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We theoretically study magnetoresistance oscillations in two-dimensional electron systems in the presence of
microwaves and a dc electric field. We obtain that the microwave-induced resistance oscillations and zero
resistance states are dramatically affected by a dc electric field of increasing intensity. The interplay of both
fields produces a plasma wave which oscillates at the frequency of microwaves but with a phase difference of
7 radians. This plasma wave interferes with the microwave-induced electronic motion changing gradually the
resistance oscillations profile: maxima evolve to minima and vice versa. We introduced in our model anhar-
monicity corrections to magnetoresistance oscillations in order to explain the peculiar biased profile that
experimental results present. The theoretical outcomes are in agreement with experimental evidence.

DOI: 10.1103/PhysRevB.80.193302

The response of transport properties of nanodevices to
radiation is one of the most active fields of research in the
condensed-matter community' both from basic and applica-
tion perspectives. From the basic standpoint, microwave
(MW)-induced resistance oscillations (MIROs) and zero re-
sistance states (ZRSs) in two-dimensional electron systems
(2DESs) subjected to a perpendicular magnetic field (B)
are important properties recently discovered.>* Intense
theoretical’>™'* efforts have been devoted to the study of such
striking effects in order to unveil their physical origin. How-
ever the mechanism responsible is still under debate. Another
remarkable effect has been observed when a 2DES under a
perpendicular B is subjected to a high intensity dc electric
field (E,;.) which produces an intense current (/;.) in the
transport direction.'>~!7 These experiments report oscillations
in the longitudinal magnetoresistance (R,,) that are periodic
in 1/B, as MIRO. Different theoretical alternatives have
been already proposed to explain these dc-induced
oscillations.'®!° Over the past few years another set of ex-
perimental evidences have been reported showing the com-
bined effect of MW and an intense 1,.2%?! According to
them the presence of an increasing /,. through the device
affects MIRO in a nontrivial way: photoresistance maxima
evolve into minima and vice versa. Also, MW-induced ZRS
are destroyed when the current intensity is high enough.
These experimental outcomes reflect an strong coupling and
interplay of MW and E,. effects. Some theoretical models
have been already presented to explain this striking results.
We can highlight the work by Khodas et al.,> with an ap-
proach based in the quantum kinetic theory and the contri-
bution of Lei et al.?

In this Brief Report we present an alternative theoretical
approach to address those results. We have developed a com-
mon extension of two previous theoretical models, MW-
driven electron orbits’ and E.-field-induced plasma wave
excitation,'® to finally obtain a microscopical model. Accord-
ing to the MW model, when a 2DES subjected to B is illu-
minated with MW, electron orbits are forced to move back
and forth oscillating harmonically at the frequency of MW
(w). Then, the electron orbit center position is displaced by
X, that is given by
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where e is the electron charge, w, is the cyclotron frequency,
E, is the MW electric field, and 7y is a sample-dependent
damping parameter which affects dramatically the driven
electronic orbits motion. Along with this movement there
occur interactions between electrons and lattice ions yielding
acoustic phonons and producing a damping effect in the elec-
tronic motion.” On the other hand, following the E,. model,'3
if a 2DES subjected to B is also subjected to a E,,. of increas-
ing intensity, electron orbits displace their center a distance X
proportional to E,.. This distance, in the same direction as
E,., is given by X=¢E ./ m*wf. The displacement of the elec-
tron orbit centers with respect of positive lattice ions disturbs
the whole 2D electron gas which departs from equilibrium
giving rise to two lines of opposite charge at every end of the
sample [see Fig. 1(a)]. Thus, an electric field E, is built up in
the sample which reads'® as

n.eX

r= 2rel’

3)

where L is the sample length and n, is the 2D electron den-
sity. E, is proportional to E, being related by E,
=(w,/w.)?Eg,. E, tends to restore the system to its equilib-
rium position producing in the system a collective excitation
or plasma wave. Eventually the 2D electron gas obeys the
equation of motion of a harmonic oscillator!®?* that leads to
oscillations at the two-dimensional plasma frequency w,:

2
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When the two fields are present, the MW-driven oscillating
orbit motion, together with the E,.-induced orbit center dis-
placement, produce an alternating change in position of the
opposite charged stripes at every end of the sample [see Figs.
1(b) and 1(c)]. Therefore, E, changes its direction during the
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FIG. 1. (Color online) Schematic diagrams showing the dynam-
ics of a two-dimensional electron system driven by a MW field and
a dc electric field. (a) dc excitation with no MW. [(b) and (c)] Joint
effect of a dc field and MW at two opposite positions of the MW-
driven 2D electron gas oscillation. The MW-driven oscillating orbit
motion, together with the E,.-induced orbit center displacement,
produce an alternating change in position of the charged stripes at
every end of the sample. As a result, the built-up electric field E,
changes its direction during the MW-driven oscillation becoming
oscillatory at the same frequency w. Yet, E}, and the MW electric
field, sharing equal frequency, do not oscillate in phase. This is
because E), is always opposite to MW-driven oscillating effect on
the electron orbits, resulting in a phase difference of 7 radians.
Thus, they oscillate in antiphase.

MW-driven oscillation becoming oscillatory at the same fre-
quency w. Importantly, although E, shares the same fre-
quency as the electric field of MW, they do not oscillate in
phase. This is because E, is always opposite to MW-driven
oscillating effect on the electron orbits, resulting in a phase
difference of 7 radians [see Figs. 1(b) and 1(c)]. Then, E,
plays the role of a harmonic excitation force on the 2DES
giving rise to a plasma wave which oscillates also at w and a
phase difference of 7 radians with respect to MW. We can
express this excitation force as

F,=eE, cos(wt+ ). (5)
Then, the plasma equation of motion for the whole electron
system can be written as'®2*
N+ Ny 4 Nt = NF 6)
m'—— + Nm*y— + Nm'wx = ,
dt Yar ”x b

where N is the number of quantum oscillators, i.e., electrons
and vy is a damping factor due to interaction with the lattices
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yielding acoustic phonons. Solving this differential equation
we obtain the electron orbit displacement due to the

E,-driven plasma wave:!82
x,(t) = A, cos(wt + ) 7)
ek,
= 2*cos(wt + 7).
m* V’(Wp _ W2)2 + 74

(8)

The final effect is that the excited plasma wave interferes
with the MW-driven 2DEG, having both oscillating motions
the same frequency w but a relative phase difference of 7
radians. Thus, they oscillate in antiphase and the interference
effect is subtracting. Then, if the amplitudes E, and E, are
similar, both types of oscillations compensate each other and
MIRO and ZRS disappear. On the other hand, if E| is smaller
than E,, E,-induced oscillations prevail and MIRO are in-
verted, i.e., maxima become minima and vice versa without
changing their relative positions.

To reflect these effects in the transport properties, we ap-
ply a semiclassical model? to calculate the dissipative cur-
rent, conductivity, and finally the resistivity. The drift veloc-
ity and scattering rate of the electron motion in the x
direction is calculated with a quantum mechanical treatment.
First, we introduce the scattering suffered by the electrons
due to charged impurities®!%?> considering that now the elec-
tron orbit center coordinates is written as XT=X0+xC,+xp,
where XV is the static orbit center position. Applying Fermi’s
golden rule, we calculate the electron-charged impurity scat-
tering rate W=1/7, where 7 is the scattering time. Second we
find the average effective distance advanced by the electron
in every scattering jump:

AXMYV = AX?+ A cos wr+ A, cos(wr+ ). 9)

If the average value AXMY is different from zero over all
scattering processes, the electron possesses an average drift
velocity v in the transport directions. This drift velocity can
be expressed in function of the scattering rate as v
=AX"W/ 7. This drift velocity can be introduced in the clas-
sical expression of the current and finally the longitudinal
conductivity o, can be calculated:

2e AXMW

O = P(E)—

E, (fi=fpdE (10)

being f; and f; the corresponding distribution functions for
the initial and final Landau states, respectively, p(E) is the
density of Landau states, and E is the energy. To obtain R,
we use the relation R, =0,./(07 + ofy) =0,/ o')zcy, where
o, =mel/B and o, <0o,,. Therefore, R,, is proportional to
the amplitudes A and A

R, A cos wr+A, cos(wr+ 7). (11)

In Fig. 2, we present calculated R, as a function of B under
MW and dc excitation. MW frequency is w=27X 69 GHz.
Direct current I, runs from 0 pA (black curve) to 100 uA
(light blue curve) in intervals of 5 wA. It can be observed
that as 1. (E,.) increases, MIRO are gradually reduced and
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FIG. 2. (Color online) Calculated R,, versus B of a 2DES under
MW and E,. excitation. The current I, runs from 0 pA (black
curve) to 100 uA (light blue curve) in 5 uA intervals. As 1. (E,.)
increases, the subtracting interference becomes more intense and
MIRO are gradually reduced and ZRS are destroyed. For high
enough 1., the whole profile of R, is inverted: maxima (minima)
evolve into minima (maxima). 7=1 K.

ZRS are destroyed. For high enough /,., the whole profile of
R, is inverted: maxima (minima) evolve into minima
(maxima). These calculated results are in reasonable agree-
ment with experiments.?!

With the present theoretical model we obtain the main
experimental features, however we do not recover the pecu-
liar distorted profile that MIRO present in the experimental
results.”! To recover this striking profile we have introduced
in our model anharmonic corrections for x.; and x,, following
Ref. 24. According to the experimental parameters used,’!
experiments were carried out at full MW power. This implies
that the amplitude of the MW-driven orbit oscillations be-
comes very large giving rise eventually to anharmonic be-
havior. In other words, under this regime, the whole 2DES
performs MW-induced anharmonic oscillations.® As a result,
the E,-induced plasma wave becomes anharmonic as well
mirroring the MW-induced electronic motion but with 7 ra-
dians of delay. Since we do not know the exact nature of the
anharmonic term in the corresponding potential, it is impos-
sible to solve analytically the classical equations of motion.?’
However we can take an alternative approach if we consider
that although not harmonic, the system can be consider still
periodic. As for any periodic function, we can try to express
X and x,, through a Fourier series and propose a solution like

©

x.(1) = % + 2 [A, cos(nwi) + B, sin(nwt)],  (12)

n=1

’ ©

A
(1) = 70 + 2 [A! cos(nwt + ) + B! sin(nwr + m)],

n=1

(13)

where Ay, A,, B, A(, A,, and B, are the corresponding Fou-
rier coefficients. Then, under a regime of anharmonicity the
average effective distance advanced by the electron in every
scattering jump is given by

PHYSICAL REVIEW B 80, 193302 (2009)

4] V=69 GHz i
E0=102V/cm
— 3 .
<}
%
X 2

ZRS
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
B(T)

FIG. 3. (Color online) Same as Fig. 2 with anharmonic terms
included in R,,. The anharmonicity is reflected in the distorted pro-
file of R, which is in reasonable agreement with experiment. The
inclusion of anharmonic corrections are reflected in the distorted
profile of MIRO recovering the experimental biased profile. T
=1 K.

AXMW o D [A,, cos(nwT) + B, sin(nw7)]
n=1

+ 2 [A! cos(nwt + ) + B!, sin(nwt + 7)].

n=1
(14)

In order to obtain the Fourier terms, we have carried out a
Fourier synthesis process. This process consists in construct-
ing the AXMY form by adding together a fundamental fre-
quency (which corresponds to the harmonic case) and over-
tones of different amplitudes keeping the number of Fourier
terms as small as possible. Since at this stage it is impossible
to obtain analytical expressions for the Fourier coefficients,
we have introduced phenomenologically the coefficients A,,
B,, A,, and B,. Thus for instance for A, and B, we have used
the following expressions:

=« ¢k, (15)
t Wl - ()P
and
eE,
B,=p, ; (16)

m*y (wf w2+

where «, and (3, are anharmonicity terms. Their values are
getting larger as the anharmonicity increases. Similar but not
identical expressions have been used for A; and B,. Finally
we can express R,, as being proportional to a sum of Fourier
terms which come from x.; and x,;

R, > [A, cos(nw7) + B,, sin(nw7)]
n=1
+ [A) cos(nwt + ) + B, sin(nwt + m)].  (17)
n=1
In Fig. 3, we present calculated R,, versus B under MW and
dc excitation including the anharmonic terms. MW and 1.
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parameters are the ones of Fig. 2. The inclusion of anhar-
monic corrections are reflected in the distorted profile of
MIRO recovering the peculiar experimental shape. These
figures illustrate how the R,, maxima evolve to minima and
vice versa as the current intensity is progressively increased.
It can be observed clearly the anharmonicity feature of dis-
torted profile in the R,, oscillations. For big enough MW
power other anharmonicity features would be observable
like, for instance, new resonance peaks at the subharmonics
of the cyclotron frequencies. All these features correspond
unambiguously to a slightly anharmonic behavior. However
when a nonlinear system is driven with very large amplitude,
new vibrational phenomena appear, such as vibrations in
which the motion only repeat itself after two or more driver
periods leading the systems finally into a chaotic regime.?
This latter case is not consider in this Brief Report.

In summary, we have presented a theoretical model on the
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joint effect of MW radiation and an intense dc electric field
on the transport properties of a 2DES. MIRO and ZRS re-
sults are importantly affected. ZRS are destroyed and MIRO
are quenched. Yet, for a high enough dc intensity MIRO are
inverted and maxima evolve to minima and vice versa. Ac-
cording to our model a high intensity dc electric field in the
direction of transport gives rise to a plasma wave which in-
terferes with the MW-induced electronic orbit motion. The
dc-excited plasma wave has a relative delay of 7 radians
with respect to the latter producing a subtracting interference
effect. Then, MIRO are initially quenched and eventually
peaks and valleys change their relative positions. We have
introduced anharmonic effects in our model in order to ex-
plain the biased profile that experimental MIRO present.
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