


highest f range (Fig. 2b), except that a second zero-resistance state
becomes evident around B ¼ 4/9 Bf . Here, the sample quality seems
to set the lowest magnetic field at which these oscillations can be
observed.
Power-dependence data (Fig. 3a) indicate that as the radiation

intensity is increased (that is, as the attenuation factor in decibels

(dBÞ! 0), the resistance at B¼ ½4=ð4jþ 1Þ�Bf tends to decrease
and, about 4/5 Bf and 4/9 Bf , Rxx ! 0: The current dependence data
shown in Fig. 3b demonstrate insensitivity to the current and the
Hall electric field. The temperature (T) variation of Rxx at 85GHz
(Fig. 3c) displays both the strong T-dependence of Rxx and the low-
Trequirement for the zero-resistance state. TheT-variation of Rxx at
the deepest minima suggests activated transport; that is, Rxx /
expð2k=2kBTÞ; where kB is Boltzmann’s constant and k is the

Figure 4 Energy commensurability, inter-Landau-level electron–hole excitations, and the

pairing conjecture. a, Energy commensurability between the photon energy, hf, and the

Landau level spacing, �hqc, as a function of the normalized inverse field, (B/Bf )
21. At

(B/Bf )
21 marked by A and B, the photon energy hf spans �hqc and 2�hqc, respectively, and

the energy difference D
0
vanishes, that is, D

0 ¼ hf 2 j�hqc ¼ 0: Small deviations from

ðB=Bf Þ21 ¼ 1 and ðB=Bf Þ21 ¼ 2 lead to deviations fromD
0 ¼ 0; as �hqc changes with

the magnetic field. Thus, at C and D, D
0
becomes positive, and at E and F, D

0
takes on

negative values. At ðB=Bf Þ21 ¼ 3=2; both ðB=Bf Þ21 ¼ 1 and ðB=Bf Þ21 ¼ 2 are

equidistant in the B 21 plot; following the branches from ðB=Bf Þ21 ¼ 1 and ðB=Bf Þ21 ¼
2 to ðB=Bf Þ21 ¼ 3=2 would yield a double valued D 0

, which is shown as G and H. The

B 21 periodicity observed in the physical effect, and the symmetry at ðB=Bf Þ21 ¼ 3=2;

suggest therefore that the physical energy surplus/deficit D ought to vanish at

ðB=Bf Þ21 ¼ 3=2: The full construction of D from D
0
follows this notion. b, The periodic

variation of D, the energy surplus/deficit relative to direct inter-Landau-level excitations,

is plotted versus (B/Bf )
21. The coloured regions represent (B/Bf )

21 intervals where D is

positive. Experimental results (Fig. 1c) indicate that radiation-induced zero-resistance-

states occur about such (B/Bf )
21 intervals. c, Left: at hf ¼ j�hqc, electromagnetic-

radiation-induced e–h excitations (excitons) across an integer number of Landau levels do

not carry any wavevector, that is, q ¼ 0. On the other hand, when D . 0, excitons can

realize a surplus energy, which can help to access the finite wavevector portion of the

excitonic dispersion relation. Right; the Fermi surface in the investigated regime. Under

electromagnetic-wave excitation, these specimens can include a steady-state population

of e–h excitations (excitons) and a high-mobility two-dimensional ‘metal’ in a coplanar

geometry. q-carrying excitons are proposed to bring about an electron pairing instability

by exciton exchange23–27, resulting in a spectral gap. The periodic reappearance of

q-carrying excitons leads to the periodic reappearance of such a spectral gap and

vanishing resistance.

Figure 3 The dependence of the magnetoresistance upon the radiation power, current

and the temperature. a, The amplitude of the radiation-induced resistance oscillations

increases with increasing power, that is, attenuation ! 0 dB, as the resistance at the

minima fall below Rxx without radiation, leading to zero-resistance states at 4/5 Bf and

4/9 Bf . The radiation power level is estimated to be #1mW. b, The lineshape of the

radiation-induced resistance oscillations is insensitive to the magnitude of the current.

c, The T-dependence of the magnetoresistance at 85 GHz under constant-power

excitation. The radiation-induced resistance minima become deeper at lower

temperatures. Note that additional, reproducible, weak resistance oscillations occur about

the 4/5 Bf minimum at higher temperatures. d, The natural logarithm of the resistance

versus the inverse temperature, at B ¼ 4/5 Bf , 4/9 Bf and 4/13 Bf , for the 85-GHz data of

c suggests activated transport and gap formation. Here, k=2k B < 10K for the 4/5 Bf
state at 85 GHz. e, A sketch of the normalized density of states versus the energy in the

absence of radiation at low B, when Landau level quantization is imperceptible. f, A sketch

of the effective density of states versus E about B ¼ ½4=ð4j þ 1Þ�Bf ; with j ¼ 1,2. . .

when radiation induces a zero-resistance state. The formation of an energy gap around E F

is suggested by observed activated transport (see d).
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activation energy (refs 2, 6; Fig. 3d).
Relevant scales include the cyclotron energy, �hqc, the photon

energy, hf, and the Landau level broadening pkBTD (here TD is
the Dingle temperature). At the B¼ 0:198T minimum (Fig. 1a),
�hqc ¼ 0:342meV is 4/5 of hf ¼ 0.428meV at 103.5 GHz, and the
Hall effect implies a filling factor of ,63. The transport mean free
path is 138 mm for m¼ 1:5£ 107 cm2 V21 s21: The transport life-
time, tt ¼m*m=e¼ 5:8£ 10210 s; and the single particle lifetime
tS ¼ �h=2pkBTD ¼ 1:1£ 10211 s; suggest a large ratio, tt=tS < 53;
indicative of mostly small angle scattering4,10. The predominance of
small angle scattering, and a 7–10 times higher sample mobility,
differentiates our specimens from the samples examined in ref. 7.
We attribute the occurrence of zero-resistance states in our study,
and the lack of them in ref. 7, to these differences. Notably, level
broadening determined from TD suggests that the density of states
at low B looks approximately like that at B ¼ 0 (Fig. 3e).

In translationally invariant systems, cyclotron resonance is inde-
pendent of electron–electron interactions and consists of a reson-
ance at hf ¼ �hqc only

13. Our samples include impurity scattering,
surface roughness, and a Hall electric field, which could make
possible transitions at hf ¼ j�hqc (refs 14, 15). In a bounded speci-
men, the collective plasma mode can also hybridize with cyclotron
resonance, yielding magnetoplasmons at B . 0 (refs 16, 17). A
search for plasma frequency,qp (ref. 16), sensitivity produced a null
result5,19. In addition,Rxx under radiation does not directlymanifest
the bare cyclotron resonance (�hqc), or its harmonics (j�hqc), as
evidenced by the phase shift of the extrema with respect to integral
Bf
21 in a B21 plot. Thus, there is no obvious violation of Kohn’s

theorem13.
The sample mobility ðm$ 107 cm2 V21 s21Þ implies that mB . 1

for B $ 1mT. Thus, where Rxx vanishes, the Hall angle is ,908,
implying electron transport along equipotentials2,4. In this limit,
back scattering at the Fermi surface yields a finite Rxx. The
radiation-induced vanishing-resistance thus indicates that scatter-
ing is prohibited, while the activated resistance indicates that gap
formation (Fig. 3f) suppresses scattering.

A full theory of this phenomenon, which considers the inter-
action of electrons with the electromagnetic field, awaits develop-
ment. Meanwhile, we suggest an approach that relates a spectral gap
to the presence of radiation-induced excitons, via an excitonic
mechanism for electron pairing: in this 2DES, excitonic electron–
hole (e–h) excitations between Landau levels near the Fermi level
can be produced by photons, upon conserving energy and wave-
vector, when hf approaches j�hqc (refs 20–22). Further, a steady-state
population of excitons can occur under constant radiation. Thus,
these specimens could include electrons and excitons in a coplanar
geometry, resembling proposals where a weak attractive interaction
between electrons can occur by exciton exchange23–27. Unlike some
considered systems23–26, this 2DES includes low-energy excitons
which implies gap formation at low (, �hqc=kB) temperatures24.
Yet, the periodicity and phase of the zero-resistance states, the role of
Bf, and the power dependence can be qualitatively understood
within such an approach, after accounting for Landau quantization.

According to theory, excitons in the 2DES follow the energy
dispersion relation Ej

m ¼ j�hqc þDEj
mðqÞ and include a wavevector

q-dependent energy shift of order e2/1l0, where l0 is the magnetic
length21,22. Thus, a necessary component for exciton-mediated
electron pairing, finite-q excitons25, might be accessible to the
system when electron–hole excitations obtain a surplus energy
DEjm: We examine the interplay between the fixed hf and the B-
tunable �hqC (Fig. 4a) in order to identify the regime where a surplus
energy might occur. In this figure, at A and B, an integer number of
Landau levels are commensurate with hf, and the energy difference
vanishes, D 0 ¼ hf 2 j�hqc ¼ 0; indicating the absence of an energy
surplus or deficit. Also, small excursions from ðB=Bf Þ21 ¼ 1 (or 2)
lead to deviations from D

0 ¼ 0. Following the branches from
ðB=Bf Þ21 ¼ 1 and ðB=Bf Þ21 ¼ 2 yields a double valued D

0 at

ðB=Bf Þ21 ¼ 3=2: The B21 periodicity observed in the resistance,
and the symmetry at ðB=Bf Þ21 ¼ 3=2; suggest that the physical
energy surplus/deficit, D, ought to vanish at ðB=Bf Þ21 ¼ 3=2 in this
situation. The construction ofD fromD

0
(Fig. 4b) follows this notion.

Then, Fig. 4b indicates that D takes on maximal positive values at
ðB=Bf Þ21 ¼ ½4=ð4jþ 1Þ�21; favouring finite-q excitons over the inter-
val [4/4j]21,(B/Bf)

21,[4/(4j þ 2)]21. The data (Fig. 1c) indicate
that radiation reduces Rxx over corresponding intervals.
WhenD. 0; electron pairing by exciton exchange can occur as in

Fig. 4c (ref. 25). Here, the scattering of an electron from k1 tok2 ¼
k1 þ q provides wavevector for the exciton, and facilitates access to
the finite-q portion of the dispersion relation. Such correlated
scattering could produce a pairing instability near the Fermi
surface23–27, resulting in a spectral gap. As radiation facilitates
q-carrying excitons, a spectral gap can occur only under illumina-
tion. The periodic (in B21) reappearance of q-carrying excitons
leads to the periodic reoccurrence of electron pairing, and vanishing
resistance. In contrast, whenD , 0, a local energy deficit for exciton
creation increases the electron inelastic-scattering cross-section,
producing radiation-enhanced resistance over corresponding inter-
vals. Thus, this interpretation suggests that excitons induce a pairing
instability23–26 in the 2DES system around B¼ ½4=ð4jþ 1Þ�Bf ;which
leads to a spectral gap, activated transport6 and zero-resistance-
states3, while the lack of phase coherence prevents the realization of
typical superconductivity1,28. These results complement studies of
exciton condensation in the quantum Hall regime29,30, and studies
of exciton ordering and transport in coupled quantum wells31,32.A
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