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Millimeter wave

radiation-induced magneto-resistance oscillations are examined in the

GaAs/AlGaAs 2D electron system under bichromatic excitation in order to study the evolution
of the oscillatory diagonal magnetoresistance, R, as the millimeter wave intensity is changed sys-
tematically for various frequency combinations. The results indicate that at low magnetic fields, the
lower frequency millimeter wave excitation sets the observed R, response, as the higher frequency
millimeter wave component determines the R, response at higher magnetic fields. The observations
are qualitatively explained in terms of the order of the involved transitions. The results are also
modeled using the radiation-driven electron orbit theory.

I. INTRODUCTION

Transport at large filling factors have been a
topic of interest,! %> especially the microwave,- mil-
limeter wave- and terahertz,- radiation-induced
zero-resistance states,1'? and the associated 1/4-cycle
phase shifted radiation-induced magnetoresistance
oscillations,34:8:912,1517,19.21,25 - which refers to the
B~l-periodic oscillatory variation in the magneto-
resistance observed under photoexcitation in the 2D
electron system under the influence of a transverse
magnetic field, B. Such oscillations exhibit a non-linear
variation in the oscillatory amplitude with radiation
power, %2536 gensitivity in the oscillatory amplitude to
the orientation of the linearly polarized radiation with
respect to the device,'?252835 etc. Many theoretical
explanations have been proposed to help understand
associated phenomena,36-43:45-51,53-64 including, for
example, mechanisms based on (a) the scattering of
electrons by phonons and impurities between Landau
levels, 7494243 (h) the periodic motion of electron orbit
centers under photoexcitation,®®48 (c) the inelastic
model,*® and (d) the re-collision of cyclotron electrons
from scattering centers.%?
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Previous work®®47 has suggested a relationship be-
tween the monochromatic and the bichromatic photo in-
duced oscillatory response which can best be described
as an average superposition of two monochromatic photo
responses.®4” In order to obtain a better understand-
ing of this radiation-induced transport under bichromatic
excitation, millimeter wave radiation-induced magneto-
resistance oscillations are examined here under bichro-
matic excitation with frequencies f; AND f5 showing ra-
tios f1/f2 ranging from 1.84 < f1/f2 < 3.4, such that
the frequency ratios span both the situations where the
two frequencies, and hence the associated oscillations, are

close together and also when they are further apart on
the B-scale. In addition, the radiation power is changed
systematically to study the continuous evolution of the
lineshape in going from the monochromatic to the bichro-
matic photoexcitation situation. From the results, we
identify a novel trend observed in the crossover from
the monochromatic- to the bichromatic- response in R,
which is attributed here to the order of the involved tran-
sitions and simulated with the radiation-driven electron
orbit theory.

II. EXPERIMENT AND RESULTS

Measurements were carried out on GaAs/AlGaAs 2D
heterostructure samples with an electron density of 3.3 x
101 em =2 and mobility p = 15 x 10%em?/Vs at T =
1.7K. Two sources served to produce millimeter waves
at two different frequencies, and bichromatic photoexci-
tation of the specimen was realized by combining the out-
put of these two sources with a waveguide coupler. A long
cylindrical wave guide served to transport the bichro-
matic millimeter wave radiation to the sample. Here,
millimeter waves at both frequencies were co-linearly po-
larized.

In such experiments, the sample was first illuminated
with monochromatic millimeter waves at frequency fi,
with the other millimeter wave source at fo switched off,
to obtain the R;, vs. B response at f;. Then, the source
at f; was switched off, and the source at f> was switched
on, to obtain the R,, vs. B response at fo. Finally,
the sources at both fi AND f; were switched on for the
bichromatic photo-excitation experiment. The absolute
source-power at each f could be set as desired using ei-
ther variable attenuators or by setting the power at the
source. Traces of R, vs. B obtained, for example, at fre-



quency combinations of f; = 90.6GHz and f; = 41.0GHz
and f; = 90.6GHz and fy; = 48.7GHz are shown in Fig.
1(a) and Fig. 1(b), respectively. Here, the source power
at f;1 = 90.6 GHz was 4 mW. The source powers at f,
are indicated in the figures. The characteristic fields,
B¢ and By, for frequencies fi; and f, respectively, have
been marked in the figures. Here, By = 2w fm*/e. These
frequency ratios highlight the situations where the two
frequencies, the characteristic fields, and hence the asso-
ciated oscillations, are close together on the B-scale.

The reason for setting the lower frequency at 41.0 GH z
and 48.7 GHz, when the higher frequency is fixed at
90.6GHz, can be understood by examining Fig. 1. When
the specimen is photoexcited by monochromatic millime-
ter wave radiation at 41.0 GHz and 90.6 GHz, there
is coincidence between two peaks in R,, at 90.6 GHz
with a valley and a peak in the monochromatic R,, re-
sponse at 41.0 GH z at magnetic fields B ~ 0.075 T and
B =~ 0.055 T (labeled as (1) and (0) in Fig. 1(a), re-
spectively). When the 2DES is photo-excited separately
by millimeter waves at 48.7 GHz and 90.6 GHz, two
magnetoresistance valleys in R, observed at 90.6 GHz
coincide with a peak and valley observed at 48.7 GHz,
at magnetic fields B ~ 0.062 T and B =~ 0.09 T, la-
beled as (0) and (1), respectively, see Fig. 1(b), in the
monochromatic R, millimeter wave response at those f.
Thus, the millimeter wave frequencies in the bichromatic
experiment have been chosen to achieve coincidence be-
tween selected extrema of the two components in order
to examine the influence of one extrema upon the other
when, say, the millimeter wave intensity of the low fre-
quency component fy is varied.

A close examination of the bichromatic response at
such frequency ratios have suggested that at ”low-B,”,
i.e., B < By, the low frequency component can over-
whelm the high frequency component, as the source
millimeter wave power at the low frequency is pro-
gressively increased. Note that the maximum source
power for the two frequency components is the same
here. For example, by comparing the R,, response in
Fig. 1(a) for monochromatic excitation at 90.6 GHz
and 41.0 GHz, with the bichromatic response trace at
90.6 GHz;41.0 GHz,4mW , it can be observed that the
the bichromatic millimeter wave induced magnetoresis-
tance oscillations at magnetic fields < 0.125 T follows
the monochromatic low frequency response of 41 GHz.
On the other hand, at "higher-B,” i.e., Bys < B < By,
around the region labeled by (2) in Fig. 1, the high fre-
quency component continues to set the bichromatic re-
sponse, even as the source millimeter wave power at the
low frequency is progressively increased. For example,
at 0.125 < B < 0.2 T, the bichromatic oscillatory re-
sponse of R,, remains close to the monochromatic high
frequency response in both Fig. 1(a) and Fig. 1(b). At
even higher B, i.e., B > By in the regime of SdH oscil-
lations, around the region labeled by (3) in Fig. 1, the
bichromatic response tends to follow the lower monochro-
matic R, response in both Fig. 1(a) and Fig. 1(b).
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FIG. 1. The diagonal resistance, R,., exhibits millimeter
wave induced magneto-resistance oscillations under bichro-
matic excitation for frequency pairs: (a) 90.6 GHz and
41.0 GHz and (b) 90.6 GHz and 48.7 GHz, for millimeter
wave power P =4, 2, 1, 0.5 and 0.25 mW at the lower fre-
quency, f2, and constant source power of 4 mW at the higher
frequency, fi. In these figures, (0), (1), (2) and (3) indicate
four B-values of special interest for the bichromatic Ry, os-
cillatory response. The inset of both (a) and (b) show an
expanded view of the R, oscillatory response around region
(0) and (1). The characteristic fields, By, and Bys, for fi
and f2, respectively, have been marked in the figures. Here,
By =2nfm” /e. Panels (c) and (d) show selected curves plot-
ted vs. a normalized inverse magnetic field scale with respect
to the low (bottom) and high (top) frequency components.
Note that the bichromatic signal follows the low frequency
component for wai.ocrz/we > 1 in (c) and wag.7ghz/we > 1

in (d).



The predominance of the low frequency component at
low B or high B~! can also be seen in Fig. 1(c) and
1(d) which show the oscillatory signal AR, vs wya/w.
on the bottom abscissa and wyi/w. on the top abscissa.
Here the magnetic field dependent cyclotron frequency
we(B) = eB/m*, where e is the charge of an electron
and m* is the cyclotron effective mass of electron. Fur-
ther, wy = 2w f. In both Fig. 1(c) and Fig. 1(d), it is
clear that for wys/w. > 1, the bichromatic signal follows
the monochromatic low frequency signal at fa.

We have also examined the bichromatic response at
frequency ratios that produce magnetoresistance oscil-
lations that are further apart on the B-scale in the
monochromatic excitation condition, see Fig. 2. Here,
the low frequency component has been set at fo =
58 GH z, and the high frequency (f;) component was set
sequentially at 141,156.5,161 and 174 GH z. The results
of such measurements, shown in Fig. 2, indicate once
again that the monochromatic low (f2) frequency R,
response sets bichromatic R,, response at low magnetic
fields, i.e., B < By, as the monochromatic high (f1)
frequency R, response mostly determines the bichro-
matic R,, response at the higher magnetic fields, i.e.,
By < B < By, corresponding to the higher frequency
in the bichromatic experiment. These results show that
the bichromatic response does not simply depend on the
frequency ratio f;/fs or the monochromatic oscillatory
responses, but also it seems to depend upon the mag-
netic field strength as well. Some other noteworthy fea-
tures in Fig. 2 are indications of the ~ 2w, cyclotron
resonance resistance spike'? observed for the condition
hf ~ 2hw,. in both the high frequency monochromatic-
and the bichromatic- excitation measurements. Such fea-
tures are observable in the vicinity of the arrowhead for
the high frequency monochromatic trace label in Fig. 2.
Thus, the ~ 2w, cyclotron resonance resistance spike
seems also obervable in this bichromatic experiment.
Once again, the predominance of the low frequency com-
ponent at low B or high B~! can also be seen in Fig.
2(b) and 2(c) which show the oscillatory signal AR, vs
wo/we on the bottom abscissa and wyy/w. on the top
abscissa. In both Fig. 2(b) and Fig. 2(c), it is clear
that for wgs/we > 1, the bichromatic signal follows the
monochromatic low frequency signal at fs.

Published studies of millimeter wave induced mag-
netoresistance oscillations for monochromatic excitation
have shown a non linear relationship between power, P,
and the extremal R,,.'%?%36 consistent with both the
radiation-driven electron orbit model®® and the displace-
ment model3”4%42 Thus, in the bichromatic experiment
corresponding to Fig. 1, i.e., with f; = 90.6 GHz and
fo = 41.0GHz or fo = 48.7 GHz, we have examined
the power, P, evolution of R,,, when the source power
at the low frequency, fy is progressively increased from
0.25 mW up to 4.0 mW. The results of such measure-
ments at the B labeled (1), (2), and (3) in Fig. 1 are
shown in Fig. 3. Fig. 3 shows that even in the bichro-
matic experiment, there is a non-linear relationship be-
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FIG. 2. The diagonal resistance, R,., exhibits millimeter
wave induced magneto-resistance oscillations under bichro-
matic excitation with the low frequency, f2, component fixed
at 58 GHz as the high frequency, fi, component takes on
the values 141, 156.5, 161, and 174 GHz. Here, the traces
have been shifted along the ordinate by 62 for the sake of
presentation. The characteristic fields, By and By, for fi
and fa2, respectively, have been marked in the figure. Here,
By = 2w fm™/e. The solid yellow lines show the monochro-
matic response of Rz, at fo = 58 GHz. The nominal source
power for f1 is 10 to 20 mW and f> is &~ 10 mW. The plot
also shows indications of the ~ 2w. cyclotron resonance re-
sistance spike in both the high frequency monochromatic and
the bichromatic excitation measurements near the arrowhead
associated with the high frequency monochromatic trace la-
bel. Panels (b) and (c) show selected curves plotted vs. a
normalized inverse magnetic field scale with respect to the
low (bottom) and high (top) frequency components. Note
that the bichromatic signal follows the low frequency compo-
nent for wss.ogm>/we > 1 in (b) and wss.ogh./we > 1 in (c)
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FIG. 3. The variation in the diagonal resistance, R;,, with
the change in the millimeter wave power of the low frequency
component under bichromatic photo-excitation conditions for
(a) region (1), (b) region (2), and (c) region (3), indicated in
Fig. 1.

tween P and the R,,, as in the extremal P response in
the monochromatic experiment.!%:25:36,

Previous studies of the bichromatic microwave induced
magnetoresistance oscillations have suggested that the
bichromatic response may be the average of the two con-
stituent monochromatic oscillatory responses.®4” Thus,
for f1 =90.6 GHz and fy = 48.7 GHz, with the source
power for both components at 4mW, we have evaluated
the average response Ry, (Average) = [Ry4(90.6 GHz)+
R,.(48.7 GHz)]/2 and plotted the results vs. 1/B in
Fig. 4(b). Fig. 4(b) shows the evaluated R,,(Average)
along with the experimental monochromatic response at
f1=90.6 GHz, fo = 48.7 GHz and the bichromatic os-
cillatory response at f; AND f5 as a function of the in-
verse magnetic field, 1/B. The results suggest a substan-
tial difference between the R, (Average) and the bichro-
matic response over the entire B~! scale. The difference
is plotted in Fig. 4(a). The observed difference can be at-
tributed to the afore-mentioned observation that at ”low-
B”,ie., B < By, the bichromatic response follows the
low frequency response, and it shifts towards the high
frequency response at "higher-B”, i.e., Bys < B < By.

III. DISCUSSION

The bichromatic millimeter wave response of the diag-
onal resistance, R, follows the low frequency monochro-
matic response at low magnetic fields, and it devi-
ates towards high frequency monochromatic millime-
ter wave response as the magnetic field strength in-
creases above Byp.  Also, the bichromatic millime-
ter wave R,, response varies nonlinearly with P, see
Fig. 3, similarly to the non-linear variation observed in
the monochromatic photoexcitation-induced magnetore-
sistance oscillations.'® To understand these observations,
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FIG. 4. (a) The difference between the bichromatic (blue
trace, panel (b), below) and average responses (black trace,
panel (b), below). (b) Ru, vs. B~' for monochro-
matic excitation at 90.6 GHz (dashed brown), 48.7 GHz
(dashed lime green), bichromatic excitation at 90.6 GH z and
48.7 GHz,(blue) and the numerical arithmetic average of the
monochromatic signals at 90.6 GHz and 48.7 GHz(black).
The monochromatic responses were obtained with source ex-
citation at 4mW, the bichromatic excitation response was
obtained with both sources at 4mW.

we first provide a displacement theory-inspired picture
to help understand the B-response under bichromatic
excitation.:37:38:40:42:43:48 Tollowing this qualitative de-
scription, numerical simulation results of the diagonal re-
sistance is presented using the radiation-driven electron
orbit model.3848

A. Qualitative displacement-type explanation

A transverse B-field applied to a parabolic 2DES sys-
tem produces Landau levels with energy spacing given
by E = hw.(B). In the swept-B, constant-f experiment,
the energy separation between Landau levels increases
with the increment of B while the millimeter wave pho-
ton energies, £ = hf, remain constant, see Fig. 5. The
constant photon energies are shown as green and red ar-
rows in Fig. 5 for the bichromatic experiment, for the
low- and high- frequency millimeter wave f components,
respectively.

To explain the experimental observations, we reason
that lower frequency, i.e., photoexcitation that spans
fewer Landau levels, provides a greater contribution to
the magnetoresistive response than higher frequency pho-
toexcitation. One might expect this feature if the photo-
excited transition probability associated with crossing
fewer Landau levels at the lower frequency is greater than
it is for crossing more Landau levels at the higher fre-
quency. Then, the time interval for the excitation to the
higher Landau level is shorter at the lower frequency than
the higher frequency. With bichromatic excitation, the
lower frequency will then induce the transition from the
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FIG. 5. Landau levels at magnetic fields that satisfy the rela-
tion B; < B2 < Bs. The Landau levels are tilted by the elec-
tric field within the 2DES. The green and the red arrows illus-
trate inter Landau level transitions for the the low frequency-
and high frequency millimeter waves, respectively. The figure
conveys the point that low frequency photons span fewer Lan-
dau levels than the high frequency photons. Thus, associated
transitions are of ”lower order” at the lower frequency.

lower Landau level for a given carrier before the higher
frequency radiation is able to do the same. As a result,
for bichromatic photo-excitation, the lower frequency ex-
citation will provide the stronger contribution to the di-
agonal resistance. Thus, for the specific case illustrated
in Fig. 5, the order of excitation for high and low fre-
quencies are about 5 and 2, respectively, at the magnetic
field B;. If the low order excitations tend to provide the
greater contribution to R,,, then the bichromatic diago-
nal resistance oscillation should follow the low frequency
monochromatic response, which is what is observed at
”low-B”, as can be seen in Figs. 1 and 2. With the in-
crease of the magnetic field, the Landau level separation
progressively increases, and the picture shifts towards the
illustration for By in Fig. 5. Now, since the order of ex-
citation for high and low frequencies are close to 3 and
1, respectively, the lower millimeter wave frequency in
the bichromatic experiment should still dominate. But
since the order of excitation of the higher frequency com-
ponent is not as high as at Bj it should also contribute
more than in previous case, so we should observe a devi-
ation in the bichromatic response from the low frequency
response towards the high frequency response, which can
be observed in the experimental results. Finally, when
the magnetic field is further increased to Bs, the Landau
level separation increases even more such that the low fre-
quency excitation-order becomes less than 1, as the high
frequency excitation-order approaches 1. In this case, the

bichromatic R,, response ought to shift towards the high
frequency response for R, which is also observed in ex-
periment. This qualitative reasoning serves only to pro-
vide some intuitive understanding as to how deviations
in the magnetoresistive response from simple superposi-
tion with equal weight to the two frequency components
can come about.

B. Modeling based on the radiation-driven
electron orbit theory

A semiclassical approach to explain the experimental
results can be obtained by using the radiation-driven
electron orbit theory®®. This model was proposed to
study the striking effects of radiation-induced resistance
oscillations and zero resistance states. According to this
model, when a Hall bar is illuminated, the guiding cen-
ters of the Landau states (LS) perform a classical trajec-
tory consisting in a harmonic motion along the direction
of the current. Thus, the electron orbits move in phase
and harmonically with each other at the radiation fre-
quency, altering dramatically the scattering conditions
and giving rise eventually to millimeter wave radiation-
induced magnetoresistance oscillations and, at higher P,
the zero-resistance states.! The key parameter is the av-
erage advanced distance by the scattered electron be-

tween LS, given by% AX(t) = AX, — Asin (Qﬂw%)
where A is the amplitude of the radiation driven orbit
motion, A = ——Fo____and w = 2nf, with f
the radiation frequency. In the expression of A, Ej is
the radiation electric field and ~y is a phenomenologically-
introduced damping factor for the interaction of electrons
with the lattice ions giving rise to the emission of acoustic
phonons. AX? is the average advanced distance by the
electron due to scattering between Landau orbits with-
out radiation. Then applying the Boltzmann transport
theory we finally obtain the longitudinal magnetoresis-
tance, Ry, o« de% for energy E, where Tiq is the
remote charged impurity scattering rate.

When we irradiated the 2DES with two sources of
different frequency, w; = 2nf; and we = 27fy, the
Landau orbit guiding center is driven simultaneously by
two different time-dependent sinusoidal forces with am-
plitudes A; and A, giving rise to interference effects.
Now the average advanced distance is AX (t) + AXa(t),
and the longitudinal magnetoresistance,> R,,

i dEw. According to the last expression

we will obtai; different responses depending on the rela-
tive values of frequency, phase difference and intensity of
the radiations fields.

In Fig. 6 we plot simulations of irradiated R, vs. B
for the same radiation parameters as in Fig. 1. We ob-
tain calculated results in reasonable agreement and with
the same trends as in experiments. However, some small
differences can be observed. For instance, in the mini-
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FIG. 6. Calculated irradiated R.. versus B, for the same
radiation parameters as in Fig.1. The simulations are accord-
ing to the radiation-driven electron orbit model. The results
are in reasonable agreement with experiments except for the
main minimum position labeled as (2).

mum labeled with (2), the theory obtains a shift to the
right for increasing radiation power. Figure 7 shows the
theoretical simulation results vs. 1/B, in the same style
as figure 4 shows the experimental results vs. 1/B. Thus,
this figure (Fig. 7 (b)) shows the modeling for the com-
ponents as well as the full R,,. Further, panel (a) of Fig.
7 shows AR, vs. 1/B, where AR, is the difference be-
tween the theoretical bichromatic and average responses.
This Fig. 7(a) may be compared with Fig. 4(a) which
shows the experimental AR, vs. 1/B. A comparision of
Fig. 4(a) and Fig. 7(a) suggests that the theory captures
the experimental observations.

According to this model the experimental results are
mainly due to the damping effect of the denominator of
A, and A; when B keeps increasing, especially beyond
the resonance condition w, = w. If we < wy, the damp-
ing takes place for the low frequency component (ws)
when B is high. Meanwhile, the high component still is
important, becoming preponderant and setting R,, for
higher B. On the other hand, for lower B, it turns out
that Ay >> A;, and for increasing intensity of the low
frequency component becomes preponderant, eventually

T T T T T T
(@) (90.6 GHz and 48.7 GHz) - (Average

0.6 GHz and 48.7 GHz

1/B(T™)

FIG. 7. Calculated irradiated resistances versus 1/B. The
simulations are obtained using the radiation-driven electron
orbit model.*® (a) The difference between the bichromatic
(blue trace, panel (b), below) and average responses (black
trace, panel (b), below). (b) Ry vs. B~! for monochro-
matic excitation at 90.6 GHz (dashed red), 48.7 GHz
(dashed lime green), bichromatic excitation at 90.6 GHz and
48.7 GHz,(blue) and the numerical arithmetic average of the
monochromatic signals at 90.6 GH z and 48.7 G H z(black).

determining R,,. Another consequence of this explana-
tion is that the further apart the two radiation frequen-
cies, the more important will be the predominance of the
low frequency component at low B and of the high fre-
quency component at high B.

IV. CONCLUSIONS

It appears that the millimeter wave-induced oscillatory
magnetoresistance response under bichromatic excitation
is not a simple, equally-weighted, arithmetic average of
the two individual monochromatic magnetoresistive re-
sponses at f; and fo. These results suggest that the
bichromatic R, response tends to follow the monochro-
matic low frequency R,, response at lower B, and it
deviates towards the monochromatic high frequency R,



response with increasing the magnetic field strength at
modest power levels for the two frequency components.
This feature is qualitatively attributed here to the rela-
tive ”order of excitations” for the two components. It was
also observed that the extrema of the oscillatory diagonal
resistance, R,, for bichromatic excitation vary non lin-
early with the millimeter wave power, similar to the sit-
uation for monochromatic photo-excitation. Both these
attributes may also be observed in numerical simulations
of the diagonal resistance obtained using the radiation-
driven electron orbit theory.3®
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