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We report on observation of a fine structure of microwave-induced resistance oscillations in an
ultra-clean 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 novel and convenient means to quantitatively
assess the correlation properties of the disorder potential in high-quality systems, allowing separation
of short-range and long-range disorder contributions to the electron mobility.

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

When a two-dimensional electron gas (2DEG) is ex-
posed to microwave radiation and weak perpendicular
magnetic field B, the magnetoresistance acquires promi-
nent 1/B-periodic oscillations™? which give rise to zero-
resistance states® '3 when the resistivity at the minima
approaches zero'4. These oscillations, termed microwave-
induced resistance oscillations (MIRO), are usually!® 20
attributed to the effect of Landau quantization on the
radiation-assisted scattering off impurities. This af-
fects the transport properties both directly (displacement
mechanism?! 26) and indirectly through the emergence of
a nonequilibrium electron distribution function oscillat-
ing with energy (inelastic mechanism®27-2%). The result-
ing photoresistivity dp,, oscillates with the ratio € = w/w,
of the microwave frequency w = 27 f to the cyclotron fre-

quency we = eB/m (m is the electron effective mass)?,
0w 2 .
— = —\“nP 2mesin(2mwe) , (1)
PD

where pp is the Drude resistivity, n (specified below)
is a dimensionless coeflicient describing the combined
strength of the displacement and inelastic contributions,
P is the dimensionless microwave power, and A =
exp(—e/2f1q) is the Dingle factor. In the expression
for A (A < 1), describing the amplitude of weak oscil-
lations in the density of states due to Landau quantiza-
tion, 7, 1= q_ol +Ti;1(T) is the “total” quantum scatter-
ing rate including contributions from both the tempera-
ture (T") independent disorder and T-dependent electron-
electron scattering (T(;(Jl and 7., respectively) to the
Landau level broadening?®2°.

Equation (1), applicable in the regime of low power,
P <« 1, and overlapping Landau levels, A < 1, well
describes MIRO measured in many experiments'®. It
has been demonstrated that under stronger microwave
radiation, P 2 1, the oscillation amplitude undergoes
a crossover to sublinear power dependence®. Concomi-

tantly, the oscillation extrema move closer to the nodes at
integer €3, Such behavior is expected from theory?%:28:30
which attributes the nonlinear-in-P corrections to mul-
tiphoton processes and/or to modification of thermaliza-
tion rate.

In this Rapid Communication we report on a fine struc-
ture of MTRO which emerges under intense low-frequency
microwave irradiation in an ultra-clean 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 inher-
ently present even in ultra-high mobility 2DEG. The
properties of fine structure enable us to determine the
microwave power seen by our 2DEG and to single out dif-
ferent photoresistance contributions, what has not been
possible before?!. 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 techniques32 3%,

The data presented below were obtained from a ~
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 ~ 3.0x 10" ecm~2 and a mobility p ~ 3.1x 107 cm?/Vs
(transport relaxation time 7 & 1.2 ns). The microwave
radiation from the signal generator was delivered to the
sample via a rectangular waveguide at various powers
spanning two orders of magnitude. The longitudinal re-
sistance was measured using low-frequency lock-in am-
plification under continuous microwave irradiation at a
pumped liquid helium bath temperature of 7'~ 1.35 K.

In Fig.1 we present the longitudinal magnetoresis-
tance normalized to its zero-field value, R, (B)/R.(0),
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Figure 1. (Color online) Longitudinal magnetoresistance nor-
malized to its zero-field value, R, (B)/R.(0), measured at
f = 18 GHz for two different power levels corresponding to
an attenuation Py = 0 dB and —20 dB. Vertical lines mark
e = 1, 2, 3. Secondary extrema are marked by triangles.

recorded under microwave radiation of frequency f =
18 GHz for two different power levels corresponding to
0 dB 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 (Pyp = —20 dB), we observe smooth MIRO
exhibiting the conventional damped sine-like waveform,
as prescribed by Eq.(1). In contrast, the data at the
maximum power Ppax (Pag = 0 dB) reveal a very rich
and unusual waveform highlighted by multiple additional
sharp features around each node at e = N = 1,2,3. The
“secondary extrema”, whose positions are marked by tri-
angles, lie roughly symmetrically around each node and
have an amplitude comparable to the primary extrema
closest to the nodes. Though less pronounced, similar

fine structure was observed at other frequencies®®.

In Fig.2 we plot the measured photoresistance (solid
lines) normalized to the zero-field resistance without ra-
diation, 0 R, /Ry, as a function of € 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 (a) and (b) respectively.
A gradual transition between the two distinct waveforms
shown in Fig. 1 is apparent. With decreasing power, sec-
ondary extrema move away from integer €. Their am-
plitude decreases until they disappear at Py ~ —8 dB
(-8 dB corresponds to P ~ P, specified below). This
behavior clearly distinguishes the observed fine structure
from the fractional MIRO3" 4! — distinct features in the
photoresponse around certain rational e = 1/2, 1/3, 3/2,

Figure 2. (Color online) Measured (solid lines) and calculated
(dotted lines) photoresistance normalized by the zero-field re-
sistance without radiation, 6 R,/ Ro, as a function of € at dif-
ferent power attenuations: from 0 dB to —8 dB (a) and from
—12 dB to —20 dB (b), in —2 dB steps. The parameters of
disorder used in calculation are: 7 = 1.2 ns, 7g;, = 1.7 ns, and
Tsm = 7D Ps.

etc. characteristic for the regime of well separated Lan-
dau levels*®?3 and the crossover regime w.rq ~ 119 At
still lower power [panel (b)] the positions of the primary
extrema still move away from the nodes and finally sat-
urate at e = 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.24:26:28,3044.45 " For arbitrary microwave power P
and for A < 1, the general expression for the photore-
sponse reads?>’

dpu
p - >\2(]:dis + ‘/—"in)a (2)
PD

with the displacement and inelastic terms given by

_2er9(€)0(6)
Tl +7(0) — (&)’

where ¢ = 2v/Psinme. Aiming at a realistic descrip-
tion of elastic scattering in high-mobility 2DEGs with a
minimal number of parameters, we use a two-component
disorder model**, with its sharp (smooth) component be-
ing weakly (strongly) correlated at the scale of the Fermi
wave length. Within this model,

RO, 11
Tsh Tsm (1 + X€2)1/2 ’

R T T X 1-x€/2
- Teh [JO (5) Jl (5)] + Tem (1 +X§2)5/27

Fais = 70[e7(§)] = 1, Fi

(3)

v(€) (4a)

7(€) (4b)
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Figure 3. (Color online) (a) Extracted quantum scattering
rate 1/7q vs normalized power P/Pgax. (b) Slope Sn, ob-
tained from the data, as a function of P/Pmnax, on a log-log
scale, for N =1 (circles), 2 (squares) and 3 (triangles).

-1 (-1
and 7. (T,

where 7' b > 7,') 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 po-
tential of remote ionized donors. It dominates in the
quantum rate: T&)l =7(0) = 7l + 7' ~ 75k In turn,
the short-range component accounts for residual impu-
rities in close proximity to the 2DEG*6 which can con-
tribute significantly to the momentum relaxation rate,
771 =5(0) = x7ot + 7' This model was successfully
employed to describe related nonequilibrium effects in the
presence of strong dc excitation?6444752 With 4 given
by Eq. (4b), the displacement term Fgis = Féf:) + ]-'é?:l)
entering Eq. (2) naturally divides into the “sharp” (o
1) and “smooth” (x 7.,!) parts, while for Fi, such
separation is not possible.

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

i) = —omecot(no)eh () () ~ 30(€)]. (5)

The expression involving Bessel functions oscillates with
€53, Neglecting other contributions, for P > sin™?(me)
(£ > 1) one thus obtains

9P ~ a4 cot(me) cos(4VP sin 7). (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 ex-
trema positions to microwave power thus offers a unique

opportunity to quantitatively access P sensed by our
2DEG. Indeed, the positions of principal secondary ex-
trema are given by & = 2v/Psinme ~ £2.9. Such scaling
is observed in our data shown in Fig.2 and the analysis
using Eq. (5) for Pygg > —8 dB yields P ~ 15P/Ppax-
We also notice that the secondary extrema are expected
to emerge at P > P, = 1.45%2 ~ 2.1 (as follows from
|€] > 2.9 and |sinme| < 1). In accord with this es-
timate, the fine structure in Fig.2 becomes visible at
Pyg = —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

27 3T 62T
71 = Tin + Tlsh + MNlsm = = + + X . (7)
T 2Tsh Tsm

The inelastic lifetime can be estimated as 7i,(T) =~
(hEr/T?)In"*(apvr/29Q), where Er and vg denote the
Fermi energy and velocity, Q = max{T/h, ws/>r/2}, and
ap ~ 10 nm is the effective Bohr radius?®. At the coolant
temperature Ty = 1.35 K, we obtain 75, ~ 120 ns (at
€ ~ 2). On the other hand, the Dingle analysis of the
lowest power photoresistance (Pyp = —20 dB) yields the
quantum lifetime 7, ~ 46 ps comparable to the estimate
for 7;,. Since Ty L= Tq_ol + Tigl, the contribution of
electron-electron scattering to the Landau level broad-
ening should be taken into account, wherefrom we ob-
tain Tym ~ Tqo ~ 75 ps. We then model the lowest-P
photoresistance trace using Eqs. (1) and (7), with 7/7g,
being the only adjustable parameter (note that x can be
found from 7/7gn, + x7/Tem = 1 for a given 7/74, 7, and
Tem = Tq0). A dotted line, computed using 7/7s, = 0.7, is
virtually indistinguishable from the experimental trace4.
From this analysis we conclude that MIRO at low P are
dominated by the displacement term associated with the
sharp disorder component, ns, ~ 1.05, n, ~ 0.2, and
Nsm = 0.03.

With a knowledge of 7/74,, we can now compute the
photoresistance using Egs. (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 structures observed at higher intensi-
ties. This supports the previous analysis and confirms
that the detected fine structure of MIRO originates from
the multiphoton-assisted scattering by short-range impu-
rities as described by Egs. (5) and (6).

Apart from the known microwave power, the only pa-
rameter which was allowed to vary while generating the-
oretical curves in Fig. 2 was the electron temperature, to
account for electron heating by high-power microwaves.
Since Tip ~ Tq K T ~ Tqn, we expect that heating affects
primarily the quantum scattering rate entering the Din-
gle factor. The prefactor n, on the other hand, is affected
only slightly, as it is dominated by 7,. Our analysis re-
veals that 74 initially stays constant at 7,(Tp) ~ 46 ps but
eventually decreases to 7q(Tmax) =~ 32 ps at P = Ppax,
see Fig. 3(a). Using 7i,(Tp) = 0.12 ns and 7y, oc T2, we
obtain Tiax ~ 1.7 K and 7ip(Trax) =~ 0.5 730 (T0).



Figure 4. (Color online) (a) Calculated féf:) (marked as
“sh”), .7—'5?:’) (“sm”), Fin (“in”), and their sum Fior (“tot”) vs
€, for 7/7gp = 0.7, 7in /7 = 0.05, x = 0.018, and P = 15. (b)
The same for 7/75, = 0.3, 7 /7 = 2, x = 0.042 and P = 15.

We confirm the effect of heating by analyzing the slope
0e(0pw/pp) of the MIRO signal at integer ¢ = N =
1,2,.... According to Egs. (2)-(4), the photoresponse
near integer e should remain linear in P at arbitrary
power, as long as A and 7 remain P-independent. The
slope is most easily found from Eq. (1),

SN = 0c(6pw/pp)le=n =~ —4T° NyPA?. (8)

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/Puax =~ 0.1) but
tends to saturate or even decrease at higher P. Devia-
tions at higher P become progressively stronger for larger
N confirming that 7y, < 7°* so that heating of electrons
primarily affects 7, entering A\? o< exp(—N/ f7q).

We now summarize our analysis procedure. We first
extract P from the position of the satellite extrema ob-
served at higher powers and then find other P using
known attenuation factors. Next, by doing standard Din-
gle analysis on the low power data [Eq.(1)], we obtain the
quantum lifetime 7,. Using the inelastic rate 7, from
theoretical estimates, the scattering rate of smooth dis-
order is obtained as 1/7gm = 1/7q—1/7in. We then fit the
low power photoresistance with Eq.(1) and (5), leaving
7/7Tsh as the only fitting parameter. The photoresistance
with fixed 74, and 7y, is then calculated for all power lev-
els, with the only parameter allowed to vary with power
being the electron temperature. We use the slope of pho-
toresistance 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 féfin ) and Fi, which are largely irrelevant
for the conditions of our experiment but can strongly af-
fect the photoresponse in other parametric regimes. The
contributions }'éf ), ]:éin ). and Fi, are plotted with the
above parameters found for P = Pyax, together with
their sum Fior = Fais + Fin entering Eq. (2). Here, both
}'é?:“) and Fi, are small compared to ]:éi] ). The large
sharp disorder component produces a pronounced fine

structure in the inelastic term similar to ]—'(g?:’ ) Apart

from being small due to 7, /7 < 1, Fi, exhibits differ-
ent positions of the secondary extrema and decays faster

than ]:(S: ) for & > 1. Figure 4(b) illustrates the para-
metric regime when the inelastic time is large, 71, /7 = 2,
while the transport rate is dominated by the smooth com-
ponent of disorder, x7/7em = 0.7 (to keep 7q0 =~ Tem
unchanged, we use x = 0.042). Here, smooth disorder
washes out the fine structure in F;, which dominates the
photoresponse. Despite still significant contribution of
sharp disorder to the transport rate 1/7, 7/7n = 0.3,
in this parametric regime the resulting fine structure in
]—'(g?: ) is hardly visible on top of stronger, yet featureless
contribution of féf;n) + Fin-

According to the above theory, a sufficiently strong
short-range disorder component is crucial for the obser-
vation of the fine structure. Apart from that, we have
seen that the photoresponse is affected by detrimental
heating effects which, in principle, can exponentially sup-
press MIRO at microwave intensities still insufficient to
detect the fine structure. To avoid excess heating, it is
therefore desirable®® to employ lower radiation frequen-
cies 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 mo-
bility is also desirable since it helps to reduce both the
heating effects and the inelastic contribution, which oth-
erwise 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 struc-
ture 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 conven-
tional MIRO and can be quantitatively explained by the-
ory considering multiphoton-assisted scattering by short-
range impurities. Unique properties of the fine struc-
ture enable us to estimate all experimental parameters,
including radiation intensity, draw quantitative conclu-
sions about partial contributions to microwave photore-
sistance, and evaluate the role of electron heating. Fur-
thermore, fine structure offers an opportunity to quantify
short- and long-range disorder contributions to the elec-
tron mobility. For our 2DEG we demonstrate that the
mobility is limited by short-range disorder, which is re-
sponsible for about 70% of the transport scattering rate.
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