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The nonlinear zero differential resistance state that occurs for highly mobile two-dimensional electron
systems in response to a dc bias in the presence of a strong magnetic field applied perpendicular to the electron
plane is suppressed and disappears gradually as the magnetic field is tilted away from the perpendicular at fixed
filling factor �. Good agreement is found with a model that considers the effect of the Zeeman splitting of
Landau levels enhanced by the in-plane component of the magnetic field.
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The nonlinear properties of highly mobile electrons in
two-dimensional �2D� AlGaAs/GaAs heterojunctions have
been the focus of a great deal of recent attention. Strong
oscillations of the longitudinal resistance induced by micro-
wave radiation have been found1,2 at magnetic fields satisfy-
ing the condition w=nwc, where w is the microwave fre-
quency and wc is the cyclotron frequency �n=1,2 , . . .�. At
high levels of microwave excitation the minima of the oscil-
lations can reach a value close to zero.3–6 This so-called zero
resistance state �ZRS� has stimulated extensive theoretical
attention.7–13

Interesting nonlinear phenomena have also been found in
response to a dc electric field.14–17 Oscillations of the longi-
tudinal resistance, periodic as a function of the inverse mag-
netic field, have been observed at relatively high dc bias
satisfying the condition n�wc=2RcEH; here Rc is the cyclo-
tron radius of electrons at the Fermi level and EH is the Hall
electric field induced by the dc bias in the magnetic field.
This effect has been attributed to horizontal Landau-Zener
tunneling between Landau levels, tilted by the Hall electric
field EH.14 Another notable nonlinear effect is a strong reduc-
tion in the longitudinal resistance by considerably smaller dc
electric fields.15–17 This effect has been attributed16 to spec-
tral diffusion of electrons in a dc electric field.13 Electron
spectral diffusion occurs in the presence of a strong magnetic
field where the density of states �DOS� oscillates due to Lan-
dau quantization. The oscillations in the DOS result in an
oscillatory structure of the nonequilibrium electron distribu-
tion function. When a dc electric field Edc is applied, elec-
trons diffuse from low-energy regions �occupied levels� to
high-energy regions �empty levels� through elastic scattering
between electrons and impurities. Inelastic scattering limits
this process, forcing the electron distribution function back
to thermal equilibrium. This effect also accounts for a non-
linear electron state with zero differential resistance �ZDRS�,
which has been recently identified.18,19 The ZDRS exhibits
strong dependences on both temperature and magnetic field18

through the strong dependence of the electron spectral diffu-
sion on these parameters.13,16,20 In this paper we study the
effect of an in-plane magnetic field on the ZDRS and the
nonlinearity of the 2D electron system induced by a dc bias.
This research was also motivated by apparent differences
between reported measurements of the ZRS induced by mi-

crowave radiation in response to an in-plane magnetic
field.21,22

The sample used in this experiment was cleaved from a
wafer of a high-mobility GaAs quantum well grown by mo-
lecular beam epitaxy on a semi-insulating �001� GaAs sub-
strate. The quantum well was 13 nm wide, the electron den-
sity n=9.2�1015 m−2, and the mobility �=85 m2 /Vs at T
=1.7 K. Measurements were carried out at T=1.7 K in
magnetic fields up to 9 T on 50 �m-wide Hall bars with a
distance of 250 �m between potential contacts. The differ-
ential longitudinal resistance was measured at a frequency of
77 Hz in the linear regime. Direct electric current �dc bias�
was applied simultaneously with an ac excitation through the
same current leads �see inset of Fig. 1�a��.

Figure 1�a� shows quantum oscillations of the resistance
at T=1.7 K as a function of magnetic field applied perpen-
dicular to the electron plane ��=90o�. The arrow denotes the
Shubnikov-deHaas �SdH� maximum at B�=0.772 T at
which the measurements reported below were taken. In Fig.
1�b� the resistance Rxx is plotted as a function of the perpen-
dicular component B� for magnetic field applied at different
angles with respect to the plane. While all curves display a
maximum at B�=0.772 T, as expected, the magnitude of the
resistance peaks at 0.772 T decreases as the angle � de-
creases from 90o and the total magnetic field increases. For
the measurements reported below, we rotated the sample and
simultaneously varied the magnitude of the total magnetic
field in order to fix the perpendicular magnetic field compo-
nent at 0.772 T while changing the in-plane magnetic field.
The filling factor � is thus fixed for all curves in Fig. 1�b�,
while the Zeeman splitting �Z=g�BB is different for differ-
ent curves due to its dependence on the total magnetic field
B.

Figure 2 shows the differential resistance rxx=dVxx /dI as
a function of dc bias at T=1.7 K for different angles � and
fixed perpendicular magnetic field B�=0.772 T, corre-
sponding to the SdH oscillation maximum indicated by the
arrow in Fig. 1�a�. Note that the total magnetic field �denoted
on the right-hand side of Fig. 2� and its in-plane component
both increase as the angle � decreases. The differential re-
sistance rxx initially decreases with increasing bias Idc for all
angles. For a perpendicular magnetic field ��=90o� rxx ex-
hibits a reproducible negative spike at Idc=7.9 �A and then
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stabilizes near zero. This is the zero differential resistance
state. As the angle � between the magnetic field and the
plane is decreased, the spike gradually disappears and is no
longer observable at �=21o. For smaller angles the differen-
tial resistance rxx is increasingly positive as the angle � de-

creases, and a shallow minimum develops at large bias.
It is interesting to compare our results for the ZDRS with

those reported in Refs. 21 and 22 for the effect of in-plane
field on the ZRS. Both experiments were performed in mag-
netic fields smaller than those used in our experiments.
Mani22 tilted the sample at an angle � with respect to the
magnet axis and microwave propagation direction. The ZRS
was observable with the oscillatory pattern unchanged at a
tilt angle of �=80o ��=90o−�=10o�, and vanished only at
��90o. The disappearance of the ZRS at ��90o was attrib-
uted to the vanishing of the photon flux through the two-
dimensional electron system rather than to the in-plane mag-
netic field. Yang et al.21 employed a two-axis system to
provide perpendicular and parallel field components. They
reported the gradual reduction in the microwave-induced
ZRS and its disappearance when a parallel magnetic field
�B� �0.5 T� is applied. Our results are qualitatively similar
to those of Yang et al.:21 we find that the ZDRS decreases
and disappears gradually with increasing in-plane magnetic-
field component, while Mani22 reported quenching of the
ZRS only at ��90o. It is possible, however, that stronger
magnetic fields, comparable to those applied in our experi-
ments, are required to reduce the microwave-induced nonlin-
earity for ��90o in the experiments.22

We suggest that the suppression of the nonlinear response
of the system and the disappearance of the zero differential
resistance at small angles � are due to the change of the
bias-stimulated spectral diffusion of the electrons13,16,18,23

caused by the increase in the in-plane magnetic-field compo-
nent. We consider Zeeman splitting of the Landau levels as
the main mechanism leading to a decrease in the variations
in the spectral diffusion with energy and, thus, to the reduc-
tion in the nonlinearity. Below we compare numerical simu-
lations of the spectral diffusion with experiment. Good
agreement is found.

To estimate quantitatively the effect of Zeeman splitting
on the spectral diffusion we begin by analyzing the change in
the electron spectrum induced by the Zeeman effect. As the
angle of the applied magnetic field is tilted away from the
perpendicular and the total magnetic field is increased, the
oscillations of the DOS, ��	�, split into spin-up and spin-
down components, as seen in Eq. �1�. This leads to a reduc-
tion in the modulation of the DOS amplitude.24 In order to
calculate the DOS we use a Gaussian approximation given
by25

�̃�	� =
��	�
�0

=
�
c�q

2
�exp	−

�	/� + �z/� − n
c�2


c/��q



+ exp	−
�	/� − �z/� − n
c�2


c/��q

� , �1�

where �̃�	� is the dimensionless DOS normalized by the
value of the DOS at zero magnetic field, n is an integer, �q is
the quantum or single-particle relaxation time, and 
c is the
cyclotron frequency. The parameter � /�q determines the
width of the Landau levels and is obtained from comparison
with experiment �shown below�. A similar value of � /�q is
also found by comparison of the experiment with the self-
consistent Born approximation of the density of states.26

FIG. 1. �Color online� �a� Quantum oscillations of the resistance
at T=1.7 K for magnetic field applied perpendicular to the electron
��=90o�; the arrow denotes the field of the Shubnikov-de Haas
maximum for which subsequent data were obtained �see text�; the
inset is a schematic of the experimental setup; �b� Resistance Rxx

plotted as a function of the perpendicular component B� of the
magnetic field for magnetic field applied at various angles � with
respect to the electron plane. The legend lists the angle � and the
total magnetic field at the maxima �marked by the dashed line�.
Data were taken at T=1.7 K with zero dc bias.

FIG. 2. �Color online� Differential resistance versus dc bias for
different angles � between the magnetic field and the 2D electron
plane, where the perpendicular magnetic field B�=0.772 T
�marked by an arrow in Fig. 1�a�� corresponds to a SdH maximum
and is fixed for all curves. The temperature T=1.7 K.
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The inset of Fig. 3 shows the results of numerical simu-
lation of the effect of Zeeman splitting on the DOS in our
sample. It can be seen that the modulation of the DOS is
weaker for smaller angles ��=8o�, corresponding to stronger
Zeeman spin splitting. Figure 3 presents the resistance Rxx of
the quantum oscillation maximum at B�=0.772 T �obtained
from the curves shown in Fig. 1�b�� plotted as a function of
��Z / ��
c��, the ratio of Zeeman to cyclotron energies. At
fixed filling factor, the resistance decreases as the Zeeman
energy, �ZBtot, increases. Based on the evolution of the
density of states displayed in the inset, the theoretically ex-
pected values of resistance are denoted by the circles of Fig.
3 for comparison. The resistance was estimated using a sim-
plified expression for the longitudinal conductivity in strong
magnetic fields �
c�p�1� �Ref. 13�:

�xx = A �� ��	��− df/d	�d	 , �2�

where ��	�=�D�̃�	�2, �D=e2�0vF
2 /2
c

2�tr is the Drude con-
ductivity in a perpendicular magnetic field B�. The free pa-
rameter A accounts for possible memory effects20 and other
deviations from Drude behavior in the presence of strong
magnetic fields.27 The parameters A and �q �the quantum
scattering time� were chosen to provide a good fit between
experiment and theory for the angular dependence of the
resistance at B�=0.772 T. From the comparison above, we
obtain the electron g factor, g=−0.475, which is very close to
values obtained in other experiments.28 We find good agree-
ment between experiment and theory �see Fig. 3� for
��Z / ��
c�� up to �0.12 ��=8o�. Thus, we are able to at-
tribute the decrease in the SdH maxima with increasing in-
plane magnetic-field component to the Zeeman effect.

In order to estimate how the electron spectral diffusion
and the nonlinearity of the 2D electron system in the pres-
ence of a magnetic field are affected by the Zeeman effect,
we solve numerically the spectral diffusion equation for the
electron distribution function f�	� �Ref. 13�:

−
� f�	�

�t
+ Edc

2 �dc
D

�0�̃�	�
�	��̃2�	��	f�	�� =

f�	� − fT�	�
�in

, �3�

where fT�	� is the Fermi distribution and Edc is the bias-
induced electric field. For the normalized DOS, �̃�	�, we use
the DOS obtained above from a comparison with the linear
response �see Eqs. �1� and �2�, and Fig. 3�. Spectral diffusion
is a result of elastic scattering between electrons and impu-
rities in the presence of a bias-induced electric field Edc; it is
limited by inelastic processes, which force the distribution
function back to thermal equilibrium. We use the inelastic
relaxation time �in as a fitting parameter. The solution of the
diffusion equation f�	� at t��in is then inserted into Eq. �2�
in order to obtain the resistivity at different dc biases.

Figure 4 shows experimental and numerical results for the
differential resistance rxx=dVxx /dI as a function of the dc
bias for two different angles, �=90o and �=8o. The vertical
scale is fixed by the comparison with the linear response �by
the choice of the two parameters A an �q in Eqs. �1� and �2��.
The horizontal scale is chosen to provide the best fit between
theory and experiment. The best result is obtained for the
inelastic time �in=2.6�10−9 s at �=90o and for �in=2.7
�10−9 s at �=8o. There is good agreement between theory
and experiment at small dc bias. At higher dc bias, deviations
become evident that are larger for smaller angles �. We sug-
gest that these deviations are due to additional nonlinear
mechanisms that occur at higher dc bias,20,29 which have not
been treated in this paper. The interesting dip observed at
large angle and high bias is not reproduced by our simple
model, and requires further investigation.

FIG. 3. �Color online� The resistance Rxx of the quantum oscil-
lation maximum at B�=0.772 T plotted as a function of
��Z / ��
c��, the ratio of Zeeman to cyclotron energies. The squares
are the experimental results and the circles represent the numerical
simulation. The inset shows the density of electron states �normal-
ized to its value at zero magnetic field� in a fixed perpendicular
magnetic field B�=0.772 T and different total magnetic fields, as
labeled.

FIG. 4. �Color online� The solid curves show the measured dif-
ferential resistance rxx=dVxx /dI as a function of dc bias in fixed
perpendicular magnetic field for two different total magnetic fields
�angles ��, as labeled; T=1.7 K. The symbols denote the numerical
solution of the spectral diffusion equation; �q=5.1 ps; �in=2.6 ns
at �=90o and �in=2.7 ns at �=8o.
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In conclusion, the effect of a dc electric field on the lon-
gitudinal resistance of a highly mobile two-dimensional �2D�
electron system in GaAs quantum wells was studied. We
observe a zero differential resistance state in response to a
direct current when the magnetic field is perpendicular to the
electron plane. At fixed filling factor the nonlinearity of the
2D electron system decreases, and the zero differential resis-
tance state disappears gradually as the total magnetic field is
increased and tilted toward the 2D plane. Numerical simula-

tions of the spectral diffusion in the presence of Zeeman
splitting of the DOS in a high magnetic field provide a good
fit to the experimental observations.
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