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Microwave induced resistance and photovoltage oscillations were investigated in Mg Zn;_,0/ZnO het-
erostructures. The physics of these oscillations is controlled significantly by scattering mechanisms, and therefore
these experiments were motivated by the recently achieved high quality levels in this material and the apparent
dominance of large angle, short-range scattering, which is distinct from the prevailing small angle scattering
in state-of-the-art GaAs structures. Within the studied frequency range of 35-120 GHz, up to four oscillations
were resolved at 1.4 K temperature, but only in high density samples. This allowed us to extract the value of the
effective electron mass m* = (0.35 4= 0.01)m, which is enhanced over the bare band mass, and estimate a local

quantum scattering time of about 5 ps.
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The irradiation of two-dimensional electron systems
(2DES) with microwaves elicits a rich variety of phenomena
[1]. Microwave induced resistance oscillations (MIROs) [2-6]
are the most celebrated member in the family of nonequilib-
rium magneto-oscillations. Phenomenologically, the oscilla-
tory change in the dissipative resistance R,, induced by the
incident microwave irradiation A R is usually well described
by a damped sine wave

ARYY = —€A. sin(2me) exp(—ae). €))

Here, € = w/w, is the ratio of the cyclic microwave fre-
quency @ = 2m f and the cyclotron frequency w. = eB/m*.
Extrema are then located at quarter values of € = j + 1/4,
where j = 1,2, .... The exponential describes the damping
of the oscillations and « is the damping factor (—e being
the electron charge, B the magnetic field perpendicular to the
2DES, and m* the effective mass). According to the most
frequently used models to account for MIROs referred to as
the displacement [7-11] and inelastic [12—14] mechanisms,
the damping coefficient o = 27 /w1, is proportional to the
quantum scattering rate 7. ! (see Ref. [15]). The prefactor
A, depends on the incident microwave power and becomes B
independent for € >> 1in both theory and experiment. The Hall
resistance Ry, = B/en, where n is the electron areal density,
remains classical and unaffected by the radiation in the range
of B where MIROs have been observed so far [16—19], apart
from changes that are in absolute terms comparable in size
to the changes in the longitudinal resistivity. The microwave
radiation does not only induce resistance oscillations periodic
in the inverse of the magnetic field, but also generates
photovoltage or photocurrent oscillations [20,21] with the
same periodicity in samples with internal contacts due to
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intrinsic internal electric fields associated with sample disorder
and density inhomogeneities, for instance, near contacts [22].
These photovoltage or photocurrent oscillations are closely
related to MIRO:s. In particular, in the regime of weak MIROs,
the photovoltage oscillations are proportional to ARYY (see
Refs. [22,23]).

The initial stage of research indicated that MIROs become
more pronounced in samples with higher mobility u = et/m*
(i.e., lower momentum relaxation rate t ~'). Indeed, while first
observations [2,3] in Al, Ga;_, As/GaAs heterostructures with
pw~3x10%cm?/Vs reported AR%/R,, ~ 0.1, in later
measurements on samples with u = 15-25 x 10% cm?/V s,
zero-resistance states (ZRS) with R, — 0 in low-order
minima of MIROs were discovered [4-6]. These ZRS are
attributed [24] to domain instability which emerges when
the amplitude of MIROs exceeds the dark resistivity and
turns the overall resistivity of the uniform system negative
[9,10,12,14]. The domain nature of ZRS is supported by recent
local time-resolved measurements [25,26].

More systematic studies have shown, however, that, similar
to some other fragile transport phenomena such as even
denominator fractional quantum Hall physics at filling 5/2,
there is no apparent correlation between MIROs and the
sample mobility [27,28]. Theory has also confirmed that
additional disorder characteristics are relevant for the mag-
nitude of MIROs. Neither the transport scattering time (t,
or alternatively, mobility) nor the quantum lifetime (z,),
which determines the width of the disorder-broadened Landau
levels, are sufficient. For instance [11], within the model of
weak Gaussian disorder with a scattering angle 6 dependent
scattering rate t, ! the displacement contribution to MIROs
is proportional to 7~ = 2(19_1(1 — cos 0)?). Here, { ) denotes
the angular average. This dependence is distinct from the quan-
tum scattering rate 7, V= (7, 'y and the transport scattering

ratet! = (g '(1 — cos 0)). As aresult, the MIRO amplitude
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may vary by orders of magnitude when modifying the relative
strength of the long- and short-range components of disorder
even though both the transport and quantum scattering rates are
kept fixed [15]. The above argument shows that MIROs serve
as a probe of properties of the 2DES that are distinct from
those accessible in standard low-B transport measurements.
The detection of MIROs in materials with disorder possessing
different correlations may be beneficial to gain a deeper
understanding of the microscopic mechanisms of MIROs and
nonequilibrium transport in general.

Here, we report the observation of MIROs and the
closely related photovoltage oscillations in high-mobility
oxide Mg, Zn;_,0/ZnO heterojunctions which, due to recent
technological advances, approach the quality of state-of-
the-art AlGaAs/GaAs heterostructures, as evidenced by the
observation of fragile fractional quantum Hall states [29,30].
The different doping mechanism as well as significantly
larger band effective mass (mj = 0.3mo, where m is the
free electron mass) sets this system apart from AlGaAs/GaAs
[1] and p-type SiGe/Ge [31], the two semiconductor based
systems in which MIROs have been observed so far (very
recently, MIROs were also observed in a non-degenerate
electron system above the surface of liquid helium [32]).
The unique character of the MgZnO/ZnO system has also
been highlighted in a recent study of the transport time and
quantum lifetime in this material system, which indicated that
disorder and scattering mechanisms are distinct from those
prevalently operating in AlGaAs/GaAs [33]. A short-range
disorder potential causing larger angle scattering plays a much
more significant role in the MgZnO/ZnO system. This is not
surprising since in state-of-the-art GaAs samples the random
distribution of the remote donors are the important source
of scattering, whereas in MgZnO/ZnO based systems the
difference in surface polarization between the MgZnO alloy
and ZnO generates the two-dimensional (2D) system, and the
heterointerface itself likely hosts most of the disorder due to
the random distribution of the Mg atoms.

The Mg, Zn;_,0O/Zn0O heterostructures were grown using
liquid ozone based molecular beam epitaxy [34]. The MIROs
were observed on a number of samples in the Hall bar, Corbino,
and van der Pauw geometries. Dimensions were 2 x 2.5 mm
with 1 mm between voltage probes for the Hall bar, 0.4 and
1.0 mm inner and outer diameters for the Corbino device, and
3 mm? for the van der Pauw chip. Here, we focus on two sam-
ples with the Mg content x =~ (0.04,0.055) corresponding to
the electron density n = (6.5,8.5) x 10" cm~2 and mobility
w = (1,0.5) x 10° cm?/V s. For all sample geometries, ohmic
contacts were made by evaporated Ti/Au or soldered indium.
The experiments were performed at temperatures 7 =~ 1.4 Kin
unipolar magnetic fields up to 10 T. Samples were irradiated
with microwave radiation (f = 35-120 GHz) guided to the
chip via an oversized waveguide. A K,-band generator with
frequency multipliers, backward wave oscillators (BWOs),
and a fixed-frequency impact ionization avalanche transit-time
(IMPATT) diode were used as millimeter wave sources. While
the multipliers’ output power is limited to 4 mW, the IMPATT
diode provides much higher power, roughly 100 mW, at a
fixed frequency of 97 GHz. In the remainder of this Rapid
Communication, power values refer to the output power of the
source. A determination of the power incident on the sample
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is challenging as the waveguide is operated in oversized mode
and the microwave field distribution may vary erratically with
frequency due to standing waves. Hence, only data recorded
at identical frequencies but with different relative power of
the microwave radiation can be compared when addressing
amplitude effects. The longitudinal resistance of the sample
was acquired with a low frequency lock-in technique and an
imposed alternating current of 1 A. In cases where increased
sensitivity is necessary, a double modulation technique was
implemented. The frequency of the imposed current was then
increased to 2 kHz. The microwave amplitude was modulated
at a frequency fnoq two orders of magnitude lower than the
ac-current frequency. A first lock-in amplifier was tuned to the
frequency of the alternating current to detect the resistance.
Its time constant was set short enough to ensure that its
analog output still contained the modulation by the microwave
radiation at frequency fioq. This alternating output signal
served as the input to a second lock-in amplifier tuned to finoq
in order to measure the change in the resistance caused by the
microwave irradiation.

Figure 1(a) compares R,, of a Hall bar device fabricated
on the heterostructure with n = 6.5 x 10" cm™ when the
microwave radiation of the IMPATT diode (f = 97 GHz) is
incident on the sample (solid line) and absent (dotted line).
The magnetic field was swept while the frequency and power
of the radiation were kept constant. In addition to an overall
increase in resistance due to heating of the sample from the
microwaves, a robust oscillatory modulation is apparent. In
Fig. 1(b), the difference A R, between the two traces is shown.
A number of oscillatory features are resolved, with the most
robust minimum at B & 1 T corresponding to € = ¢;_ = 5/4
(the index refers to the order of the extremum and the sign
to a minimum or maximum). Fitting the data presented in
Fig. 1(b) using Eq. (1) with A, = const (dotted line) yields
an estimate of the quantum time 7, =5 ps. This value is
in good agreement with that obtained through an analysis
of Shubnikov—de Haas oscillations (SdHOs) [33], although
SdHOs frequently yield shorter values. The reason for this
discrepancy is that the MIRO phase 2me is insensitive to
the electron density, while the SdHO phase is proportional
to it. As a result, long-range density variations do not affect
MIROs while strongly reducing the amplitude of SAHOs [1].
In other words, the 7, deduced from SAHOs includes an
inhomogeneous broadening of Landau levels, while MIROs
measure the local 7.

Data at other frequencies were obtained with full-band
multipliers. Because these have two orders of magnitude lower
power, the higher sensitivity double modulation technique was
exploited for the detection of the oscillations. Figure 1(c)
shows an example of MIROs measured with this technique for
low power microwaves at the same frequency as the IMPATT
diode (97 GHz). The measurement was performed in Corbino
geometry with the data representing the microwave induced
variation (1/Ggark — 1/Gmw) X 103Gdark, with Gy (Ggak)
being the Corbino ring conductance in the presence (absence)
of the microwave illumination. The period and phase of the
oscillations coincide with those for A R, . measured on the Hall
bar device in Fig. 1(b). This phase is examined in more detail
for the Hall bar data of Fig. 1(b) in the inset by plotting those
extrema not cluttered by remnants of the Shubnikov—de Haas

041410-2



OBSERVATION OF MICROWAVE INDUCED RESISTANCE ...

(@) 80 T T T T T T
60

o

\EE 40

o

20

o

N -
o (o))
T
lar]
|
N
-7
_Kl
%

g 5
X
% 0
S e fit (Tq= 4.9 ps)
_10 L 1 L 1 L 1 L
(c)
o °f 4
x 4 -+ -+ -
g 2 *
<
& T
< 2
-4 . .
0 0.5 1.0 15 2.0
B(T)

FIG. 1. The magnetic field dependences of (a) the Hall bar
longitudinal resistance with (solid) and without (dotted) radiation
from the IMPATT diode. (b) AR,, of the two traces shown in
(a). The inset displays the reciprocal values of the magnetic field
corresponding to the MIRO extrema vs €. (c) The microwave
photoresponse 1/ Gy — 1/ G gux in the inverse Corbino conductance,
i.e., the two-point Corbino resistance, measured by the double
lock-in technique is shown multiplied by (—G 44k ) to compensate the
strong monotonic dependence on the magnetic field and to allow a
straightforward comparison of oscillating behavior with that in A Ry.
For all traces, f = 97 GHz.

oscillations. Assuming, in accordance with Eq. (1), that the
extrema occur at € = j £ 1/4 with j an integer, experimental
points are well fitted by the same straight line passing through
the origin. Hence, the phase and period of MIROs are in line
with previous observations [35].

In Fig. 2 we plot the oscillation extrema as a function of the
magnetic field for the full range of the microwave frequencies
explored. Their positions were determined by fitting a parabola
near the local extrema marked in Fig. 1(c) (excluding the €
maximum strongly corrugated by the SdHOs). The solid lines
in Fig. 2 are obtained by linear least-square fits to each set
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FIG. 2. The microwave irradiation frequency against the mag-
netic field for the different extrema at € = j £ 1/4. Straight lines are
fits to the data with the effective mass as a fitting parameter (see text
for details).

of extrema under the assumption that these occur when € =
J £ 1/4 with the carrier effective mass as the fitting parameter.
The good quality fit obtained allows a precise measurement
of the mass, which is found to be m* = (0.35 4 0.01)m . The
mass value extracted from MIROs is close to the effective
mass obtained from magnetoplasmon resonances [36], which
is similarly larger than the band mass (m} = 0.3my).

We now turn our attention to photovoltage measurements,
which are known to possess a phase and period similar to
MIROs but require an alternative geometry containing internal
contacts to the 2DES [20-22]. Photovoltaic effects are under-
stood in terms of a modified relation between conductivity
and diffusion under the microwave illumination [22,23]. As a
result, the steady-state distribution of the electron density in
an inhomogeneous 2DEG (for instance, near internal metallic
contacts) no longer corresponds to a constant electrochemical
potential, which results in a photovoltage detected via local
probes [37]. These experiments were carried out on the sample
with n = 8.5 x 10'! cm™2. It is schematically illustrated in
the inset to Fig. 3(b). The voltage is tapped off between an
internal and external contact while no current is imposed.
The microwave radiation is chopped so the photovoltage
can be recorded with a single lock-in detection technique.
In Fig. 3(a) we present an example of such photovoltage
oscillations. An analysis similar to that in Fig. 2 (not shown)
yielded m* = (0.330 £ 0.005)m,. The traces in Fig. 3(a)
were recorded at different levels of the output power of the
microwave source. The actual power incident on the sample
may differ substantially from the indicated values, so only
the power ratios are relevant. To analyze these photovoltage
oscillations, a fourth-order polynomial function was fitted to
each data trace from B = 0 through points where ¢ takes on
integer values using the experimentally determined value of
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FIG. 3. (a) Photovoltage measurements under microwave radi-
ation (f = 106.7 GHz) between internal and external contacts for
different microwave powers. Each curve is offset by 0.5 uV for
clarity. (b) Power dependence of the amplitude of the ¢;_ minimum.
The power value is that measured at the wave source. Two distinct
regimes are resolved with a crossover at P = 200 uW. At low power
the dependence is linear, and at higher power the data points follow
a sublinear dependence. The inset shows the sample measurement
geometry.

m* = 0.33my. The amplitude relative to the nodes is then
determined. Figure 3(b) shows the amplitude of the €;_
minimum. It has been evaluated over a power range covering
nearly three orders of magnitude. The amplitude exhibits a
transition from the linear A, o< P to a sublinear dependence
near P = 200 uW. While at the present stage it is unclear
which mechanism is responsible for the observed saturation,
possible mechanisms include a feedback effect in the inelastic
mechanism [14], multiphoton processes in the displacement
mechanism [11,38,39], and a heating induced width change
of the Landau levels via electron-electron interaction effects
[15,40].

We note that MIROs and photovoltage oscillations were
also explored in MgZnO/ZnO samples with lower densities
down to n < 4 x 10'"' cm~2. Despite the order of magnitude

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 93, 041410(R) (2016)

TABLEI Intermaterial parameter comparison of m* /m, density,
mobility, and 7, for a number of reports on MIRO in the literature
(Refs. [28,31,41] and this work).

m*/myg Density Mobility 7,
(10" em™2)  (cm?/Vs) (ps)
AlGaAs/GaAs, Ref. [41]  0.067 1.9 10 x 10° 15
Reference [28] 0.067 8.5 56 x 10°
SiGe/Ge, Ref. [31] 0.091 2.8 4 x 100 4
MgZnO/ZnO 0.35 >6 5x 10 5

higher mobility and quantum lifetime these samples ex-
hibited [33], this search was in vain. Instead, a resistance
peak attributed to the hybrid dimensional magnetoplasmon
cyclotron resonance mode was exclusively observed. It is
a striking confirmation that neither the transport scattering
rate nor the quantum scattering rate capture the essential
criteria which the sample disorder has to fulfill to make
MIROs observable. Table I summarizes the key parameters
of samples in the different semiconductor material systems
in which MIROs have been observed so far. The absence of
MIROs in ZnO in lower density samples is also in line with
observations on GaAs heterostructures, where even modest
mobility samples may show the effect provided the charge
carrier density is sufficiently high, as shown in the second
row of Table I. Both the momentum relaxation time and the
electron density of the ZnO samples which reveal MIROs are
close to that of Ref. [28] (tr & 15 ps), although this may be
coincidental. Equally remarkable is the apparent insensitivity
of MIROs to the cyclotron energy and level splitting. The
effective mass of the ZnO conduction band is up to five
times larger in comparison with GaAs and p-Ge in which
MIROs have been observed previously and yet the frequencies
explored here are identical. While the basic phenomenology
is accurately described by existing theoretical models, the
apparent relevance of high density for samples with moderate
mobility, together with the insensitivity of this effect to
the handedness of circular polarization [42], remains poorly
understood and controversial [1,43]. With its very different
material parameters, MgZnO/ZnO heterostructures now offer
an additional platform to explore these unresolved questions.
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