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Recent experiments on microwave-irradiated high-mobility two-dimensional electron systems [Dai
et al., Phys. Rev. Lett. 105, 246802 (2010), Hatke et al., Phys. Rev B 83 121301(R) (2011)]
revealed a novel photoresistivity peak in the vicinity of the second cyclotron resonance harmonic.
Here we report on the nonlinear transport measurements and demonstrate that the peak can be
induced by modest dc fields and that its position is not affected even by strong dc fields, in contrast
to microwave-induced resistance oscillations that shift to higher magnetic fields. These findings
reinforce the notion that the peak cannot be described by existing models and provides important

constraints for further theoretical considerations.

PACS numbers: 73.40.-c, 73.21.-b, 73.43.-f

Over the past decade, the regime of high Landau lev-
els of high mobility two-dimensional electron systems
(2DESs) revealed a variety of remarkable transport phe-
nomena. Some prominent examples include microwave-
induced resistance oscillations (MIROs),? phonon-
induced resistance oscillations,®> Hall field-induced re-
sistance oscillations,* and several classes of combined
oscillations.”” In addition, very clean microwave- and
dc-driven 2DESs can exhibit zero-resistance states® and
zero-differential resistance states,” respectively. These
exotic states are believed to originate from instabilities of
the 2DES with respect to formation of current domains.'?

Mainstream theories of magnetoresistance oscillations
are based on quantum kinetics and consider the displace-
ment mechanism,''? originating from the modification
of impurity scattering by microwave'! or dc'? electric
fields, and the inelastic mechanism,'?'3 stepping from
the non-equilibrium energy distribution. Both mech-
anisms can give rise to MIROs which appear in pho-
toresistivity dp, o< —P,€acsin2me,., where P, is the
dimensionless parameter proportional to the microwave
POWET, €ac = w/we, w = 27f is the microwave frequency,
w. = eB/m* is the cyclotron frequency, B is the mag-
netic field, and m* is the electron effective mass. Hall
field-induced resistance oscillations originate from the os-
cillatory correction to the differential resistivity due to
the displacement mechanism,'? §r o cos2meqe, where
€de = €€4c(2R.)/fiwe, 2R, = 2vp/w. is the cyclotron
diameter, vg is the Fermi velocity, 4. = pgl/w is the
Hall electric field, pg is the Hall resistivity, I is the direct
current, and w is the sample width. Under simultane-
ous application of dc and microwave fields the resulting
oscillations® in differential resistivity are governed by the
displacement mechanism and can be described by”
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Here, pp is the Drude resistivity, A = exp(—7n/wc7q)

is the Dingle factor, and 74, T4y, and 7, are the quan-
tum, transport, and backscattering lifetimes, respec-
tively. Equation (1) well describes recent experiments®
showing that the 7, maxima occur along the lines defined
by €ac + €4c = n, n = 1,2,3,.... This simple relation cor-
responds to the maximum value of the first term in the
sum of Eq. (1) which dominates the response under typ-
ical experimental conditions. In this scenario the proba-
bility of inter-Landau level transitions due to microwave
absorption and backscattering off of an impurity in the
direction parallel to the dc field is maximized. The func-
tional form of microwave- and Hall field-induced resis-
tance oscillations can be obtained from Eq. (1) by taking
the limits e4. — 0 and P, — 0, respectively.

Very recently, experiments in irradiated high mobility
2DESs revealed yet another dramatic effect — a distinct
photoresistivity peak emerging near the second harmonic
of the cyclotron resonance.'®'® In contrast to MIROs,
which are known to decay with increasing microwave fre-
quency, this so-called X5 peak appears only above a cer-
tain frequency, which is about 100 GHz in our 2DES. At
higher frequencies the X5 peak can be more than an order
of magnitude stronger than MIROs.'® This remarkable
phenomenon cannot be explained by existing theories!!*!3
and its origin remains a mystery.

In this Rapid Communication we report on our experi-
mental studies of the nonlinear response of this novel pho-
toresistivity peak in a high mobility 2DES. Our measure-
ments are performed at a microwave frequency f = 90
GHz which is somewhat lower than the critical frequency
necessary for the observation of the peak at zero dc fields.
Remarkably, the A5 peak appears in nonlinear differen-
tial resistivity under a modest dc field, which apparently
helps to separate it from MIROs. Once appeared, the
peak persists over a wide range of dc fields but eventually
weakens. Most importantly, we find that the position of
the X, peak is largely insensitive to the applied dc field
over the whole range of dc fields studied. This finding
is in vast contrast to MIROs that shift substantially to
higher magnetic fields as prescribed by Eq. (1). These re-
sults strengthen the conclusion that the peak cannot be



described by existing theories of microwave photoconduc-
tivity and provide important constraints for theoretical
considerations.

Our sample is a Hall bar (w = 200 pm) fabricated from
a symmetrically doped GaAs/Alp24Gag76As quantum
well grown by molecular beam epitaxy. The density and
the mobility were n ~ 3.4x10'" cm~2 and p ~ 12.5x10°
cm?/Vs. Microwave radiation was provided by Gunn os-
cillators feeding frequency doublers. Measurements were
performed in a 3He cryostat at a constant coolant tem-
perature T' ~ 1.5 K under continuous microwave irradi-
ation in sweeping magnetic fields. Differential resistivity
r,» was measured over a wide range of I, from 0 to 100
1A, using a standard low frequency lock-in technique.

Before presenting our nonlinear transport data, we first
present in Fig.1 (a) the magnetoresistivity measured at
I = 0 and under microwave irradiation of frequency f =
190 GHz. At this high frequency, the data clearly show
not only MIROs and associated zero-resistance states,
but also a giant A5 peak which is superimposed on the
second MIRO maximum. As mentioned in the introduc-
tion this peak is not observable in our 2DES at I = 0
when the frequency is below ~ 100 GHz. However, as
we demonstrate below modest dc fields make the peak
visible even at lower frequencies.

In Fig.1(b) we present the differential magnetoresis-
tivity, r,,(B) for direct currents from I = 0 to I = 30 pA
(bottom to top, steps of 2 pA) measured under microwave
irradiation of f = 90 GHz. The traces are vertically off-
set for clarity and thick lines correspond to a step of 10
1A, At zero-bias (bottom trace, I = 0) the data exhibit
pronounced MIROs which persist up to €, > 10. The
second MIRO maximum, where one might expect to see
the Xy peak, does not stand out in any way [cf. Fig. 1 (a)].
However, with increasing current up to ~ 10 pA the sec-
ond MIRO maximum broadens and at higher currents
develops a sharp feature (cf.thick line). This feature is
very narrow and, as we show below, is located between
the second MIRO peak and the second harmonic of the
cyclotron resonance. Based on its shape and position we
attribute this feature to the X, peak!®'® which appears
in our 2DES without a dc bias at higher microwave fre-
quencies [cf. Fig.1(a)]. The very fact that a modest dc
field can cause the appearance of the X peak, separating
it from MIROs, indicates that its nonlinear response is
different from that of MIROs.

Further examination of the data in Fig.1(b) reveals
that all MIRO maxima shift to higher B with increasing
current (cf.|). Because most of this shift occurs within
a relatively narrow current range, where the oscillation
amplitude is strongly suppressed, it can also be viewed as
a development of a MIRO maximum into a minimum at
a given €,.. Indeed, the 4-th and 5-th MIRO maxima at
I = 0 both evolve into the minima at I = 30 pA (cf. thin
vertical lines). This evolution with increasing I is con-
sistent with earlier experiments® and is well understood
within the displacement model,” see Eq. (1). In light of
such dramatic changes to the MIRO waveform, it is quite
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FIG. 1: (Color online) (a) [(b)] Differential magnetoresistivity
rw(B) for direct current I = 0 pA [I = 0 to I = 30 uA,
bottom to top, steps of 2 pA] under microwave irradiation
with frequency f = 190[90] GHz. The traces are vertically
offset by 0.75 © and thick lines correspond to a step of 10 uA
(as marked). Integers mark the order of the MIRO maxima at
I = 0 and a thick line marks the X5 peak appearing at I 2 14
#A. Notice that the MIRO maxima shift to higher B with
increasing I (cf. thin vertical lines drawn near €ac = 4, 5).

remarkable to see that the X5 peak, once developed, does
not change either its position or width in this range of
currents (cf. thick line). As we show below, even higher
dc fields do not alter the position of the Xy peak.

In Fig.2(a) we replot the differential resistivity, now
normalized to its value at B = 0, r,, /7o, as a function of
€ac for direct currents from I = 0 to I = 40 pA in steps
of 2 pA under microwave irradiation of f = 90 GHz.
Plotted in such a way the data clearly demonstrate that
the A5 peak occurs at €, = e -2 which falls in between the
second MIRO maximum (cf. Vertlcal line) and the second
harmonic of the cyclotron resonance, €25 < eX? < 2. The
data further show that in the range between 30 uA and 40
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FIG. 2: (Color online) (a)[(b)] Normalized differential resis-
tivity 7w (€ac) /7o for direct currents from I =0 pA to I =40
uA [I =40 pA to I = 80 pA], steps of 2 pA under microwave
irradiation of f = 90 GHz. In panel (b) the traces are ver-
tically offset by 0.1 for clarity. Thick traces correspond to
a step of 10 pA. Notice that the position of the X> peak is
independent of I [cf. vertical line in (a)], while the second
MIRO peak shifts to lower €ac.

1A the magnitude of the X peak is reduced considerably
but its position remains unchanged (cf. |, 1).

In Fig.2(b) we present the results obtained at still
higher currents, from I = 40 pA (bottom curve) to
I =80 pA (top curve) in steps of 2 pA. The data are
vertically offset for clarity by 0.1 and thick lines again
correspond to a step of 10 uA. While the X5 peak con-
tinues to decay with increasing current it remains clearly
visible up to I ~ 60 pA. Concurrent with the decay of the
Xy peak, a rather sharp minimum develops at a slightly
lower €, (cf.}). At higher currents, I 2 60 pA, this
minimum becomes the most pronounced feature in close
vicinity to the original X» peak (cf.| at the top trace).
Based on the conversion of the MIRO maxima into the
minima, as illustrated in Fig.1(b), one might consider
a possibility that this minimum originates from the X5
peak in a similar way but with a very different energy
scale involved.

To summarize our observations, we now extract both
€ac and €gc from our experimental data for the selected
ro(B) maxima obtained at direct currents up to 100
uA. Figure 3 shows the results of this extraction in the
(€acs €dc)-plane both for the MIRO maxima (cf.2,3,4)
and for the X5 peak (cf. Az). At small €4., MIRO max-
ima appear? at €,c ~ n — ©n, Where @2 ~ 0.19 and @3 ~
w4 =~ 0.25. At somewhat higher dc fields, these maxima
are well described by a linear dependence, €,c + €qc = n
(cf.solid lines), in agreement with Eq. (1). At eqc ~ 1/2
roughly corresponding to the first minimum of Hall field-

FIG. 3: (Color online) Positions of the maxima of differ-
ential resistivity 7, corresponding to MIROs, €2F,e3F eXf
(cf.2,3,4), and to the X2 peak (cf. X2) on a (€ac, €ac)-plane.

Solid lines are drawn at €ac + €ac = n, n = 2, 3,4, 5.

induced resistance oscillations, higher order (n = 3,4)
MIRO maxima quickly jumpp to €, ~ (n — 1)+ 1/4, a
position for the MIRO minima which remains satisfied
for 1/2 S eac S 1 —1/4. This jump is a result of the
maxima (minima) conversion into the minima (maxima)
as seen in Fig.1(b). At still higher e4., maxima again
follow linear dependence, €,. + €qc = n.

In contrast to MIROs, the X5 peak exhibits very differ-
ent behavior. Once developed at €q. ~ 0.1, the X5 peak
is found at €, = 2—, where ¢ < 2. At higher dc fields,
the position of the X5 peak remains essentially unchanged
(€2 ~ const) over the whole range of currents over which
the peak is observed. A closer examination of the data
reveals that the X5 peak, in fact, moves slightly towards
the second harmonic of the cyclotron resonance, the di-
rection which is opposite to that of MIROs. This move,
however, can be caused by a fast decay of the neighbor-
ing MIRO peak and by its fast movement towards lower
€ac With increasing dc field.

In summary, we have studied the nonlinear response of
irradiated high mobility 2DESs focusing on the recently
discovered'*1® photoresistivity peak which appears in
the vicinity to the second harmonic of the cyclotron reso-
nance and high enough microwave frequencies. We have
found that at microwave frequencies slightly below the
minimum frequency necessary for the observation of this
peak at zero dc field, the peak appears in nonlinear dif-
ferential resistivity under a modest dc field which appar-
ently helps to separate it from MIROs. Once developed,
the peak persists over a wide range of dc fields and even-
tually disappears. Most importantly, the position of this
X5 peak is not changed significantly over the whole range
of dc fields. This behavior is in contrast to the evolution
of microwave-induced resistance oscillations that shift to
higher magnetic fields in accordance with the displace-
ment model, as prescribed by Eq.(1). Our findings fur-
ther indicate that the nature of the A5 peak is different
from that of MIROs and provide important constraints
for theoretical considerations.
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