RAPID COMMUNICATIONS

PHYSICAL REVIEW B 95, 041403(R) (2017)

Fine structure of high-power microwave-induced resistance oscillations
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We report on observation of a fine structure of microwave-induced resistance oscillations in an ultraclean
two-dimensional electron gas. This fine structure is manifested by multiple secondary sharp extrema, residing
beside the primary ones, which emerge at high radiation power. Theoretical considerations reveal that this
fine structure originates from multiphoton-assisted scattering off short-range impurities. Unique properties of
the fine structure allow us to access all experimental parameters, including microwave power, and to separate
different contributions to photoresistance. Furthermore, we show that the fine structure offers a convenient means
to quantitatively assess the correlation properties of the disorder potential in high-quality systems, allowing
separation of short- and long-range disorder contributions to the electron mobility.
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When a two-dimensional electron gas (2DEG) is exposed
to microwave radiation and weak perpendicular magnetic field
B, the magnetoresistance acquires prominent 1/B-periodic
oscillations [1,2] which give rise to zero-resistance states
[3—13] when the resistivity at the minima approaches zero [14].
These oscillations, termed microwave-induced resistance os-
cillations (MIRO), are usually [15-20] attributed to the effect
of Landau quantization on the radiation-assisted scattering off
impurities. This affects the transport properties both directly
(displacement mechanism [21-26]) and indirectly through the
emergence of a nonequilibrium electron distribution function
oscillating with energy (inelastic mechanism [6,27,28]). The
resulting photoresistivity §p, oscillates with the ratio € =
w/w, of the microwave frequency w = 2w f to the cyclotron
frequency w. = eB/m (m is the electron effective mass) [29],

%o _ —A2nP 2me sin(2re), )

PD
where pp is the Drude resistivity, n (specified below) is a
dimensionless coefficient describing the combined strength
of the displacement and inelastic contributions, P is the
dimensionless microwave power, and A = exp(—€/2f1y) is
the Dingle factor. In the expression for A (A < 1), describing
the amplitude of weak oscillations in the density of states due
to Landau quantization, g l= t;()l + 1, '(T) is the “total”
quantum scattering rate including contributions from both
the temperature- (7-) independent disorder and 7-dependent
electron-electron scattering (‘L'qBI and 7,,!, respectively) to the
Landau level broadening [25,29].

Equation (1), applicable in the regime of low power, P < 1,
and overlapping Landau levels, A < 1, well describes MIRO
measured in many experiments [14]. It has been demonstrated
that under stronger microwave radiation, P 2 1, the oscil-
lation amplitude undergoes a crossover to sublinear power
dependence [30]. Concomitantly, the oscillation extrema move
closer to the nodes at integer € [30]. Such behavior is expected
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from theory [24,28,30] which attributes the nonlinear-in-7
corrections to multiphoton processes and/or to modification of
thermalization rate.

In this Rapid Communication, we report on a fine structure
of MIRO which emerges under intense low-frequency mi-
crowave irradiation in an ultraclean 2DEG. This fine structure
is manifested by additional (“secondary”) sharp extrema
residing besides the primary ones. Following theoretical
framework of Ref. [30], we demonstrate that this fine structure
originates from multiphoton-assisted scattering off short-range
impurities, which are inherently present even in ultrahigh
mobility 2DEG. The properties of fine structure enable us
to determine the microwave power seen by our 2DEG and
to single out different photoresistance contributions, which
has not been possible before [31]. The fine structure can also
potentially be used as a tool to separate sharp and smooth
disorder components of the electron mobility which is a
subject of intense current interest but is difficult to achieve
by conventional techniques [32-35].

The data presented below were obtained froma~4 x 4 mm
square sample cleaved from a heterostructure containing a
symmetrically modulation-doped, 30-nm-wide GaAs/AlGaAs
quantum well. A brief illumination with a light-emitting diode
resulted in an electron density n & 3.0 x 10'' cm™2 and a
mobility p & 3.1 x 107 cm?/Vs (transport relaxation time
T ~ 1.2 ns). The microwave radiation from the signal gener-
ator was delivered to the sample via a rectangular waveguide
at various powers spanning two orders of magnitude. The
longitudinal resistance was measured using low-frequency
lock-in amplification under continuous microwave irradiation
at a pumped liquid helium bath temperature of 7 ~ 1.35 K.

In Fig. 1, we present the longitudinal magnetoresistance
normalized to its zero-field value R,(B)/R.,(0), recorded
under microwave radiation of frequency f = 18 GHz for
two different power levels corresponding to 0 and —20 dB
attenuation, as marked. Vertical lines, marked by € = 1,2,3,
correspond to cyclotron resonance harmonics characterized by
vanishing photoresponse. At low power (Pgg = —20 dB), we
observe smooth MIRO exhibiting the conventional damped
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FIG. 1. Longitudinal magnetoresistance normalized to its zero-
field value R, (B)/R,(0), measured at f = 18 GHz for two different
power levels corresponding to an attenuation Pyg = 0 and —20 dB.
Vertical lines mark € = 1, 2, 3. Secondary extrema are marked by
triangles.

sinelike waveform, as prescribed by Eq. (1). In contrast,
the data at the maximum power P, (Pgg = 0 dB) reveal
a very rich and unusual waveform highlighted by multiple
additional sharp features around eachnode ate = N = 1,2,3.
The “secondary extrema,” whose positions are marked by
triangles, lie roughly symmetrically around each node and
have an amplitude comparable to the primary extrema closest
to the nodes. Although less pronounced, similar fine structure
was observed at other frequencies [36].

In Fig. 2, we plot the measured photoresistance (solid
lines) normalized to the zero-field resistance without radiation,
8R,/Ro, as a function of e at different powers. Here, we
focus on structures around € = 2 and 3 where Landau levels
strongly overlap, A <« 1. The high- and low-power regimes
are illustrated in Figs. 2(a) and 2(b), respectively. A gradual
transition between the two distinct waveforms shown in Fig. 1
is apparent. With decreasing power, secondary extrema move
away from integer €. Their amplitude decreases until they
disappear at Pygg ~ —8 dB (—8 dB corresponds to P ~ P,
specified below). This behavior clearly distinguishes the
observed fine structure from the fractional MIRO [37-41]:
distinct features in the photoresponse around certain rational
€ = %, %, %, etc., characteristic for the regime of well-separated
Landau levels [42,43] and the crossover regime w.7q ~ 1 [40].
At still lower power [Fig. 2(b)] the positions of the primary
extrema still move away from the nodes and finally saturate at
€ = N =+ 1/4 consistent with Eq. (1).

We now turn to a quantitative analysis of the re-
sults within the quantum kinetic framework developed in
Refs. [24,26,28,30,44,45]. For arbitrary microwave power P
and for A < 1, the general expression for the photoresponse
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FIG. 2. Measured (solid lines) and calculated (dotted lines)
photoresistance normalized by the zero-field resistance without
radiation 6 R,,/ Ry, as a function of € at different power attenuations:
from 0 to —8 dB (a) and from —12 to —20 dB (b), in —2 dB
steps. The parameters of disorder used in calculation are T = 1.2 ns,
Tsh = 1.7 ns, and gy = 75 ps.

reads as [30]

30w
— = 1*(Fais + Fin), 2
1))
with the displacement and inelastic terms given by
_ 2ety(§)dey (§)
Fais = 10 e (E)] =1, Fpn= N E))
o R ORI0)

where & = 24/Psine. Aiming at a realistic description of
elastic scattering in high-mobility 2DEGs with a minimal
number of parameters, we use a two-component disorder
model [44], with its sharp (smooth) component being weakly
(strongly) correlated at the scale of the Fermi wavelength.
Within this model,

L JgE 1 1
YO = T e “
1 2
P& =[5 - @] + Sm(lf%, (4b)

where 7' and 7! (7! > t.;') characterize the strength of
sharp and smooth. disorder, respectively, while x> « 1 is
the typical scattering angle off smooth disorder. Here, the
smooth component describes the potential of remote ionized

donors. It dominates in the quantumrate: 7, qO =y0) =1, +

rs;' ~ 1. In turn, the short-range component accounts for

residual impurities in close proximity to the 2DEG [46]
which can contribute 51gn1ﬁcantly to the momentum relaxation
rate 7! = 7(0) = xt,| 4+ 7;'. This model was successfully
employed to describe related nonequilibrium effects in the
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presence of strong dc excitation [26,44,47-52]. With y
given by Eq. (4b), the displacement term Fg;s = .7:5:1 )+ .7:5?;“ )
entering Eq. (2) naturally divides into the “sharp” (o< rsgl) and
“smooth” (o rsjnl) parts, while for F, such separation is not
possible.

As argued below, the fine structure in Figs. 1 and 2
originates from the sharp-disorder displacement contribution

F = _ L e cotme)t LE)E) — 34E)].  (5)

Tsh
The expression involving Bessel functions oscillates with
& [53]. Neglecting other contributions, for P > sin~2(rre)
(¢ > 1) one thus obtains
%o ~ 42t cot(rre) cos(4+/P sine). (6)

PD Tsh

Equations (5) and (6) predict that, with increasing P, more and
more secondary extrema should show up in the photoresponse
and, once present, each extremum should move towards
the nearest node. The sensitivity of the extrema positions
to microwave power thus offers a unique opportunity to
quantitatively access P sensed by our 2DEG. Indeed, the
positions of principal secondary extrema are given by & =
2+/Psinme ~ 4+2.9. Such scaling is observed in our data
shown in Fig. 2 and the analysis using Eq. (5) for Pgg > —8 dB
yields P ~ 15P/Pn,. We also notice that the secondary
extrema are expected to emerge at P > P, = 1.452 ~ 2.1
(as follows from |£] > 2.9 and |sinme| < 1). In accord with
this estimate, the fine structure in Fig. 2 becomes visible at
Pqg = —8 dB which corresponds to P ~ 2.4.

Having obtained P as a function of power attenuation, we
turn to examination of the data at low power, where Egs. (2)—(4)
reduce to the linear-in-P Eq. (1) with

2T 3t 6x2t
N = Nin + Nsh + Nsm = — + .

2'L'sh Tsm (7)
The inelastic lifetime can be estimated as t,(7) ~
(hEp/Tz) ln_l(anp/ZQ), where Er and vg denote the
Fermi energy and velocity, Q = max{T/h.oy*t'/?}, and
ag >~ 10 nm is the effective Bohr radius [28]. At the coolant
temperature Tp = 1.35 K, we obtain 7, >~ 120 ps (at € ~ 2).
On the other hand, the Dingle analysis of the lowest power
photoresistance (Pqg = —20 dB) yields the quantum lifetilme

Tq A2 46 ps comparable to the estimate for 7j,. Since 7" =

rqBI + 7, !, the contribution of electron-electron scattering to
the Landau level broadening should be taken into account,
wherefrom we obtain Ty, 2 790 ~ 75 ps. We then model the
lowest-P photoresistance trace using Egs. (1) and (7), with
7/1¢, being the only adjustable parameter (note that y can
be found from t/7y, + xt/tsm = 1 for a given t/7q,, T, and
Tom 2 Tgo). A dotted line, computed using 7/t = 0.7, is
virtually indistinguishable from the experimental trace [54].
From this analysis we conclude that MIRO at low P are
dominated by the displacement term associated with the sharp
disorder component ng, =~ 1.05, 1;, =~ 0.2, and ng, =~ 0.03.
With a knowledge of t/ty, we can now compute the
photoresistance using Eqs. (2)—(4) for all other power levels.
The results, presented by dotted lines in Fig. 2, demonstrate
excellent agreement at all Pyp, accurately capturing the fine
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FIG. 3. (a) Extracted quantum scattering rate 1/7q vs normalized
power P/Pp.x. (b) Slope Sy, obtained from the data, as a function
of P/ Py, on a log-log scale, for N = 1 (circles), 2 (squares), and
3 (triangles).

structures observed at higher intensities. This supports the
previous analysis and confirms that the detected fine structure
of MIRO originates from the multiphoton-assisted scattering
by short-range impurities as described by Eqs. (5) and (6).

Apart from the known microwave power, the only parameter
which was allowed to vary while generating theoretical curves
in Fig. 2 was the electron temperature, to account for electron
heating by high-power microwaves. Since tj, ~ 74 K T ~ T,
we expect that heating affects primarily the quantum scattering
rate entering the Dingle factor. The prefactor 1, on the other
hand, is affected only slightly, as it is dominated by ng,. Our
analysis reveals that 7y initially stays constant at 7q(7p) = 46 ps
but eventually decreases to 7q(Tmax) ~ 32 ps at P = Py« [see
Fig. 3(a)]. Using 7i,(7Tp) = 0.12 ns and tj, T2, we obtain
Tmax =~ 1.7 K and i, (Thax) = 0.57,(Tp).

We confirm the effect of heating by analyzing the slope
0¢:(8p,/pp) of the MIRO signal at integere = N = 1,2, ....
According to Egs. (2)-(4), the photoresponse near integer €
should remain linear in P at arbitrary power, as long as A and
n remain P independent. The slope is most easily found from
Eq. (1):

SN = 3e(8pw/pp)le=n = —4T*NNPA%. ®)

Figure 3(b) demonstrates that the slope Sy, obtained from our
data at e = N =1, 2, and 3, indeed increases linearly with
power up to P = 1.5 (P/Pnax = 0.1) but tends to saturate or
even decrease at higher P. Deviations at higher P become
progressively stronger for larger N, confirming that ny, <
n [54] so that heating of electrons primarily affects 74 entering
A% = exp(—N/f1q).

We now summarize our analysis procedure. We first extract
‘P from the position of the satellite extrema observed at higher
powers and then find other P using known attenuation factors.
Next, by doing standard Dingle analysis on the low-power data
[Eq. (1)], we obtain the quantum lifetime 7. Using the inelastic
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FIG. 4. (a) Calculated F5 (marked as “sh™), Fo™ (“sm™), Fi,
(“in”), and their sum F, (“tot”) vs €, for t/7gh = 0.7, tjn/7 = 0.05,
x = 0.018, and P = 15. (b) The same for /7y = 0.3, tin/T = 2,
x = 0.042, and P = 15.

rate Ty, from theoretical estimates, the scattering rate of smooth
disorder is obtained as 1/tgy, = 1/7q — 1/7j,. We then fit the
low-power photoresistance with Egs. (1) and (7), leaving t/ty,
as the only fitting parameter. The photoresistance with fixed
Tsh and Ty is then calculated for all power levels, with the
only parameter allowed to vary with power being the electron
temperature. We use the slope of photoresistance at integer €
as a crosscheck, to confirm that the inelastic contribution is
small and that the primary effect of heating is the suppression
of 7,.

Figure 4(a) illustrates the behavior of the subleading
contributions Fo™ and F, which are largely irrelevant for
the conditions of our experiment but can strongly affect the
photoresponse in other parametric regimes. The contributions
]—'é?: ). }"‘S;n ) and F,, are plotted with the above parameters
found for P = Py, together with their sum Fio = Fais + Fin
entering Eq. (2). Here, both fé?;n ) and Fi, are small compared

to .7-"5?:1) The large sharp disorder component produces a
pronounced fine structure in the inelastic term similar to
]-'c(ﬁs: ), Apart from being small due to 7;,/7 < 1, Fi, exhibits
different positions of the secondary extrema and decays faster
than ]—"éf? ) for & > 1. Figure 4(b) illustrates the parametric
regime when the inelastic time is large, 7,/7 = 2, while
the transport rate is dominated by the smooth component
of disorder x1/tsm = 0.7 (to keep 740 > Tsm unchanged, we
use x = 0.042). Here, smooth disorder washes out the fine
structure in Jj, which dominates the photoresponse. Despite
still significant contribution of sharp disorder to the transport
rate 1/7, t/tg, = 0.3, in this parametric regime the resulting
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fine structure in .7-'3:?) is hardly visible on top of stronger, yet

featureless, contribution of fé?sm )+ Fin-

According to the above theory, a sufficiently strong short-
range disorder component is crucial for the observation of
the fine structure. Apart from that, we have seen that the
photoresponse is affected by detrimental heating effects which,
in principle, can exponentially suppress MIRO at microwave
intensities still insufficient to detect the fine structure. To
avoid excess heating, it is therefore desirable [36] to employ
lower radiation frequencies as P ~ f~* Using lower f,
however, inevitably pushes MIRO to lower B which calls
for samples with long quantum lifetimes. In addition, high
transport mobility is also desirable since it helps to reduce
both the heating effects and the inelastic contribution, which
otherwise could overwhelm the MIRO signal and mask the
fine structure. Finally, a nonuniformity of the microwave field
across the sample may also smear out the fine structure, leaving
exclusively the inhomogeneously broadened primary extrema
in the observed averaged signal.

In summary, we have observed and investigated high-
intensity MIRO exhibiting multiple satellite oscillations. This
fine structure is qualitatively distinct from conventional MIRO
and can be quantitatively explained by theory considering
multiphoton-assisted scattering by short-range impurities.
Unique properties of the fine structure enable us to estimate
all experimental parameters, including radiation intensity,
draw quantitative conclusions about partial contributions to
microwave photoresistance, and evaluate the role of electron
heating. Furthermore, fine structure offers an opportunity
to quantify short- and long-range disorder contributions
to the electron mobility. For our 2DEG we demonstrate
that the mobility is limited by short-range disorder, which
is responsible for about 70% of the transport scattering
rate.
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