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We examine the microwave frequency ( f) variation of the angular phase shift, 6,, observed in the polarization-
angle dependence of microwave-induced magnetoresistance oscillations in a high-mobility GaAs/AlGaAs two-
dimensional electron system. By fitting the diagonal resistance R,, versus 6 plots to an empirical cosine square
law, we extract 6 and trace its quasicontinuous variation with f. The results suggest that the overall average of 6,
extracted from Hall bar device sections with length-to-width ratios of L/ W = 1 and 2 is the same. We compare the
observations with expectations arising from the “ponderomotive force” theory for microwave radiation-induced

transport phenomena.
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I. INTRODUCTION

Zero resistance  states (ZRS) and  associated
radiation-induced magnetoresistance oscillations observed
in two-dimensional electron systems (2DESs) based on
GaAs/AlGaAs heterostructures subjected to a perpendicular
magnetic field and microwaves/millimeter-wave/terahertz
radiation reveal extraordinary physical properties [1,2]. Such
radiation-induced magnetoresistance oscillations display a
“l/4-cycle phase shift” with periodicity in 1/B, so that
the oscillatory minima emerge at B =[4/(4j + 1)]By,
where By =2mfm*/e, f is the microwave frequency,
m* is the effective electron mass, and j =1,2,3,... [1].
Numerous fascinating features of associated phenomena
and transport in high-mobility 2DESs have been studied
over the past decade [1-31], including, for example,
the nonlinear increase in the amplitude of oscillatory
magnetoresistance with microwave power [15,22,25],
and the linear- and circular-polarization dependence of
radiation-induced  oscillations  [6,17,19,22,24-27]. At
the same time, a number of theories have also been
proposed to describe the physical mechanisms associated
with  radiation-induced transport [32-60], including
the displacement model [9,32-34,41,43,47,57,60], the
nonparabolicity model [35], the inelastic model [42], the
radiation-driven electron-orbit model [44,45,48,49,52,55],
and the “ponderomotive force” model [50].

An interesting and unexpected development was the iden-
tification of the remarkable sensitivity of the amplitude of
oscillatory magnetoresistance to the polarization angle of
linearly polarized microwave radiation [17,19,22,24-27] com-
plementing the circular polarization work [6,27,46]. Here, Ra-
manayaka et al. demonstrated a sinusoidal-curved variation of
the amplitude of the oscillatory magnetoresistance with the mi-
crowave polarization angle at moderate radiation power [19].
It turns out that the predictions of the displacement model, the
nonparabolicity model, and the radiation-driven electron-orbit
model for y < w, where y is a damping factor and w = 27 f,
are roughly in agreement with the observed experimental
results in Refs. [32-35,40,41,43,44,47,52,57,60]. Empirically,

2469-9950/2016/94(24)/245312(7)

245312-1

the sinusoidal variation in oscillatory magnetoresistance with
the polarization angle can be expressed by R,,(0) = A %+
C cos?(6 — 6), where R, is the diagonal magnetoresistance,
0 is the microwave polarization angle, 9, is the phase shift, and
the plus and minus signs correspond to the oscillatory maxima
and minima, respectively [19,22,24-27]. Previous studies
carried out at a set of discrete frequencies have examined
the question of whether 6y is f- or B-dependent [19,22,24—
27]. Meanwhile, some theories have successfully reproduced
sinusoidal-curved variations in R,, versus 6 [53,55]. How-
ever, the predicted behavior of 6p has not been observed
experimentally. Thus, at present, the origin and evolution
of the phase shift 6 is still an unresolved issue in this
field.

As mentioned earlier, previous studies of the phase-shift
angle 6) have been carried out by changing 6 continuously
at oscillatory extrema of R,, at a discrete set of specific
f, and extracting 6y by fitting to an empirical cosine square
rule [19,22,24-27]. In this approach, however, the evolution
of 8y between the measured f was unknown. Thus, one
might wonder if 6, is extremely f-sensitive and includes wild
variations in the phase shift between the radiation frequencies
where the measurements were carried out, or if the phase shift
was sensitive to sample geometric factors such as the length-
to-width ratio of the Hall bars. In this paper, therefore, the
quasicontinuous evolution of the phase shift 6, extracted from
R, versus 6 traces of the radiation-induced magnetoresistance
oscillations at a set of six oscillatory extrema is examined over
the frequency band 36 < f < 40 GHz for Hall-bar sections
for device width-to-length ratios, L/W =1 and 2. That is,
the extracted 6y is presented over an f-band with nearly
continuous change in f. The results indicate that the 6
extracted from the L/W = 1 Hall-bar section, 6y, shows
less f-dependence than that extracted from the L/ W =2
Hall-bar section, 6p,. However, 6y, exhibits a remarkably
similar overall average to 6y, over 36 < f < 40 GHz. The
results are interesting because they show that the proximity
of contacts is not a factor influencing the observed phase
shift, unlike expectations based on the “ponderomotive force”
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theory [50]. On the other hand, the results are not incompatible
with the displacement and radiation-driven electron orbit
theories [32-34,40,44,45,48,49,52,55].

II. EXPERIMENT AND RESULTS

For this study, Hall-bar type samples with alloyed gold-
germanium contacts were fabricated by optical lithography
from molecular-beam-epitaxy (MBE) -grown GaAs/AlGaAs
heterojunctions with electron density n = 3.3 x 10'' cm™2
and mobility u = 14 x 10° cm?V~'s ! at T = 1.5 K. Thus,
the specimens examined here include a noticeably higher
mobility compared to the specimens examined in some
of our previous studies [16,17,19,19,22,24-27], although
not quite as high as in the earlier work [1,3-5,10,12,15].
200-um-wide Hall-bar sections were measured using the
four-terminal lock-in techniques with ac current, I, applied
along the length of the device, as in Fig. 1(a). The Hall-bar
device is situated at the bottom end of a circular waveguide
through which linear-polarized microwaves with a rotatable
polarization at polarization angle 6 are transmitted onto the
specimen [19,22,24-27]. The polarization angle 6 increases
clockwise, as indicated in Fig. 1(a) with respect to the Hall-bar
axis. The diagonal magnetoresistances, Ry, 1 and R,y », which
represent the extracted magnetoresistance for the L/ W = 1
and 2 sections of the Hall bar, respectively, are measured
simultaneously during experiment. Further, although the cal-
ibration of the microwave polarization angle 6 is carried out
a priori by setting & = 0 when the microwave electric field
is oriented along the Hall-bar axis direction [19,22,24-27],
an Allen-Bradley (ABR) carbon resistance sensor with a
strong negative temperature coefficient, i.e., d Ragr/dT < 0,
at liquid-helium temperatures, was placed next to the Hall-bar
specimen [4,5,22] for the sake of in situ measurement of 6, and
the independent detection of microwave polarization rotation
at the sample location. Although the carbon resistor was not
used for this purpose before, it is able to detect microwave
polarization rotation with respect to its preferred axis, i.e.,
6 = 90° in Fig. 1(a), as a changed heating effect, with maximal
heating occurring when the microwave polarization is along
the axis of the carbon resistor.

Figure 1(b) shows strong radiation-induced magnetoresis-
tance oscillations in Ry, ; and Ry, » versus B at f = 38 GHz,
the frequency we call mid-f. Observed asymmetries in the
R, of Fig. 1(b) under B-field reversal could be due to doping
gradients [31]. In the figure, we define the first (second)
peak and the first valley on the positive side of B as P14+
(P2+) and V 14, respectively [19,22,24-27]. Likewise, P1—,
V1—, and P2— are labels utilized to identify extrema on
the negative side of the B axis. f-sweep measurements are
performed at angles ranging from 6 = 0° to 360° at 10°
increments over the frequency band 36 < f < 40 GHz at the
six labeled oscillatory extrema. It is well known that the B-
positions of oscillatory extremal R, are linearly proportional
to f [1-30]. During the f-sweep measurements, the B of
oscillatory extrema will therefore vary with f. It is therefore
understood that the 6 can not only be f-dependent but also
B-dependent [19,25,26]. To reduce the B effect on 6, the B
of oscillatory extrema are fixed for the values appropriate for
the mid- f, i.e., the B values for the oscillatory extrema are
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FIG. 1. (a) This schematic shows the relative orientation of
the GaAs/AlGaAs heterojunction and the carbon resistor (ABR),
which were subjected to rotatable linearly polarized radiation at the
polarization angle 6 with respect to the Hall bar axis. 6 increases
in the clockwise direction. Here, R,,; and R,,, represent the
diagonal resistance measured in sections with length-to-width ratios
L/W = 1and2,respectively. (b) This panel illustrates R,, ; and R, »
vs B, which show observable radiation-induced magnetoresistance
oscillations at f = 38 GHz. The oscillatory extrema are labeled as
P14, V14, P2+, P2—, V1—, and P1—. The B-field positions of
these extrema are tracked over the 36 < f < 40 GHz band in this
paper.

chosen from the R,, versus B traces at 38 GHz. According
to the linear relationship between B and f, &~ 4.8 mT shift
can occur in a 2 GHz band with respect to mid- f, which is
only an ~ 5% change in B. Therefore, given the breadth of the
oscillatory extrema, the B effect on 6 is neglected in f-sweep
measurements presented here.

To verify that the variation of 6, reported by the specimen
is not caused by uncharacterized polarization rotation by the
experimental apparatus, we utilized the carbon resistor (ABR)
next to the specimen to determine the microwave polarization
orientation near the specimen during measurements. Because
the preferred axis of ABR is set at & = 90°, the Rapr reading
is highest at & = 0° and lowest at 8 = 90°. Figure 2(a) shows
a normalized Ragr color plot of f versus 6 over 36 < f <
40 GHz with 0° < 8 < 360° at V 1—. A bluish color represents
lower resistance, and a reddish color represents higher resis-
tance. The result demonstrates that higher normalized Ragr is
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FIG. 2. The normalized resistance at the polarization angle (6)
response as a function of the radiation frequency, f, for the carbon
resistor, Raggr (top color plot: a), the diagonal resistance R, ; for the
L/W =1 Hall bar section (center color plot: d), and the diagonal
resistance R,,, for the L/ W = 2 section (bottom color plot: g),
over a 36 < f < 40 GHz band with 0° < 0 < 360° at the magnetic
field corresponding to V1—. Panels (b), (e), and (h) illustrate the
sinusoidal variation in resistance with 6 at a given f. Panels (c), (f),
and (i) show the phase shift 6, with f and the average value of 6.
Here, 6, is extracted by fitting, at each frequency, the angular response
exemplified in panels (b), (e), and (h); see the text. Parts (c), (f), and
(i) imply a constant average phase shift at V' 1—.

roughly about & = 0°, and this feature holds true with changing
f. The sinusoidal variation of normalized Rapr versus 6 at
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f = 38.3 GHz [dashed black line in Fig. 2(a)] is displayed
in Fig. 2(b). We fit the cosine square law [19,22,24-27],
normalized Rapr(6) = A + C cos2(6 — 6o.ABR), tO experi-
mental data in order to extract 6y apr, and all extracted
6o.aBr are plotted over 36 < f < 40 GHz in Fig. 2(c). We
average over the extracted 6y opr to obtain the average of
6o.aBR, Which is 5.3°, very close to § = 0°. The 5.3° shift is
attributed to the combined misalignments of the Hall bar, the
carbon resistor, and the antenna. The standard deviation here
is &~ 13.0°.

Figure 2(d) shows a normalized R,, ; color plot of f versus
6. Similar to Fig. 2(a), it exhibits periodic strips with 6, which
means the normalized R, ; versus 6 curve is sinusoidal, too.
In Fig. 2(e), a cosine square law [19,22,24-27], normalized
Ry, 10)=A-C cos?(6 — 6o.1), serves to fit experimental
data for the determination of 6y [Fig. 2(e)]. The f versus
6p.1 curve and the average of 6p; (—41.8°) are illustrated
in Fig. 2(f). Similarly, Figs. 2(g), 2(h), and 2(i) demonstrate
a normalized R.,, color plot, a normalized R, versus 6
sinusoidal curve, and f versus 6, with 6, average (—41.3°).
Here, remarkably, the averages of 6y | and 6, are very close
to each other. If we compare the average of 6y agr, 6o,1, and
6o.2, there is a perceptible difference between the ABR and the
specimen. This implies that 6y ; and 6, reflect characteristic
properties of the specimen. The approximate f-independence
in Figs. 2(d) and 2(g) means 6y does not change very much
with f.

Next, the f-sweep measurements are carried out at P1—.
Figure 3(a) exhibits a normalized color plot of Ragr versus
f and 6. Similar to Fig. 2(a), periodic strips are observable
and higher normalized Rapggr occurs near 6 = 0. Figure 3(b)
indicates sinusoidal variation in normalized Ragr versus 6.
The 6y apr obtained by fitting to the cosine square law
over 36 < f <40 GHz is plotted in Fig. 3(c), and the
average of 6p apr is 13.3°. Since V1— and P1— occur
at different magnetic fields [1-8,10-30], similar values for
0o apr at these two extrema suggest that the polarization
hardly changes with B. The normalized R, ; color plot
[see Fig. 3(d)] depicts vertical stripes similar to that at
V1—. Again at P1—, 6y is extracted by fitting normalized
Ry, 10)=A+C cos?(0 — 6o.1), as shown in Fig. 3(e). The
6o.1 versus f trace is plotted in Fig. 3(f), and the average of
6o.1 (—41.8°) is indicated. Figure 3(g) displays a normalized
R, » color plot, which looks different in comparison to R, |
and suggests an f dependence. From fits to the cosine square
law [see Fig. 3(h)] to the experimental data to extract 6 2,
distinct 6y, variation is observable over 36 < f < 38 GHz,
as shown in Fig. 3(i). A comparison of the standard deviations
of 6y aBr, 00,1, and Gy, shows that the standard deviation
of 6y, (31.0°) is much larger than that of 6y apr (11.6°)
and 9()’1 (1000)

For the sake of completeness, we extracted 6y apr, 6.1,
and 6, > also over the remaining oscillatory extrema between
36 < f < 40 GHz, and the results are summarized in Fig. 4.
Figure 4(a) illustrates 6y apr as a function of f. It shows
0o apr extracted from the different oscillatory extrema are
clustered together over 36 < f < 40 GHz. Because the 6y apr
appear f-and B-independent, we average over all the obtained
6o.asr and report an overall average of 6y spr = 10.6°. This
result confirms that one may use the carbon resistor as an
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FIG. 3. At P1—, the normalized resistance at the polarization
angle (0) response is shown as a function of the radiation frequency,
f, for the carbon resistor, Ragr (top color plot: a), the diagonal
resistance R, ; for the L/ W = 1 Hall bar section (center color plot:
d), and the diagonal resistance R,, , forthe L/ W = 2 section (bottom
color plot: g), over a 36 < f < 40 GHz band with 0° < 6 < 360°.
Panels (b), (e), and (h) illustrate the sinusoidal variation in resistance
with 6 at a given f. Panels (c), (f), and (i) show the phase shift 6,
with f and the average value of 6,. Here, 6, is extracted by fitting, at
each frequency, the angular response exemplified in panels (b), (e),
and (h); see text. The figure implies f-independence of 9y apr and
6.1, but not in G, over 36 < f < 38 GHz.

in situ detector of microwave polarization. The 10.6° shift from
zero degrees, the expected value, might be caused by a minor
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FIG. 4. (a) 6y apr as a function of f over 36 < f < 40 GHz
at all six oscillatory extrema: P14+, V1+, P24, P2—, V1—, and
P1—. Small, constant, and clustered, 6 opr are observed at different
extrema. (b) 6y as a function of f at all six oscillatory extrema.
6.1 appear as for 6y agr and are relatively unaffected by f. (c) 62
as a function of f at all six oscillatory extrema. The figure suggests
that ), are more scattered than 6, sgr and 6 ;, and are sensitive to
f. The overall average values of 6 ; and 6, are approximately the
same.

combined misalignment of the Hall bar, the carbon resistor,
and the microwave launcher. Figures 4(b) and 4(c) represent
6p.1 and 6y, versus f. The overall average is calculated by
averaging over all 6y | and 6, separately. At first glance, 6 |
appear more clustered than 6y . In addition, some 6y exhibit
a clear dependence on f, e.g., 6y at P2—, and some do not,
e.g., 0p,1 at P24. To clarify the reason for this, we calculate
the average £ standard deviation of 6, at each oscillatory
extrema over 36 < f < 40 GHz and list them in Table I.
The table suggests that 6y opr and 6y ; have nearly the same
standard deviations at each oscillatory extrema, except for
V14. However, half of the extrema of 6y, manifest larger
standard deviations than 6y agr. This implies the possibility
that the distinguishable f dependence in 6y, is larger than
that in 6y ;. The overall standard deviations (averaging over
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TABLE 1. The average + standard deviation of 6, at each oscillatory extrema over 36 < f
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< 40 GHz is calculated. This comparison

implies that 6y » has a larger standard deviation than 6y sgr and 6y ; over 36 < f < 40 GHz. Also, the averages of 6 ; and 6, » over all extrema

differ significantly from the average of 6y agr Over all extrema.

Pl- P14+ P2— P2+ Vi- Vi+
6o, ABR 13.3° £ 11.6° 11.4° £ 13.9° 10.7° £ 13.1° 11.5° £+ 14.1° 5.3° £ 13.2° 11.2° £ 14.3°
6.1 —32.1° £ 10.2° —61.3° £ 16.3° —36.0° £ 8.5° —41.7° £ 9.7° —41.8° £ 6.6° —44.0° £ 35.0°
6o.2 —62.5° £ 31.0° —23.9° £41.3° —18.1° £ 37.2° —54.4° £ 12.4° —41.3° £ 13.1° —69.1° £ 7.3°

all standard deviations of 6y) of 6y agr = 13.3°, 6p,1 = 14.4°,
and 6y, = 23.7° further prove that 6, » is more sensitive to f.
However, surprisingly, the overall averages of 6 = —42.8°
and 6y, = —44.9° are remarkably close to each other and
manifestly different from the overall average of 6y apr-

III. DISCUSSION

In these experiments, the microwave launcher and the
major axis of the Hall bar were aligned before the start of
the experiments. Then, the relative rotation of the microwave
polarization produced by the setup, as a function of frequency,
was determined with the aid of a microwave power detector, as
in previous studies [19,22,24-27]. The results showed that the
standard error of incident microwave polarization orientation is
~ 8.0°. However, there was still the possibility that the incident
microwave polarization could be different close to the sample
during measurement because the specimen included several
metallic contacts and bonded gold wires that could influence
the microwave polarization. The in situ measurements of the
microwave polarization orientation by a carbon sensor close
to the sample showed, however, that the overall average of
6o.aBr = 10.6° is very close to 0°, and the standard deviation
of 6y apr = 13.3° is also within the measured standard error
~ 8.0° observed before the start of the experiment. This
feature suggests good control of the microwave polarization
orientation near the specimen during the measurement of
the specimen. In addition, Figs. 4(b) and 4(c) illustrate that
most of the 6y | and 6y, fall within —75° < 6y < —25°. The
significant 6 difference between the carbon resistor (6p agr)
and the specimen (6p; and 6p,) confirms the preference
of the specimen for microwave polarization at 6 ~ —43.9°.
Moreover, the overall averages of 6 ; and 6y, appear to be
almost identical. In other words, the average 6y does not
appear to depend on f, B, and the length-to-width ratio of
the Hall bar sections. This result differs from the previous
work [19], and the difference is attributed here to the much
higher mobility material used in the present experiment.
Perhaps when the disorder is reduced in the higher mobility
specimen, the dependence of the phase shift on the frequency,
and the magnitude and direction of the magnetic field, are also
reduced.

Recently, Mikhailov et al. proposed the “ponderomotive
force” model to explain the origin of radiation-induced
magnetotransport phenomena [50]. This theory was proposed
as an alternative to preexisting approaches [32-37,39-48].
The suggestion of this theory is that the metallic contacts
screening the incident electric field will induce a strong linearly
polarized electric field near the contacts. The amplitude of

the near-contact electric field perpendicular to the contact is
supposed to be much larger than that of an incident electric
field, while the amplitude of the near-contact electric field
parallel with the contact is supposed to be much smaller
than an incident electric field. Assume that the sample is
subject to a linearly polarized electric field with an arbitrary
orientation, then that electric field can be decomposed into
EOX (along the Hall bar) and Eoy (normal to the Hall bar).
According to the theory, the probe contacts will lead to a
near-contact electric field E (along the Hall bar) and E

(normal to the Hall bar). Since E < EOx and E > Eoy near
the contacts, the resultant electric field that 2DES responds
to near the contacts is ~ Ey, and away from the contacts it
is EOX + Eoy. In comparing the two Hall bar sections with
different length-to-width ratios, the influence of ~ E , on the
2DES section reznains constant because the contact geometry
is the same, but Eq, + Eo, will become more prominent when
the separation of two probe contacts becomes larger in the
larger length-to-width ratio section. In this case, the orientation
of the resultant electric-field average over the long Hall bar
section will approach the EOX + Eoy orientation. Thus, based
on the “ponderomotive force” theory, one expects the phase
shift 6, to change with the separation of two probe contacts.
However, this experimental finding of the independence of the
average phase shift on the length-to-width ratio of the Hall
bar sections implies that experimental results do not follow
expectations based on the “ponderomotive force” theory. In
contrast, both the displacement theory and the radiation-driven
electron orbit theory do not predict a dependence of the
magnetotransport properties on the length-to-width ratio of the
specimen [9,32,33,41,43-45,47-49,52,55,57,60], while none
is observed here in the polarization angle phase shift. In this
sense, there seems to be no inconsistency between experiment
and those theories [9,32,33,41,43-45,47-49,52,55,57,60].

IV. CONCLUSION

In this work, the incident linear microwave polarization
direction next to the sample has been independently de-
termined by using an ABR carbon sensor. The observed
small 6y apr could be attributed to the minor combined
misalignment of the Hall bar, the ABR, and the antenna.
The results also indicate that 6y ; are more clustered with f
than 6y », but they exhibit a nearly identical overall average,
which differs substantially from 6y spr. These features suggest
the existence of a preferential microwave polarization angle
for the specimen, and the independence of the average 6
on B, f, and the length-to-width ratio of the Hall bar
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sections at oscillatory extrema over 36 < f < 40 GHz in the
investigated high-mobility material. The 6, independence of
the length-to-width ratio of the Hall bar seems unexpected
in light of the suggestions of the “‘ponderomotive force”
theory [50]. However, the observations are not inconsistent
with the displacement theory and the radiation-driven electron
orbit theory [9,32,33,41,43-45,47-49,52,55,57,60].
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