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‘We report on magnetotransport measurements in a 2D electron gas subject to sub-terahertz radia-
tion in the regime where Shubnikov-de Haas oscillations (SdHO) and microwave-induced resistance
oscillations (MIRO) coexist over a wide magnetic field range, spanning several harmonics of the
cyclotron resonance. Surprisingly, we find that the SAHO amplitude is modified by the radiation in
a non-trivial way owing to the oscillatory correction which has the same period and phase as MIRO.
This remarkable finding challenges our current understanding of microwave photoresistance in 2D

electron gas, calling for future investigations.

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

When a 2D electron gas (2DEG) is subject to a per-
pendicular magnetic field B and low temperature 7', the
longitudinal resistivity p exhibits Shubnikov-de Haas os-
cillations (SdHO), owing to a quantum correction

5PSdH = —SCOSTFI/, S = 4p0)\DT. (1)

Here, v is the filling factor, pg is the resistivity at B = 0,
A = exp(—7/wcTq) is the Dingle factor, 74 is the quantum
lifetime, Dy = Xr/sinh X, Xr = 27%kpT/hwe, we =
eB/m* is the cyclotron frequency, and m* is the effective
mass. When a 2DEG is subject to radiation of frequency
w = 2nf, p also reveals microwave-induced resistance
oscillations (MIRO) [1-11] which, according to Refs. [12,
13], are given by

SpMIRO = —2mepoPnA? sin 27e , (2)

where € = w/w., P is the dimensionless radiation in-
tensity [13-17]), n = 7/27 + 27n/7, T is the trans-
port lifetime, 7y, is the inelastic lifetime, and 7,1 =
375 ' =47 47, [18]. When the photoresistance dpyiro
approaches the dark resistivity p by absolute value, the
MIRO minima evolve into zero-resistance states [19-27],
which are understood in terms of current domains [28-
31].

The majority of MIRO studies have been performed
at relatively high 7' and low f, at which SAHO are
strongly suppressed. Extending experiments to higher
f 23, 32-39] and lower T yields a regime where SAHO
and MIRO coexist, allowing to explore possible mixing
between these two types of quantum oscillations and to
investigate the effect of radiation on SAHO in general.

It has been known for some time that microwaves sup-
press SAHO in the vicinity of the cyclotron resonance,

e~ 1 [32, 33, 35]. As SAHO are sensitive to the thermal
smearing of the Fermi surface, this suppression can be di-
rectly linked to absorption, which is indeed the strongest
near the cyclotron resonance [40-42]. Away from the cy-
clotron resonance, our understanding of how microwaves
affect SAHO is definitely lacking. Some experiments have
shown that the effect of microwaves on the SAHO is the
weakest near half-integer e, which was attributed to the
suppression of both inter- and intra-Landau level absorp-
tion [34, 35]. Another experiment [37] found that as the
MIRO minima approach zero, the SAHO amplitude van-
ishes in proportion with the background resistance. Ref-
erence 37 then argued that in an irradiated 2DEG, pp in
Eq. (1) should be replaced by pmiro = po + dpMIRO-

There exist several mechanisms that could lead to
modification of the SAHO by radiation. First, the ab-
sorption coefficient A is expected to acquire an oscilla-
tory quantum correction [6, 40, 43—46] which, according
to Ref. 40 and 46, is given by

5 Aq =~ 2ApA? cos 2re, (3)

where Ap is a classical absorption described by a Drude
formula [16, 46, 47]. Since oscillations in A translate
to oscillations in T [41, 42], Eq.(3) suggests that the
microwave-induced suppression of SAHO is maximized
near the cyclotron resonance and, to a much lesser ex-
tent, near its harmonics,

e=n=123,... (4)

In addition, theory also predicts a radiation-induced
oscillatory correction, of the order O(A) [48], to the dc
resistivity. While the inelastic mechanism produces no



such contribution [49], the displacement mechanism dic-
tates that S in Eq. (1) acquires an oscillatory correction
and should be replaced by [49, 50]

Su=S|1—PZsin?(re)| , (5)

Tx
suggesting that the SAHO amplitude is minimized at
e=n+1/2=3/2,5/2,7/2,..., (6)

a condition orthogonal to Eq. (4). Finally, the same con-
dition, Eq.(6), can be expected from classical oscilla-
tions in magnetoabsorption [51], 0.A./Ap ~ — cos2re,
which can be stronger than quantum oscillations, given
by Eq. (3), in a typical 2DEG.

In this Rapid Communication we experimentally inves-
tigate the photoresistance in high-quality 2DEGs. Using
high f, low P, and low T allows us to overlap MIRO and
SAHO over a wide range of € and to investigate the SAHO
waveform near multiple harmonics of the cyclotron res-
onance. Our data reveal pronounced modulation of the
SAdHO amplitude which persists to € ~ 6. Surprisingly,
even though the modulation is periodic in ¢, it cannot be
described by either Egs. (3),(4) or Egs. (5),(6). Instead,
the radiation-modified SAHO amplitude closely replicates
the MIRO waveform, see Eq. (2), suggesting a non-trivial
mixing of MIRO and SAHO. While it is well established
that quantum oscillations of the order O(\?) interfere
with each other [14, 15, 52-58], the observed correlation
between MIRO~ O(A\?) and SAHO~ O()) is totally un-
expected [59].

While we have obtained similar findings from a va-
riety of samples grown at Princeton and Purdue, in
what follows we present the results from two Purdue-
grown Hall bars, I and II, of width ws = 300 pm and
wp = 200 pm, respectively. Sample I is fabricated from a
30 nm-wide A10,0015Gao_9985AS/A10,24Ga0,76As quantum
well, with density n. ~ 3.1 x 101 cm~2 and mobility
p =~ 3.6 x 105 cm?/Vs. Sample II contains a 30 nm-wide
GaAs/Alg 24Gag 76As quantum well, with n, ~ 2.6 x 1011
em~2 and p =~ 2.1x107 cm?/Vs. The resistivity was mea-
sured using a standard low-frequency lock-in technique,
in sweeping B, with f from 0.2 to 0.4 THz, generated by
backward wave oscillators.

To facilitate the discussion of our results, we first de-
fine the relevant quantities and introduce convenient no-
tations. In the absence of microwave radiation, the resis-
tivity can be represented as

P = Psm + 0psan (7)
where pg, is the smooth part of the resistivity [60] and

dpsan is given by Eq. (1). When the radiation is present,
we write the resistivity as

Pw = PMIRO + 0PSdHw (8)
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FIG. 1. (Color online) (a) [(b)] Magnetoresistivity p.(B)

(dark curves) measured in sample I [B] irradiated by mi-
crowaves of f = 378 GHz [f = 290 GHz] at T = 0.3 K.
Vertical lines are drawn at the cyclotron resonance harmon-
ics, € = w/we = 2,3,4,.... Both panels also show pmiro(B)
(light curves) obtained by averaging out SAHO, see Eq. (8).

where we have introduced pyIRO = Psmw + IPMIRO CON-
taining slowly varying background pgm., [61] and MIRO
photoresistance, see Eq. (2). The main goal of our study
is to examine if and how dpgqu. is different from dpgqn.

In Fig.1(a) [(b)] we present the magnetoresistivity
pw(B) measured in sample I [B] irradiated by microwaves
of f = 378 [290] GHz at T = 0.3 K. The vertical
lines are drawn at the cyclotron resonance harmonics,
€ = w/we = 2,3,4,.... In both samples, the data reveal
pronounced MIRO, persisting down to B =~ 0.05 T, and
SAHO, terminating around B = 0.15 T. Owing to high f
and low T, there exists a wide range of B where SAHO
and MIRO coexist. Most importantly, this range extends
over several harmonics of the cyclotron resonance, span-
ning up to € ~ 6 and € ~ 5 for sample I and B, respec-
tively. We immediately notice that, under irradiation,
the SAHO amplitude S, is not a monotonic function of
B, in contrast to the “dark” amplitude S described by
Eq. (1). We thus conclude that the effect of radiation on
SAHO is not limited to non-resonant heating.

To get more insight into the radiation-induced changes
of SAHO, one needs to separate pyro and dpsqnew, en-
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FIG. 2. (Color online) (a) [(b)] dpsau, dpsduw, and pmiro,

obtained from the data in Fig. 1(a) [Fig. 1(b)], versus €. Panel
(a) also shows dpsdnw, multiplied by 4 and offset by 20 Q.

tering Eq. (8). Since pymiro oscillate much slower than
SAHO [cf. Eq.(7)], it can be easily obtained by averag-
ing out faster SAHO. Obtained in this way, pymiro(B) is
shown in both panels of Fig.1 by light curves running
midway between the SAHO maxima and minima.

Having found pyiro, we now use Eq.(8) to obtain
dpsdHw Dby subtracting pyiro from py,, both shown in
Fig. 1. The results for sample I and II are presented as a
function of e in Fig. 2(a) and (b), respectively. For com-
parison, we also include pyro and dpsqu, as marked.
The latter was found using Eq. (7) by subtracting the
smooth part of the resistivity psm from p(B) measured
without irradiation. Direct examination of the SAHO
reveals that S, < S in the entire range of €, which is ex-
pected because the radiation elevates the temperature.
In addition, one can now clearly see that, in contrast to
dpsqan, which monotonically decays with € in accordance
with Eq. (1), dpsan. exhibits clear signs of modulation
with the period close to unity. Furthermore, a compari-
son of dpsqnw and pyiro hints on strong correlation be-
tween the two quantities.

We next extract the amplitude of §psqnw, shown in
Fig. 2, and examine it in more detail. In Fig. 3 we present
the extracted amplitude S, (open circles) and pmiro
(solid circles) as a function of € on a log-linear scale.
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FIG. 3. (Color online) (a) [(b)] pmiro (solid circles) and S.,
(open circles), extracted from the data in Fig. 1(a) [Fig. 1(b)],
as a function of e.

Once plotted together, the correlation between S, and
PMIRO becomes very clear — both quantities oscillate in
phase with each other. In other words, radiation induces
minima in SAHO amplitude at

er~n+1/4=05/4,9/4,13/4, ..., (9)

in contrast to both the scenario considering oscillations in
magnetoabsorption [Eq. (3)] and the one predicting direct
modification of the SAHO [Eq. (5)].

In the remaining part of this Rapid Communication
we search for an empirical relation describing the SAHO
amplitude in the presence of radiation. To this end, we
extract and compare the oscillatory parts in S, and in
pPMIRO- More specifically, we introduce the dimensionless
quantity 6S,,/S = S./S—1, where S is the smooth, non-
oscillating part of the SAHO amplitude shown in Fig. 3 by
straight lines, and present the results in Fig. 4. We note
that S is somewhat lower than Sy as a result of a some-
what higher electron temperature under irradiation. For
comparison, we also plot the oscillatory part of MIRO,
5pMIRO/(27T6)‘2PO)'

We immediately see that both quantities oscillate
around zero without noticeable decay, confirming that
exponential factors have been properly eliminated. As
already anticipated, a very good agreement in both the
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FIG. 4. (Color online) (a) [(b)] §S./S (open circles) and

6pMmo/(27Te)\2po) (solid circles), extracted from the data in
Fig. 1(a) [Fig. 1(b)], as a function of e.

period and the phase is found for the whole range of €
studied. This finding indicates that observed oscillations
in SAHO amplitude are closely related to MIRO and thus
are unlikely to originate from resonant heating caused by
oscillations in magnetoabsorption [Eq. (3)]. We thus con-
clude that under presence of radiation the SAHO ampli-
tude is given by

Sw &~ S(1 — asin27e) , (10)

where « is a dimensionless e-independent constant, show-
ing that 4.5, is a correction of order O(\), just like SAHO
themselves.

The most remarkable finding, however, is an excel-
lent quantitative correlation between 6S, and dpmirO,
namely

5& _ 0pmIRO

5~ 2ol ~ —qsin 27e, (11)

where all parameters have been obtained experimentally.
The observed correlation is completely unexpected and
is found almost everywhere, except at ¢ < 2 in sample
II. The latter can be linked to increased absorption close
to the cyclotron resonance, where SAHO are suppressed
due to resonant heating [32, 33, 35, 62]. The absence of

such deviation in sample I can be attributed to consider-
ably higher f which reduces the influence of the cyclotron
absorption peak. Interestingly, combining Eq. (11) with
Eq. (2) one finds that o ~ Pr.

Finally, we examine the proposal of Ref.37 that the
SAHO under irradiation can be described by Eq. (1) with
po replaced by pg + dpmiro [63]. Taking this approach,
one obtains 6S,/S = dpmiro/po, a result similar to
Eq. (11), but with an extra factor 2me\?, which has sig-
nificant dependence on €. Indeed, as € increases from 2 to
6, 2meA? decreases by nearly a factor of 5 for sample I. In
contrast, our data shown in Fig.4(a) show virtually no
decay at € = 2. In addition, if this factor were actually
present, the correction to SAHO would have been up to
> 3 (> 5) times larger than observed in sample I (sam-
ple II). We thus conclude that the proposal of Ref. 37 is
irrelevant to our findings.

In summary, we have studied the photoresistance in
high-quality 2DEG subject to low temperatures and
high microwave frequencies, which allowed us to over-
lap MIRO and SAdHO over multiple harmonics of the cy-
clotron resonance. Our data revealed pronounced mod-
ulation of the SAHO which is periodic in €, with the
period equal to unity, and the phase matching that of
MIRO. This result does not fit existing theories consid-
ering either magnetoabsorption or photoresistance. Most
remarkably, we have found that once the exponential fac-
tors are eliminated, the oscillatory part of the SAdHO
amplitude matches that of MIRO quantitatively, with-
out any adjustible parameters. This finding allowed us
to deduce an empirical relation for the SAHO amplitude
in irradiated 2DEG, given by Egs. (10),(11). Taken to-
gether, our study reveals that current understanding of
SAHO in irradiated 2DEG is lacking, calling for further
investigations.
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