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Abstract. We experimentally demonstrate the existence of microwave-induced zero-resistance
states (ZRS) in bilayer electron systems created in wide quantum wells. In contrast to
single-layer two-dimensional electron systems, ZRS are developed from the strongest magneto-
intersubband oscillation peaks inverted by microwave radiation. Our experimental work is
discussed within the theories of microscopic mechanisms of photoresistance, and the calculations
reveal that the condition for absolute negative resistivity correlates with the appearance of ZRS.

1. Introduction

Exposing a two-dimensional electron system (2DES) to microwave (MW) irradiation leads to
the appearance of zero dissipative resistance (zero-resistance states, ZRS) for samples with
high electron mobility [1]. This phenomenon is closely related to microwave-induced resistance
oscillations (MIROs) [2]. Both MIROs and ZRS occur at low magnetic fields before Shubnikov-de
Haas (SdH) oscillations are developed, and are governed by the ratio of the radiation frequency
ω to the cyclotron frequency ωc. Since their discovery, properties of ZRS and MIROs have
been experimentally investigated in numerous works including dependence on temperature, MW
power (see Refs. [1, 2] as well as Ref. [3] and references therein), and MW field polarization [4].

MW-induced vanishing resistance has attracted attention of theorists who suggested several
mechanisms responsible for both MIROs and ZRS. The so-called displacement mechanism which
accounts for a spatial displacement of electrons along the applied dc field under scattering-
assisted microwave absorption has been predicted by Ryzhii in the 70s [5] and found again by
Durst et al. [6]. Later on, the so-called inelastic mechanism, based on inelastic-scattering-
controlled oscillatory contribution to the electron distribution function, has been developed by
Dmitriev et al. [7]. Both these mechanisms can lead to absolute negative resistivity, which
causes the instability of homogeneous current flow and spontaneous breaking of the sample into
domains [8] giving rise to vanishing dissipative resistance Rxx.
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Until now, all studies of MIROs and ZRS have been carried out in high-mobility 2D systems
with one populated subband. Recently, the observation of MIROs in 2D systems with more than
one populated subband, formed by two or more coupled quantum well layers, has demonstrated
that MW-induced oscillation phenomena are not restricted to single-layer systems [9, 10, 11] but
there is no evidence for MW-induced ZRS neither in bilayer nor in other systems. This raises
the question whether vanishing dissipative resistance appear only in a one-subband system or
might occur in multilayer or in quasi-three-dimensional (3D) electron systems.

2. Experimental observation

Our samples are wide GaAs quantum wells (w=45 nm) with a high electron density of
ns ≃ 9.1×1011 cm−2 and a mobility of µ ≃ 1.9×106 cm2/V s. We have studied samples in both
Hall bar (length L× witdh W=250 µm × 50 µm) and van der Pauw (3 mm × 3 mm) geometry.
Our system forms a bilayer configuration due to charge redistribution, when two quantum wells
near the interfaces are separated by an electrostatic potential barrier, illustrated in the inset of
Figure 1(a). The two lowest subbands are separated by the energy ∆SAS = 1.4 meV, extracted
from the periodicity of magneto-intersubband (MIS) oscillations [12] which appear as a result of a
consecutive alignment of Landau levels of different subbands as the magnetic field increases. The
measurements of the resistance have been performed in a cryostat with a variable temperature
insert, and we used special probes to deliver MW radiation down to the sample and to control
the orientation of linear MW polarization in the temperature range from 1.4 to 6.5 K.

0.2 0.4 0.6

0

2

4

6

8

0 2 4 6 8 10
0

100

200

300

400

0

2

4

6

8

10

w

S

AS

 

 

R
(B

)/R
(0

)

B (T)

ZRS

experiment

theory

no MW

(b)

c

Z

 

R
xx

 (
)

B (T)

f=143.2 GHz
T=1.4 K
att. 0 dB

SAS

(a)

 

 R
xy

 (k
)

no MW

Figure 1. (Color online) (a) Longitudinal resistance and quantum Hall effect in a high-mobility
bilayer system, with and without MW excitation (energy gaps are labeled). For MW frequency
of 143.2 GHz (red trace) at a temperature of 1.4 K, zero resistance appears in the region of the
inverted MIS oscillation peak at B ≃ 0.27 T. Inset: wide quantum well with symmetric (S) and
antisymmetric (AS) wave functions. (b) Expanded view of the low-field data showing Rxx → 0
in the vicinity of 0.27 T.

In Figure 1(a), we show measurements of longitudinal and Hall resistance with and without
MW irradiation (no MW). For high magnetic field we have labeled corresponding energy gaps
h̄ωc, ∆Z (Zeeman gap), and ∆SAS . We observe MIS oscillations for B < 1 T thereby confirming
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bilayer nature of our system. Under a MW irradiation of 143.2 GHz, we find enhanced and
inverted MIS oscillations for B < 1 T whereas in high magnetic fields MWs only damp SdH
oscillations due to heating of the electron gas [9]. The Hall resistance in Figure 1(a) remains
essentially unaffected. In the region of small magnetic fields, see Figure 1(b), we observe a
profound ZRS for B ≃ 0.27 T developed from an inverted MIS oscillation peak. This behavior
is distinct from the one in single-layer systems where ZRS occur at ω/ωc = j + 1/4 (j is an
integer).

3. Experimental analysis and theoretical model

A detailed study in the whole frequency range to our disposal (35 to 170 GHz) reveals
that, in total, four inverted MIS oscillation peaks evolve into ZRS, as presented in Figure 2.
Corresponding ZRS are marked with roman numbers from (I) to (IV).
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Figure 2. (Color online) Normalized magnetoresistance for positive and negative magnetic field
exposed to MW irradiation from 68.5 to 143.2 GHz for highest intensity (attenuation 0 dB).
ZRS can be observed for four inverted MIS oscillations, denoted with peak (I) to peak (IV).
Traces are shifted up for clarity except the one for 68.5 GHz. Dashed lines mark Rxx=0.

A decrease in MW frequency leads to the appearance of ZRS at lower magnetic fields, because
the conditions for inversion of MIS oscillations are determined by MW frequency [9]. For each
frequency, only the strongest inverted MIS peak, closest to the cyclotron resonance ω = ωc,
evolves into a ZRS; the other inverted MIS peaks do not reach zero resistance. In contrast to
single-layer systems, the regions where ZRS occur are narrow and strongly sensitive to MW
frequency. An overview of ZRS is presented in Figure 3 showing the frequency regions where
each of the inverted MIS peaks evolves into a ZRS. The width of ZRS correlates with the MIS
peak width, which implies that the regions of ZRS are narrower for lower frequencies.

We focus now on the MIS oscillation peak (I) which exhibits a profound ZRS at B = 0.27 T.
In Figure 4(a) the evolution of magnetoresistance exposed to a MW irradiation of 143 GHz for
several chosen temperatures from 1.4 to 6.5 K is presented. As we approach ZRS by lowering
temperature, the amplitude of R(B)/R(0) rapidly decreases. A fit to exponential dependence
R ∝ exp(−EZRS/T ), see the Arrhenius plot shown in Figure 4(b), gives us EZRS=7 K, which
is of the same order of magnitude as in single-layer systems [1].
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Figure 3. (Color online) Regions of ZRS in bilayer electron systems: (a) for peak (I), (b) for
peak (II), (c) for peak (III), and (d) for peak (IV). With decreasing MW frequency, the frequency
region for existence of ZRS becomes smaller.
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Figure 4. (Color online) (a) Temperature dependence of longitudinal resistance from 1.4 to
6.5 K. The ZRS first narrows at 2.1 K and vanishes for T > 2.5 K. (b) R(B)/R(0) for 100 GHz
[ZRS, peak (II)] and 143 GHz [ZRS, peak (I)]. The solid lines are fits to R ∝ exp(−EZRS/T ).
The red trace is a theoretical calculation.
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We analyze our experimental results within the models of displacement and inelastic
mechanisms of photoresistance generalized (see Refs. [9, 10]) to the two-subband case. The
inelastic mechanism is found to be the dominant contribution under conditions of our experiment,
while the displacement mechanism becomes essential only at higher MW power or at T > 4 K
[13]. The effective electron temperature, which depends on MW power, frequency, and magnetic
field, has been determined by assuming energy relaxation of electrons due to their interaction
with acoustic phonons. By analyzing dark magnetoresistance data at different temperatures, we
have extracted the quantum lifetime and transport scattering time of electrons in our sample
[13]. The inelastic relaxation time, which characterizes the strength of the inelastic mechanism,
is determined from theoretical estimates [7]. The MW electric field strength at 0 dB attenuation,
Eω=4.2 V/cm, is found by fitting the theory to experimental traces. As a result, the calculated
magnetoresistance at 143.2 GHz in Figure 1(b) reproduces experimentally observed features.
In particular, the negative resistivity around B = 0.27 T can be the reason of inhomogeneous
current pattern (domains) which is responsible for ZRS in this region of magnetic fields.

4. Conclusion

We have demonstrated the evidence of MW-induced ZRS for 2DES which are different from
conventional single-layer electron systems. Theoretical calculations have shown that this
phenomenon can be explained by the absolute negative resistivity under MW irradiation
governed by the inelastic mechanism of photoresistance. Our results are the first step to
generalization of ZRS phenomenon for the systems beyond the single-subband case, since we
show that the additional intersubband scattering leading to MIS oscillations is not a hindrance
for observation of ZRS in bilayers. These results also open the possibility for experimental and
theoretical studies of ZRS in quasi-3D systems.

The authors acknowledge financial support from CNPq and FAPESP (Brazilian agencies).
For MW measurements we have used MW sources from the French project ANR MICONANO.

References
[1] R. G. Mani, J. H. Smet, K. von Klitzing, V. Narayanamurti, W. B. Johnson, and V. Umansky, Nature 420,

646 (2002); M. A. Zudov, R. R. Du, L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett. 90, 046807 (2003);
R. L. Willett, L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett. 93, 026804 (2004).

[2] M. A. Zudov, R. R. Du, J. A. Simmons, and J. L. Reno, Phys. Rev. B 64, 201311(R) (2001); P. D. Ye, L.
W. Engel, D. C. Tsui, J. A. Simmons, J. R. Wendt, G. A. Vawter, J. L. Reno, Appl. Phys. Lett. 79, 2193
(2001).

[3] A. T. Hatke, M. A. Zudov, L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett. 102, 066804 (2009).
[4] J. H. Smet, B. Gorshunov, C. Jiang, L. Pfeiffer, K. West, V. Umansky, M. Dressel, R. Meisels, F. Kuchar,

and K. von Klitzing, Phys. Rev. Lett. 95, 116804 (2005).
[5] V. I. Ryzhii, Sov. Phys. Solid State 11, 2078 (1970); V. I. Ryzhii, R. A. Suris, and B. S. Shchamkhalova,

Sov. Phys. Semicond. 20, 1299 (1986).
[6] A. C. Durst, S. Sachdev, N. Read, and S. M. Girvin, Phys. Rev. Lett 91, 086803 (2003).
[7] I. A. Dmitriev, M. G. Vavilov, I. L. Aleiner, A. D. Mirlin, and D. G. Polyakov, Phys. Rev. B 71, 115316

(2005).
[8] A. V. Andreev, I. L. Aleiner, and A. J. Millis, Phys. Rev. Lett 91, 056803 (2003).
[9] S. Wiedmann, G. M. Gusev, O.E. Raichev, T. E. Lamas, A. K. Bakarov, and J. C. Portal Phys. Rev. B 78,

121301(R) (2008); O. E. Raichev, Phys. Rev. B 78, 125304 (2008).
[10] S. Wiedmann, G. M. Gusev, O.E. Raichev, T. E. Lamas, A. K. Bakarov, and J. C. Portal Phys. Rev. B 81,

085311 (2010).
[11] S. Wiedmann, N. C. Mamani, G. M. Gusev, O. E. Raichev, A. K. Bakarov, and J. C. Portal, Phys. Rev. B

80, 245306 (2009).
[12] N. C. Mamani, G. M. Gusev, T. E. Lamas, A. K. Bakarov, and O. E. Raichev, Phys. Rev. B 77, 205327

(2008).
[13] S. Wiedmann, G. M. Gusev, O. E. Raichev, A. K. Bakarov, and J. C. Portal, Phys. Rev. Lett 105, 026804

(2010).

HMF-19 IOP Publishing
Journal of Physics: Conference Series 334 (2011) 012014 doi:10.1088/1742-6596/334/1/012014

5




