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1. Oscillatory photoconductivity and zero-resistance states

Recent experiments have discovered [1] that the resistivity of a high-mobility two-
dimensional electron gas (2DEG) in GaAs/AlGaAs heterostructures subjected to
microwave radiation of frequency ω exhibits magnetooscillations governed by the
ratio ω/ωc, where ωc is the cyclotron frequency. Subsequent work [2, 3, 4, 5, 6, 7]
has shown that for samples with a very high mobility and for high radiation power
the minima of the oscillations evolve into zero-resistance states (ZRS). These
spectacular observations have attracted much theoretical interest.

In this lecture I will present the key experimental observations and the recently
developed theory of the oscillatory photoconductivity (OPC) and of the ZRS.
According to our theory, the parametrically largest contribution to the effect is
governed by the microwave-induced change in the distribution function [8, 9, 10].
More specifically, because of the oscillations of the density of states related to
the Landau quantization, the distribution function acquires an oscillatory structure,
both as a function of the energy and of the microwave frequency. This generates a
contribution to the dc conductivity which oscillates with varying ω/ωc. A distinc-
tive feature of the photoconductivity generated in this way is that its magnitude is
proportional to the inelastic relaxation time τin and thus strongly increases (as T−2

or T−1, depending on the relation between T and ω) with lowering temperature T ,
as observed in experiment.

We use the kinetic equation approach and calculate the non-linear (both with
respect to dc and the microwave fields) photoresistivity. For a sufficiently strong
microwave power the linear-in-dc-field photoconductivity becomes negative. This
induces an instability leading to the formation of domains with spontaneous cur-
rents and Hall fields [11]. As a result, the observable resistivity is zero, in agree-
ment with experiments showing regions of ZRS. Using the microscopic theory of
the effect, we calculate the threshold power at which this zero–resistance state is
formed and the spontaneous dc field in the domains.
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An alternative mechanism of OPC, which is based on the effect of microwave
radiation on electron scattering by impurities was in fact proposed a long ago [12]
(for the case of a strong dc electric field). In the context of recent experiments this
contribution was studied in [13, 14, 15]. A comparison of the two contributions
shows that the one related to the change of the distribution function is dominant
provided τin � τq (where τq is the quantum, or single-particle, relaxation time
due to impurity scattering), which is the case for the experimentally relevant
temperatures.

In the end of this part of the lecture, I briefly review most recent developments,
as well as some directions of current and future research. In a number of recent
papers the theory was developed in a variety of contexts: propagation of surface-
acoustic waves [16], photoconductivity of laterally-modulated structures [17], local
compressibility of irradiated samples [18]. The authors of Ref. [19] analyzed the
nature of the non-equilibrium phase transition into the zero-resistance state. In [20]
the effect of long-range inhomogeneities on zero-resistance states and the underly-
ing domain structure was studied. On the experimental side, a strong suppression
of resistivity by microwave radiation for B above the cyclotron resonance was
observed in [21] and explained by the theory of citedmitriev04, dmitriev05 applied
to this range of magnetic fields. Weak oscillations of the Hall component of the
resistivity induced by the radiation were observed in [22]. Experimental activity in
the directions of thermodynamic signatures of the ZRS (considered theoretically
in [18]), as well as of the evolution of the effect with further increase in frequency
(when the effect shifts into the range of B corresponding to well separated Landau
levels) is currently underway [23].

2. Coulomb drag

Coulomb drag between two barrier-separated parallel 2DEG’s was theoretically
predicted a long ago [24]. However, only in the beginning of 90s the progress in
nanofabrication made the drag an experimental reality [25, 26]. The drag signal
is the voltage V developing in the open-circuit passive layer when a current I is
applied in the active layer. The drag resistance (also known as transresistance)
is then defined by RD = V/I . In the last few years, the Coulomb drag has
developed into a powerful probe of quantum-Hall systems [27, 28, 29, 30, 31, 32,
33, 34], providing information which is complementary to conventional transport
measurements.

The recent activity concentrated on two ranges of B: (i) vicinity of filling
factor ν = 1/2 of the lowest Landau level (LL) in each layer, and (ii) the regime
of high LLs, ν � 1. While the first regime encompasses beautiful and rich
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physics, I will only briefly touch it here. In the vicinity of ν = 1/2 the low-
energy physics in each layer is described in terms of composite fermions (CF’s) —
quasiparticles consisting (roughly speaking) of an electron and two flux quanta. It
was theoretically predicted [35, 36, 37] that a gauge-field interaction between the
CF’s leads to an unconventional T 4/3 temperature dependence of the drag, as was
confirmed by experiment [30, 34]. Furthermore, for smaller interlayer separation a
superconducting pairing of CF’s in the both layers leads to formation of a highly
correlated state (which can be also viewed as an excitonic condensate) [32, 33].
Vanishing of the longitudinal component of the drag and quantization of its Hall
component serve as indicators of this novel state with spontaneous inter-layer
phase-coherence.

In the sequel, I concentrate on the range of high LL’s assuming weak interlayer
coupling. In a simple picture of Coulomb drag, the carriers of the active layer trans-
fer momentum to the carriers of the passive layer by interlayer electron-electron
scattering. Due to the open-circuit setup, a voltage V develops in the passive layer,
which balances this momentum transfer. The phase space for interlayer scatter-
ing is proportional to the temperature T in either layer predicting a monotonous
temperature dependence RD ∝ T 2 of the drag resistance. Moreover, the signs of
the voltages in active and passive layer are expected to be opposite (the same)
for carriers of equal (opposite) charge in the two layers [38]. It is conventional to
refer to the sign resulting for like (unlike) charges as positive (negative) drag. It
is worth stressing that the non-zero value of drag in the regime of weak interlayer
interaction is entirely due to the violation of the particle-hole symmetry.

Remarkably, experiments show that Coulomb drag behaves very differently
from these simple expectations when a perpendicular magnetic field B is applied.
Several experiments [29, 31] in the regime of weak interlayer coupling observed
negative drag when the filling factors in the two layers are different. A more
recent experiment [34] also reveals a non-monotonic dependence on temperature.
While the drag resistivity shows a quadratic T -dependence at sufficiently high T ,
where drag is always positive, an additional peak develops at low T which can
have both a positive or a negative sign depending on the filling-factor difference
between the two layers. These results came as a surprise since they were in
strong contradiction with preceding theoretical work [39, 40] that predicted strictly
positive drag resistivity.

A systematic diagrammatic theory of the Coulomb drag in moderately strong
magnetic fields, when the Landau bands are already separated but the Landau
level index is still large, was developed in [41]. Depending on the relation between
the cyclotron radius Rc and the interlayer distance a several regimes should be
distinguished. In [41] we concentrated on the experimentally most relevant ballistic
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regime, when Rc/a is large. In this case the theoretical analysis of the drag requires
special care, in view of a cancellation between leading-order contributions. We also
briefly considered the evolution of the drag resistivity in the whole range of Rc/a,
from the diffusive to the ultra-ballistic regime.

The theory shows that Coulomb drag in strong magnetic fields is an interplay
of two contributions. At high T , the leading contribution is due to breaking of
particle-hole symmetry by the curvature of the zero-B electron spectrum. This
“normal” contribution to the drag is always positive and increases in a broad tem-
perature range as T 2. At low T , we find that a second, “anomalous”, contribution
dominates, which arises from the breaking of particle-hole symmetry by the en-
ergy dependence of the density of states related to Landau quantization. This
contribution is sharply peaked at a temperature T ∼ � (where � is the LL width)
and has an oscillatory sign depending on the density mismatch between the two
layers. These results for the T dependence and sign of the drag resistivity ρD

xx(T )
are in good agreement with recent experimental findings [34], and thus explain the
remarkable features of Coulomb drag in high LL’s observed experimentally. I will
close the lecture with a discussion of some prospects for future research.
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