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The temperature dependence of microwave-induced resistance oscillations (MIRO), according to the theory,

originates from electron-electron scattering. This scattering affects both the quantum lifetime, or the density of

states, and the inelastic lifetime, which governs the relaxation of the nonequilibrium distribution function. Here,

we report on MIRO in an ultra-high-mobility (μ > 3 × 107 cm2/V s) two-dimensional electron gas at T between

0.3 and 1.8 K. In contrast to theoretical predictions, the quantum lifetime is found to be T independent in the

whole temperature range studied. At the same time, the T dependence of the inelastic lifetime is much stronger

than can be expected from electron-electron interactions.

DOI: 10.1103/PhysRevB.93.121305

Microwave-induced resistance oscillations (MIRO) appear

in two-dimensional electron [1,2] or hole systems [3,4]

subjected to low temperature T , weak magnetic field B, and

radiation of frequency f = ω/2π . When the MIRO amplitude

exceeds dark resistance, the oscillation minima evolve into

zero-resistance states [5–14], understood in terms of formation

of current domains [15–20].

When the microwave power is not too high and Landau

levels are overlapping, away from the cyclotron resonance

MIRO can be described by [21]

δR ≈ −A sin 2πǫ, A = ǫp(ǫ)λ2
A0, (1)

where ǫ = ω/ωc, ωc = eB/m⋆ is the cyclotron frequency,

m⋆ is the effective mass, p(ǫ) is a dimensionless function

describing absorption [22], λ = exp(−π/ωcτq) is the Dingle

factor, τq is the quantum lifetime, and

A0 = 2πR0P̄(τ/2τ⋆ + 2τin/τ ). (2)

Here, R0 is the resistance at B = 0, P̄ is the dimensionless

microwave power [23], τ is the transport lifetime, τ⋆ is a

disorder-specific scattering time [24], and τin is the inelastic

lifetime. The first term in Eq. (2) describes the displacement

contribution [25–30], owing to the radiation-induced modifi-

cation of impurity scattering. The second term represents the

inelastic contribution [31–33], originating from the radiation-

induced oscillations in the electron distribution function.

It is well established that the MIRO amplitude A decreases

with T [1,5,6,34–37]. This decrease can originate from A0,

through τin(T ), and/or from λ, through τq(T ). One study [36]

has found that, at T � 1 K, λ decreased considerably, while

A0 remained essentially unchanged [38]. Such a behavior

can indeed be expected at high T , when the T -independent

displacement contribution [first term in Eq. (2)] dominates

over the inelastic contribution [second term in Eq. (2)], which

is predicted to decay as T −2. However, at low T , when

τq becomes T independent, the T dependence of A should

be dominated by A0(T ). In the limit of low T , one thus

expects A ∼ A0 ∼ T −2, as the inelastic contribution should

overwhelm the T -independent displacement contribution.

*Corresponding author: zudov@physics.umn.edu

While the above prediction has been known for more than

a decade, it remained unclear if it could ever be tested experi-

mentally. The lack of such experiments, at least in part, is due

to the challenges associated with combining low temperature

and microwave radiation of intensity sufficient for reliable

MIRO detection. According to Eq. (1), the MIRO amplitude

depends exponentially on the quantum lifetime entering the

Dingle factor. This fact dictates that exploration of the low

temperature limit calls for samples of exceptional quality.

In this Rapid Communication we report on microwave pho-

toresistance measurements in an ultraclean two-dimensional

electron gas with mobility μ > 3 × 107 cm2/V s and quantum

mobility μq ≡ eτq/m⋆ > 1 × 106 cm2/V s at temperatures

between T ≈ 0.3 K and T ≈ 1.8 K. At low microwave inten-

sities, we observe surprisingly strong temperature dependence

of the MIRO amplitude. In qualitative agreement with the

above prediction, we find that the dependence originates

from the T -dependent A0, while λ, parametrized by τq ≈
46 ps [39], remains constant. However, the T dependence of

A0 is significantly stronger than theoretically predicted. At the

same time, estimates show that τq should still be T dependent,

in contrast to our observations. These findings might indicate

that electron-electron scattering becomes ineffective at low

temperatures. Phenomenologically, the T dependence of the

MIRO amplitude can be well described by a simple exponential

function.

Our sample is a 4 × 4 mm square cleaved from a symmetri-

cally doped, 30-nm-wide GaAs/AlGaAs quantum well. After

low-temperature illumination with a red light-emitting diode,

electron density and mobility were ne ≈ 3.2 × 1011 cm−2 and

μ ≈ 3.1 × 107 cm2/V s, respectively. Microwave radiation

of frequency f = 34 GHz [40] was delivered to the sample

via a semirigid coaxial cable terminated with a 3 mm

antenna [41]. The longitudinal resistance R was measured

using a low-frequency (a few hertz) lock-in amplification under

continuous microwave irradiation, in sweeping magnetic field,

and at temperatures, measured by a calibrated thermometer, T

between 0.3 and 1.8 K.

In Fig. 1 we present magnetoresistance R(B) measured

under irradiation by microwaves at T = 0.35 K. Vertical lines

are drawn at ǫ = ω/ωc = 1,2, . . . ,10. The data reveal multiple

MIRO and zero-resistance states near ǫ = 1, 2, and 3. We
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FIG. 1. Magnetoresistance R(B) under irradiation by microwaves

at T = 0.35 K. Vertical lines are drawn at ǫ = ω/ωc = 1,2, . . . ,10.

An arrow is drawn at B = 8.3 mT, marking the condition ωcτq = 1.

ascribe the exceptional quality of our data to the extremely high

value of the quantum lifetime, τq ≈ 46 ps. This value translates

to quantum mobility of μq ≈ 1.2 × 106 cm2/V s which, to our

knowledge, is the highest value reported to date in any system.

The arrow marks ωcτq = 1 and roughly corresponds to the

onset of MIRO.

In Fig. 2 we show R vs ǫ at T = 0.48, 0.57, 0.66, and

from 0.75 to 1.25 K, in a step of 0.1 K. We immediately

observe that the T dependence is not only significant, but also

uniform over the whole range of ǫ. The continuous change of

the MIRO amplitude indicates that the electron temperature

does not fully saturate due to heating by microwave radiation

down to T ≈ 0.5 K. We note that, according to the theory [42],

the gap between Landau levels opens when ωcτq = π/2, which

corresponds to ǫ = 6, marked by ↑. No qualitative difference

in the data obtained in the regimes of overlapping and separated

Landau levels is observed [43,44].

We start the data reduction by constructing Dingle plots

which allow us to assess the T dependencies of the Dingle

factor λ and of

A0 = lim
ǫ→0

A/pǫ. (3)

In the inset of Fig. 2 we show Dingle plots for several

temperatures (see legend). We find that the data are well

described by exponential dependencies with approximately the

same slope, indicating that τq has very weak T dependence. On

the contrary, A0, given by the intercept, changes significantly

with T . Indeed, as illustrated in Fig. 3(a), τq (squares) is

roughly T independent and is close to τq ≈ 46 ps. At the same

time, Fig. 3(b) reveals that A0 (circles) exhibits very strong

T dependence changing by more than an order of magnitude.

This change occurs despite the apparent saturation at lower T

(to which we will return later). We thus conclude that the MIRO

FIG. 2. R vs ǫ at temperatures from T = 0.48 K (largest

amplitude) to T = 1.25 K (smallest amplitude). Arrow is drawn at

ǫ = 6, marking the condition ωcτq = π/2. The inset shows A/pǫ at

different T (see legend) vs ǫ on a semilogarithmic scale. Solid lines

are fits to A0 exp(−ǫ/f τq).

temperature dependence originates primarily from A0(T ) and

not from λ(T ). We note that this conclusion is opposite to that

of Ref. [36] which examined MIRO in a lower quality sample

(μ ≈ 1.3 × 107 cm2/V s, μq ≈ 0.5 × 106 cm2/V s) and at

higher T , from 1 to 4 K.

We next compare the T dependence of A0 to the theoretical

predictions. The first term in Eq. (2), the displacement

FIG. 3. (a) τq(T ) (squares). Dotted line represents the average

τq = 45.9 ps. Dashed line illustrates theoretical dependence (see text).

(b)A0(T ) (circles). Dotted line is ∼T −2.7. Dashed lines are calculated

T dependencies of A0 for sharp (upper) and smooth (lower) disorder

limits [24].

121305-2
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contribution, is T independent and its value is governed

by the correlation properties of the disorder potential. For

purely smooth disorder, τ/2τ⋆ = 6/(τ/τq + 3) [30,33], which

is about 0.21 in our sample. In the sharp disorder limit, τ/2τ⋆

increases to 1.5 [30]. The second term in Eq. (2) represents

the inelastic contribution and is T dependent. When πT ≫ ω,

Ref. [33] predicts

τin ≈ 0.82τee,
�

τee

=
πk2

BT 2

4EF

ln

(

2�vF

aBkBT

)

, (4)

where τ−1
ee is the electron-electron scattering rate for a test

particle at the Fermi energy EF , vF is the Fermi velocity,

and aB ≈ 10 nm is the Bohr radius in GaAs. At T = 1 K,

the logarithmic factor is about 6 and we estimate τin ≈ 0.18

ns, leading to 2τin/τ ≈ 0.3 in our sample. This value is

comparable to the displacement contribution in the smooth

disorder limit.

Based on the above estimates, we expect A0 to increase

by a factor between 1.3 (sharp disorder limit) and 2.3

(smooth disorder limit) as the T is lowered from 1.77 to

0.75 K. However, the data in Fig. 3(b) reveal a considerably

larger, more than an order of magnitude increase of A0. The

discrepancy between experiment and theory can be evaluated

via a direct comparison of the measured A0(T ) and calculated

T dependencies. The latter are shown by dashed lines in

Fig. 3(b) for the limits of sharp (upper curve) and smooth

(lower curve) disorder. Since any real sample has both sharp

(unintentional background impurities) and smooth (remote

ionized donors) disorder, one should expect a T dependence

lying between the two curves. However, even if one assumes

the limit of smooth disorder, the experimental T dependence is

markedly stronger than theoretically predicted. In particular,

at T > 0.7 K, one finds an empirical relation, A0 ∼ T −2.7,

shown by a dotted line.

We now turn our attention to the saturation of A0(T )

observed at low T in Fig. 3(b). In Fig. 4(a) we plot A0(T )

(open symbols) together with the MIRO amplitude A (solid

symbols) at ǫ = 3,6,8 on a semilogarithmic scale. We observe

that all T dependencies are roughly parallel to each other,

which is indeed expected for a T -independent λ. In addition,

we find that all dependencies slow down at T � 0.7 K. We note

that Ref. [33] predicts a crossover from a T −2 dependence of

the inelastic relaxation rate to a T −1 dependence as the T is

lowered below �ω/πkB ≈ 0.5 K. However, a slowdown of the

T dependence can also result from an experimental difficulty

to cool electrons under the presence of radiation.

To test the second scenario we have performed additional

measurements (in a separate cooldown), utilizing lower mi-

crowave intensities. The results of these measurements are

presented in Fig. 4(b) showing the T dependencies of the

MIRO amplitude at ǫ = 4 for three different powers. These

powers are lower than the power used earlier by −5 (circles),

−10 (squares), and −15 dB (triangles). Direct comparison

with the 0 dB data shown in Fig. 4(a) reveals that the tendency

to saturate at low T is greatly reduced at lower powers. We thus

conclude that unintentional heating of electrons by microwave

radiation is the main cause of the slowdown observed in

Figs. 3(b) and 4(a) at low T .

FIG. 4. (a) A(T ) at ǫ = 3,6,8 (solid symbols, as marked) and

A0(T ) (open symbols) at 0 dB attenuation. (b) A(T ) at ǫ = 4 and

at a power attenuated by −5 (circles), −10 (squares), and −15 dB

(triangles). Dashed lines are calculated T dependencies of A0 for

sharp (upper) and smooth (lower) disorder limits [45]. Solid line is

∼exp(−T/T0), where T0 = 0.35 K.

At lower microwave intensities, the disagreement between

experiment and theory becomes more pronounced. The calcu-

lated ratio of the MIRO amplitudes at 0.5 and 1.5 K is between

1.6 (sharp disorder, upper curve) and 3.7 (smooth disorder,

lower curve). Both these values are much smaller than the ratio

of more than 15 observed in the −10 dB data. We note that even

at these much lower powers the electron temperature can still

be higher than the thermometer reading and that accounting

for this error would only increase the discrepancy. We would

also like to comment that the MIRO T dependence appears to

be well described by an exponential function, as illustrated in

Fig. 4(b) by a dotted line ∼exp(−T/T0), with T0 = 0.35 K.

We now return to τq(T ) shown in Fig. 3(a). At finite T ,

the theory [21,30] dictates that the density of states acquires

an interaction-induced correction and that τq, entering λ2, is

given by

1/τq = 1/τ 0
q + λ′/τee, (5)

where τ 0
q = τq(T = 0),λ′ ∼ 1 [30], and τee is given by Eq. (4).

With τ 0
q = 46 ps, λ′ = 1, we calculate τq(T ) and present

the result in Fig. 3(a) as a dashed curve. In contrast to the

measured τq(T ) ≈ const (squares), calculated τq(T ) decreases

by ∼40% in the experimental T range. It would indeed

be interesting to extend experiments to higher T to see

whether or not τq eventually decreases. Unfortunately, such

studies are not feasible for two reasons. First, even at the

highest power [see Fig. 4(a)], MIRO decay very rapidly with

T [46], which progressively limits the accuracy of the Dingle

analysis. Second, in ultra-high-mobility samples, such as ours,

phonon-induced resistance oscillations [47–49] set in at T <

2 K [49]. These oscillations grow with T , interfering with and

further obscuring the MIRO signal. As a result, we are not

able to draw any conclusions about the fate of τq at higher T .

121305-3
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However, the disagreement with the theory is already evident

from the data acquired at accessible temperatures.

It is interesting to examine possible reasons causing

apparent disagreement between the present study and that of

Ref. [36]. Since the mobility of our sample is considerably

higher than in Ref. [36], and since the mobility is believed

to be limited by sharp disorder [50–52], the displacement

contribution should be much smaller in our experiment. This

conclusion is consistent with our observations that (a) MIRO

cease to exist at much lower T than they do in Ref. [36] and (b)

A0 shows much stronger T dependence compared to Ref. [36].

The disagreement in τq(T ) likely originates from the fact that

Ref. [36] has focused on higher T and, as a result, has not

examined the T range below 2 K in detail [53]. However, later

experiments on nonlinear transport in the same sample [54,55]

and another study [56] found saturation of τq at low T , in

agreement with our findings.

Another question is why the observed T dependence of A0

(τq) is much stronger (weaker) than theoretically predicted.

Phenomenologically, our findings might indicate that, for some

reason, electron-electron scattering is much less effective than

expected. If so, one would naturally expect a strongerA0(T ) in

our ultra-high-mobility sample, where the displacement con-

tribution is suppressed, and a weaker τq(T ). We note that such

a scenario has been recently proposed to explain faster than

T −2 dependence of the inelastic relaxation at low T [57,58].

Another possibility is that associating the slope of the MIRO

Dingle plot with the quantum lifetime needs to be reexamined.

In summary, we have studied the temperature dependence

of MIRO in an ultra-high-quality GaAs quantum well. We have

found that, in contrast to theoretical predictions, the quantum

lifetime remains essentially unchanged. Nevertheless, the

temperature dependence of the MIRO amplitude is significant

and originates primarily from a much faster than expected T

dependence of the inelastic contribution. At the same time, the

displacement contribution appears to be unusually weak in our

sample. Taken together, these findings appear to challenge our

current understanding of microwave photoresistance and call

for further investigations.
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and M. Dolev, MBE growth of ultra-low disorder 2DEG with

mobility exceeding 35 × 106 cm2/V s, J. Cryst. Growth 311,

1658 (2009).

[52] M. J. Manfra, Molecular beam epitaxy of ultra-high-quality

AlGaAs/GaAs heterostructures: Enabling physics in low-

dimensional electronic systems, Annu. Rev. Condens. Matter

Phys. 5, 347 (2014).

[53] Although A0 is expected to increase considerably at T < 2 K

[see Fig. 4(b) of Ref. [36]], all the fits in Fig. 2(a) of Ref. [36]

were forced to converge to a single point. However, the data at

1 and 2 K can also be well described by roughly equal τq and

different A0, consistent with predictions of Fig. 4(b).

121305-5

http://dx.doi.org/10.1103/PhysRevB.79.085315
http://dx.doi.org/10.1103/PhysRevB.79.085315
http://dx.doi.org/10.1103/PhysRevB.79.085315
http://dx.doi.org/10.1103/PhysRevB.79.085315
http://dx.doi.org/10.1103/PhysRevLett.111.206801
http://dx.doi.org/10.1103/PhysRevLett.111.206801
http://dx.doi.org/10.1103/PhysRevLett.111.206801
http://dx.doi.org/10.1103/PhysRevLett.111.206801
http://dx.doi.org/10.1038/nphys1895
http://dx.doi.org/10.1038/nphys1895
http://dx.doi.org/10.1038/nphys1895
http://dx.doi.org/10.1038/nphys1895
http://dx.doi.org/10.1103/PhysRevLett.114.176808
http://dx.doi.org/10.1103/PhysRevLett.114.176808
http://dx.doi.org/10.1103/PhysRevLett.114.176808
http://dx.doi.org/10.1103/PhysRevLett.114.176808
http://dx.doi.org/10.1103/RevModPhys.84.1709
http://dx.doi.org/10.1103/RevModPhys.84.1709
http://dx.doi.org/10.1103/RevModPhys.84.1709
http://dx.doi.org/10.1103/RevModPhys.84.1709
http://dx.doi.org/10.1103/PhysRevLett.91.086803
http://dx.doi.org/10.1103/PhysRevLett.91.086803
http://dx.doi.org/10.1103/PhysRevLett.91.086803
http://dx.doi.org/10.1103/PhysRevLett.91.086803
http://dx.doi.org/10.1103/PhysRevLett.91.226805
http://dx.doi.org/10.1103/PhysRevLett.91.226805
http://dx.doi.org/10.1103/PhysRevLett.91.226805
http://dx.doi.org/10.1103/PhysRevLett.91.226805
http://dx.doi.org/10.1103/PhysRevB.69.035303
http://dx.doi.org/10.1103/PhysRevB.69.035303
http://dx.doi.org/10.1103/PhysRevB.69.035303
http://dx.doi.org/10.1103/PhysRevB.69.035303
http://dx.doi.org/10.1103/PhysRevB.80.165327
http://dx.doi.org/10.1103/PhysRevB.80.165327
http://dx.doi.org/10.1103/PhysRevB.80.165327
http://dx.doi.org/10.1103/PhysRevB.80.165327
http://dx.doi.org/10.1134/1.1595700
http://dx.doi.org/10.1134/1.1595700
http://dx.doi.org/10.1134/1.1595700
http://dx.doi.org/10.1134/1.1595700
http://dx.doi.org/10.1103/PhysRevLett.91.226802
http://dx.doi.org/10.1103/PhysRevLett.91.226802
http://dx.doi.org/10.1103/PhysRevLett.91.226802
http://dx.doi.org/10.1103/PhysRevLett.91.226802
http://dx.doi.org/10.1103/PhysRevB.71.115316
http://dx.doi.org/10.1103/PhysRevB.71.115316
http://dx.doi.org/10.1103/PhysRevB.71.115316
http://dx.doi.org/10.1103/PhysRevB.71.115316
http://dx.doi.org/10.1103/PhysRevB.71.245313
http://dx.doi.org/10.1103/PhysRevB.71.245313
http://dx.doi.org/10.1103/PhysRevB.71.245313
http://dx.doi.org/10.1103/PhysRevB.71.245313
http://dx.doi.org/10.1103/PhysRevB.76.165321
http://dx.doi.org/10.1103/PhysRevB.76.165321
http://dx.doi.org/10.1103/PhysRevB.76.165321
http://dx.doi.org/10.1103/PhysRevB.76.165321
http://dx.doi.org/10.1103/PhysRevLett.102.066804
http://dx.doi.org/10.1103/PhysRevLett.102.066804
http://dx.doi.org/10.1103/PhysRevLett.102.066804
http://dx.doi.org/10.1103/PhysRevLett.102.066804
http://dx.doi.org/10.1103/PhysRevB.81.085311
http://dx.doi.org/10.1103/PhysRevB.81.085311
http://dx.doi.org/10.1103/PhysRevB.81.085311
http://dx.doi.org/10.1103/PhysRevB.81.085311
http://dx.doi.org/10.1103/PhysRevB.86.235305
http://dx.doi.org/10.1103/PhysRevB.86.235305
http://dx.doi.org/10.1103/PhysRevB.86.235305
http://dx.doi.org/10.1103/PhysRevB.86.235305
http://dx.doi.org/10.1143/JPSJ.37.1233
http://dx.doi.org/10.1143/JPSJ.37.1233
http://dx.doi.org/10.1143/JPSJ.37.1233
http://dx.doi.org/10.1143/JPSJ.37.1233
http://dx.doi.org/10.1103/PhysRevB.84.241304
http://dx.doi.org/10.1103/PhysRevB.84.241304
http://dx.doi.org/10.1103/PhysRevB.84.241304
http://dx.doi.org/10.1103/PhysRevB.84.241304
http://dx.doi.org/10.1103/PhysRevB.86.081307
http://dx.doi.org/10.1103/PhysRevB.86.081307
http://dx.doi.org/10.1103/PhysRevB.86.081307
http://dx.doi.org/10.1103/PhysRevB.86.081307
http://dx.doi.org/10.1103/PhysRevLett.86.3614
http://dx.doi.org/10.1103/PhysRevLett.86.3614
http://dx.doi.org/10.1103/PhysRevLett.86.3614
http://dx.doi.org/10.1103/PhysRevLett.86.3614
http://dx.doi.org/10.1103/PhysRevLett.100.036805
http://dx.doi.org/10.1103/PhysRevLett.100.036805
http://dx.doi.org/10.1103/PhysRevLett.100.036805
http://dx.doi.org/10.1103/PhysRevLett.100.036805
http://dx.doi.org/10.1103/PhysRevB.84.121301
http://dx.doi.org/10.1103/PhysRevB.84.121301
http://dx.doi.org/10.1103/PhysRevB.84.121301
http://dx.doi.org/10.1103/PhysRevB.84.121301
http://dx.doi.org/10.1063/1.119829
http://dx.doi.org/10.1063/1.119829
http://dx.doi.org/10.1063/1.119829
http://dx.doi.org/10.1063/1.119829
http://dx.doi.org/10.1016/j.jcrysgro.2008.09.151
http://dx.doi.org/10.1016/j.jcrysgro.2008.09.151
http://dx.doi.org/10.1016/j.jcrysgro.2008.09.151
http://dx.doi.org/10.1016/j.jcrysgro.2008.09.151
http://dx.doi.org/10.1146/annurev-conmatphys-031113-133905
http://dx.doi.org/10.1146/annurev-conmatphys-031113-133905
http://dx.doi.org/10.1146/annurev-conmatphys-031113-133905
http://dx.doi.org/10.1146/annurev-conmatphys-031113-133905


RAPID COMMUNICATIONS

Q. SHI et al. PHYSICAL REVIEW B 93, 121305(R) (2016)

[54] A. T. Hatke, M. A. Zudov, L. N. Pfeiffer, and K. W. West, Role

of electron-electron interactions in nonlinear transport in 2D

electron systems, Phys. Rev. B 79, 161308(R) (2009).

[55] Saturation observed in Ref. [54] was attributed to unintentional

electron heating by direct current.

[56] S. Dietrich, S. Vitkalov, D. V. Dmitriev, and A. A. Bykov,

Quantum lifetime of two-dimensional electrons in a magnetic

field, Phys. Rev. B 85, 115312 (2012).

[57] S. Dietrich, W. Mayer, S. Vitkalov, and A. A. Bykov, Dynamics

of quantal heating in electron systems with discrete spectra,

Phys. Rev. B 91, 205439 (2015).

[58] In Ref. [57] it was proposed that at low T the role of

electron-electron interactions is assumed by electron-phonon

scattering, leading to a T −3 dependence of the inelastic

relaxation.

[59] M. Khodas and M. G. Vavilov, Effect of microwave radiation

on the nonlinear resistivity of a two-dimensional electron

gas at large filling factors, Phys. Rev. B 78, 245319

(2008).

[60] M. Khodas, H. S. Chiang, A. T. Hatke, M. A. Zudov, M. G.

Vavilov, L. N. Pfeiffer, and K. W. West, Nonlinear Magnetore-

sistance Oscillations in Intensely Irradiated Two-Dimensional

Electron Systems Induced by Multiphoton Processes, Phys. Rev.

Lett. 104, 206801 (2010).

[61] Q. Zhang, T. Arikawa, E. Kato, J. L. Reno, W. Pan, J. D.

Watson, M. J. Manfra, M. A. Zudov, M. Tokman, M. Erukhimova

et al., Superradiant Decay of Cyclotron Resonance of Two-

Dimensional Electron Gases, Phys. Rev. Lett. 113, 047601

(2014).

[62] Q. Shi, P. D. Martin, A. T. Hatke, M. A. Zudov, J. D. Watson,

G. C. Gardner, M. J. Manfra, L. N. Pfeiffer, and K. W. West,

Shubnikov–de Haas oscillations in a two-dimensional electron

gas under subterahertz radiation, Phys. Rev. B 92, 081405(R)

(2015).

121305-6

http://dx.doi.org/10.1103/PhysRevB.79.161308
http://dx.doi.org/10.1103/PhysRevB.79.161308
http://dx.doi.org/10.1103/PhysRevB.79.161308
http://dx.doi.org/10.1103/PhysRevB.79.161308
http://dx.doi.org/10.1103/PhysRevB.85.115312
http://dx.doi.org/10.1103/PhysRevB.85.115312
http://dx.doi.org/10.1103/PhysRevB.85.115312
http://dx.doi.org/10.1103/PhysRevB.85.115312
http://dx.doi.org/10.1103/PhysRevB.91.205439
http://dx.doi.org/10.1103/PhysRevB.91.205439
http://dx.doi.org/10.1103/PhysRevB.91.205439
http://dx.doi.org/10.1103/PhysRevB.91.205439
http://dx.doi.org/10.1103/PhysRevB.78.245319
http://dx.doi.org/10.1103/PhysRevB.78.245319
http://dx.doi.org/10.1103/PhysRevB.78.245319
http://dx.doi.org/10.1103/PhysRevB.78.245319
http://dx.doi.org/10.1103/PhysRevLett.104.206801
http://dx.doi.org/10.1103/PhysRevLett.104.206801
http://dx.doi.org/10.1103/PhysRevLett.104.206801
http://dx.doi.org/10.1103/PhysRevLett.104.206801
http://dx.doi.org/10.1103/PhysRevLett.113.047601
http://dx.doi.org/10.1103/PhysRevLett.113.047601
http://dx.doi.org/10.1103/PhysRevLett.113.047601
http://dx.doi.org/10.1103/PhysRevLett.113.047601
http://dx.doi.org/10.1103/PhysRevB.92.081405
http://dx.doi.org/10.1103/PhysRevB.92.081405
http://dx.doi.org/10.1103/PhysRevB.92.081405
http://dx.doi.org/10.1103/PhysRevB.92.081405

