
vector is at angle �= ��+�� /2−� /4�� /2 to E, where �
	 tan−1��� /���=tan−1�� /��.11 The probable direction of
charge domains can thus be determined by the values of
�� and �� at the terminal of each trace ���=−��2 /4+1� in

Fig. 5�a�. In general terms, space-charge filaments are
formed in the direction parallel to the current when ��=0.
When ���0 ��0�, the space-charge filaments tilt �anti�
clockwise from J. Figure 5�b� schematically displays three
examples chosen from the data of Fig. 5�a�, viz., �=−21.7°
����0� for sample 2 at TL=35 K in the left, �=−5.2° ���
�0� for sample 1 at TL=20 K in the middle, and �=25.9°
����0� for sample 1 at TL=28 K in the right. Further the-
oretical consideration suggests that the characteristic length
scale of the period of the space-charge filaments is inversely
proportional to the growth rate.19

Formation of space-charge filaments may be reminiscent
of the current filaments formed in bulk systems of S-shaped
J-E characteristics in the absence of magnetic field. It should
be stressed, however, that in the entire range of study in the
present experiments J-E relation remains to be single valued
without exhibiting S-shaped or N-shaped relations. The cur-
rent instability in the present experiments occurs without
multivalued features of the J-E relation.

C. Low lattice temperatures

In the QH effect regime at low temperatures, the distribu-
tion of electric field or current density can be highly nonuni-
form, hindering quantitative analysis of nonlinear transport
coefficients in the present studies. Nevertheless, the experi-
mentally established fact that the QH effect is observable as
a stable state is a proof that the linearity of the 2DEG system
in the QH effect regime is so strictly satisfied that the NDC
criterion �relations �2� or �3�� is not met anywhere in the
conductor.20

At low TL, the QH effect breaks down at higher currents
�ISD�20 �A�. We find systematically different features in
the breakdown regime between 	=2 and 	=4. At 	=2 the
current becomes unstable in the breakdown regime but it
remains stable at 	=4, namely, the current starts to fluctuate
yielding irregular structures in the Vxx versus IDS curve for
	=2 �at TL=4.2 and 7 K in Fig. 3�a�� but the current does not
fluctuate and the curve of Vxx versus IDS remains smooth
without irregular structures for 	=4 �at 4.2 and 7 K in Fig.
2�b��. Similar features were noted also in sample 2. The
breakdown phenomenon has been interpreted as a transition
of the electron system from the QH effect state with a low
electron temperature, Te�TL, to a dissipative state with an
elevated electron temperature, Te���c / �6kB�.18 Noting that
Te���c / �6kB��16 and 20 K �	=2�, respectively, in
samples 1 and 2, we suppose that the electron system falls
into the NDC regime when Te is elevated by the QH effect
breakdown for 	=2. In the condition of 	=4, however, the
NDC criterion is not fulfilled even when Te is elevated by the
QH effect breakdown, similar to the case of elevated lattice
temperatures at 	=4.

D. Mechanism of nonlinear response

NDC found in the present experiments is caused primarily
by the increase in �=�� /� log E �Fig. 5�a�� or a reduction in
�xx= �Vxx /L� / �ISD /W� with increasing E �Fig. 3�a��. This
nonlinearity is likely to be a general trend followed by high-
mobility 2DEG systems at high magnetic fields because it is
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found as well in both samples 1 and 2 at 	=4 and is reported
also by other research groups.13–16,21–23

Reduction in �xx at high magnetic fields �tan ��1� im-
plies a decrease in the scattering rate. Simple electron heat-
ing effect is ruled out from relevant mechanisms because it
would cause �xx to increase. Indeed, Fig. 3�a� shows that �xx
increases with increasing TL. Qualitatively, elastic Zener tun-
neling between Landau levels may be suppressed with in-
creasing the electric field and �xx might be thereby reduced.23

It is unclear, however, if this effect gives quantitative account
for the phenomenon found here.

In general nonlinear response arises via the effect of elec-
tric fields either on the kinematics of electron scattering8,24 or
on the electron distribution function.25,26 Theory suggests
that the later mechanism dominates in most experimental
conditions, where the inelastic-scattering time �in is much
larger than the quantum or single-particle relaxation time �q,
i.e., �in��q.25 In strong magnetic fields �c�tr�1 ��tr is the
transport scattering time�, random scattering process causes
electrons to diffuse in the direction of electric field E. Since
the electron energy changes by eEdx after the diffusion at
distance dx, the electron diffusion in space translates into the
diffusion in energy, �+eEdx. It is theoretically shown, for
high temperatures kBTL���c, that this leads to a nonequi-
librium electron distribution function with an oscillatory
structure of period ��c, where the distribution maxima do
not coincide with the density of state maxima.25 Since the
oscillation amplitude increases with E, the average scattering
rate decreases to reduce �xx. In a simplified condition of
overlapping Landau levels �relatively weak modulation in
the density of states�, analytical expression of the longitudi-
nal conductivity �xx is given,25 which is translated to

�xx�E�
�xx�0�

= 
1 + 2�2�1 − 3Qdc

1 + Qdc
�/�1 + 2�2� �4�

through �xx��xy
2 �xx. Here, �=exp�−� /�c�q� is the Dingle

factor with the quantum relaxation time �q at E=0. The elec-
tric field E is measured by

Qdc =
2�in

�tr
� eEvF

�c
�2� �

��c
�2

, �5�

where vF is the Fermi velocity at B=0, and �tr and �in are the
relevant scattering times at E=0.

Reference 13 reports that Eq. �4� accounts for the experi-
mental results obtained in relatively small magnetic fields
�B�1 T�. Strictly the present experimental condition does
not fit to the assumptions of kBTL���c and the overlapping
Landau levels. Nevertheless it may be interesting to compare
Eq. �4� with our experimental results �sample 1 at 	=2 and
B=5.88 T�. To quantify �xx�E� in Eq. �4�, three parameters
�tr, �q, and �in have to be determined. As to the transport
scattering time, �tr=32 ps at TL=4.2 K is derived from �
=8.0�105 cm2 /Vs. The values of �tr at elevated tempera-
tures are plotted against TL in Fig. 6�b�, where the values are
deduced from the data in the limit of ISD=0 in Fig. 3�a� by
assuming the Drude conductivity in strong B, �xx
=e2N0vF

2 /2�c
2�tr, with the density of states N0=m� /��2 at

B=0. As to �q, Shubnikov–de Haas oscillations at TL

=4.2 K indicate �q=1.6 ps �TL=4.2 K�.27 We assume in
turn that the ratio of �tr /�q�20 is independent of tempera-
ture, noting that the ratio can be treated as a material
parameter.28 Hence, we take �in as the only one adjustable
parameter.

The solid lines in Fig. 6�a� are replots of the experimental
data of Fig. 3�a� in terms of the normalized �xx�E� at several
elevated temperatures. The experimental curves are fairly
well reproduced by the dashed lines drawn according to the
theoretical values of Eq. �4�. The parameter values, �in, used
for the best fit at different temperatures are plotted in Fig.
6�c�. The relation, �in�1 /TL

2, is noted, which agrees with
theoretical expectation. Absolute values �in=487 /TL

2 �ns� are
much larger than those �in=10�12 /TL

2 �ns� reported for B
=0.9425 T in Ref. 13. If the difference can be ascribed to
the difference in magnetic field amplitude, �in�B2.1 is sug-
gested.

We should remember also that the validity of the present
analysis is limited. Especially, more realistic density of
states, consisting of well-separated discrete Landau levels,
should be taken into account for more detailed quantitative
discussion.

IV. CONCLUSIONS

In summary we have found that 2DEG systems at 	=2
quantum-Hall plateau exhibit current instability at TL
�17–35 K, viz., the longitudinal voltage begins to fluctuate
when the current passing through Hall-bar samples exceeds a
threshold value. Through the analysis of experimental results
we have proven that the instability is caused by the NDC
predicted by Kurosawa et al. in Ref. 11. Unlike the NDC at
B=0, the NDC found in 2DEG systems in high magnetic
fields occurs in a single valued J-E relation. Reduction in the
longitudinal resistivity with increasing the current, which is a
general trend of high-mobility 2DEG systems at strong mag-
netic fields, is the driving force of the NDC. The physical
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FIG. 6. �a� At TL=18, 26, and 44 K, theoretical values of
�xx�E� /�xx�0� given in Eq. �4� �dashed lines� are compared with the
experimental values �solid lines�. �b� The transport scattering time
�tr versus temperature determined from the longitudinal resistivity
at elevated temperatures. �c� The inelastic-scattering time, �in, de-
termined in the fitting procedure in Fig. 6�a�.
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origin of the longitudinal resistivity reduction is suggested to
be related to an electric-field-induced nontrivial electron dis-
tribution function.
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