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Collective response in the microwave photoconductivity of Hall bar structures
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We have investigated the microwave photoconductivity of 100-um- and 50-um-wide Hall bars fabri-
cated from GaAs/Al,Ga,_, As heterostructures. We found resonant responses at frequencies f,., with

2. (B)=f2,(B=0)+f2, where f, is the cyclotron frequency of the two-dimensional electron gas in the
perpendicularly applied magnetic field B. This shows that the photoresponse is dominated by collective
plasmon excitations confined within the width of the Hall structure.

For research on mesoscopic systems with microwave
or far-infrared radiation (FIR), where sample sizes are
too small for transmission or absorption spectroscopy,
photoconductivity experiments offer a highly sensitive al-
ternative. In this work we have studied the photocon-
ductivity of high-mobility two-dimensional electron sys-
tems (2DES’s) in Hall bar geometries fabricated from
modulation-doped GaAs/Al Ga,_,As heterojunctions.
Former reports of photoconductivity experiments on
2DES in GaAs/Al,Ga;_,As heterostructures describe
distinct resonances, which were achieved by FIR excita-
tion using wavelengths between 96 and 186 um and mag-
netic fields of up to 20 T."2 A comparison between FIR
transmission experiments and photoconductivity experi-
ments® shows that the peak positions of the resonances
are the same within an error of 1%. Usually, these reso-
nances were described as cyclotron resonances (CR’s) and
were observed in photoconductivity experiments in the
integer quantum-Hall regime, near the maxima of p,,,
but not directly at p,, =0 or in the Hall plateaus. Re-
cently, a significantly increased FIR photosignal reflected
the CR in the nonlocal transport regime.* A successful
example of a photoconductivity experiment with mi-
crowaves was the detection of electron spin resonance in
a 2DES.>¢

Resonant photoresponse was previously explained in
terms of electron transitions between either Landau levels
or subbands.” The main effect described there is resonant
heating of electrons, which is also called a bolometric
behavior of the 2DES. The resonant absorption of radia-
tion power leads to a temperature change AT of the elec-
tron gas, which causes a change in the conductivity do
and, therefore, produces a photosignal which depends on
(30 /@T)AT. In the edge channel experiments* the mi-
croscopic origin of the photoresponse was ascribed to an
enhanced transition rate of electrons between edge chan-
nels,®® thus pointing towards the important role of the
sample’s boundaries.

In our experiments we found what initially appeared to
be an unusual frequency response in the magnetic field,
which was shifted with respect to the CR frequency. We
show that this response is dominated by a collective
confined plasmon excitation with the confinement length
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determined by the width of the Hall bar.

Two-dimensional plasmons!®!! have been studied pre-
viously using grating couplers in FIR experiments.!?” 14
The grating coupler provides a periodic modulation of
the incident electric field in the (xy) plane of the 2DES.
This allows the FIR radiation to couple with plasmons of
a wave vector k}=n2m/a, where a is the grating period
and n =1,2,... an integer number. In a magnetic field
applied perpendicularly to the 2DES, the plasmons
evolve to magnetoplasmons,!! which have been experi-
mentally observed.!?> Our experiments presented here are
quite different from previous ones since we do not use any
grating coupler. In this paper we can show that the
boundaries of the Hall bar themselves provide the cou-
pling and determine the frequency of the confined
plasmons.

Our experiments were performed on conventional Hall
bar geometries, some with six contacts, others with eight
contacts, as shown in Fig. 1. This structure has been
designed with two different Hall bar widths w, namely,
100 and 50 um, in order to study the microwave response
of two different widths on one sample. The distance / be-
tween the contact pairs (2,3) and (3,4) was 900 um. The
Hall bar samples were fabricated from a high-mobility,
modulation-doped GaAs/Al,Ga,;_,As heterostructure.
Most of the results are shown for a sample with an elec-
tron density N, of 2.3X10!! cm ™2, as determined from
the periodicity of the Shubnikov—de Haas oscillations,
and with a mobility u=1.2X10° cm?>/Vs at T=1.3 K in

FIG. 1. Sketch of the Hall bar geometry used in the mi-
crowave photoconductivity experiments. The Hall bar width w
is 100 um on the left (between the contacts 2 and 3) and 50 um
on the right (between the contacts 3 and 4). The length / be-
tween the contacts (2,3) and (3,4) is 900 um.
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the dark. The Hall bars were produced using optical
mask lithography and wet chemical etching of the mesa
structures. The contacts to the 2DES are alloyed
AuGe/Ni contacts with a CrAu layer on top to which
bonding wires were attached.

For the measurements we have used a double-
modulation technique. A sinusoidally modulated current
I with an amplitude between 10 and 20 upA, driven
through either the contact pairs (2,3) or (3,4), was modu-
lated with the frequency f,.=14.5 Hz. The microwave
radiation was chopped with the frequency f_ ,=1.3
kHz. This technique has the advantage that the
difference in the voltage drop with and without mi-
crowaves can be measured directly. The in-phase voltage
induced by the microwave was measured at the contact
pairs (8,7) or (7,6) (see Fig. 1). To measure the induced
photovoltage we used two lock-in amplifiers in series (see
also Ref. 15): The first lock-in amplifier locks to the
higher frequency f.,=1.3 kHz, while the second one
probes the output channel of the first lock-in at a refer-
ence frequency f,. of 14.5 Hz. The microwaves were
provided by several tunable backward wave oscillators
covering the frequency range from 70 up to 170 GHz.
The microwaves were guided in oversized waveguides
into the center of a cryostat, containing a superconduct-
ing magnet, in which the Hall bar sample was mounted.
The magnetic field was applied perpendicularly to the
2DES. The experiments were carried out at a tempera-
ture of 1.3 K.

In Fig. 2, we have plotted the magnetoresistance p,,
without microwave radiation and the change of the resis-
tance AR, (B) with an incident microwave of frequency
f£=90.7 GHz. A significant resonance peak is observed
in AR, at B=0.15 T. The onset of the Shubnikov-de
Haas oscillations for B=0.2 T shows that for all our
measurements the relation w,7~1 holds, where o, is the
cyclotron frequency and 7 the electron-scattering time.

The experimental dependencies of the photoresponse
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FIG. 2. Photoconductivity response AR, (lower curve, left
scale) for a fixed microwave frequency f=90.7 GHz and mag-
netoresistance p,, without microwave radiation (upper curve,
right scale) vs B for the 100-um-wide Hall bar. The tempera-
ture was 1.3 K.

E. VASILIADOU et al. 48

versus magnetic field taken from the 50- and 100-pum-
wide Hall bars are shown in Fig. 3 for several fixed mi-
crowave frequencies. We observe well-pronounced reso-
nances which shift with increasing frequency to higher
magnetic field. From experiments on samples with
different lengths / between the voltage contacts of the
Hall bar, we find that the amplitude of the photosignal is
proportional to /. This suggests that the signal does not
originate from any material imperfections or from the
Ohmic contact region where scattering due to the transi-
tion from the three-dimensional to the two-dimensional
electron system occurs. In Figs. 3(a) and 3(b), it can be
seen that the photoconductivity signals are clearly pro-
nounced over a large magnetic-field range and the corre-
sponding frequency range. Furthermore, we find that the
induced voltage does not change if the current is applied
to the contact pair (1,5).

If we plot these resonances f vs B, as shown in Fig.
4, we find that the resonance position does not coincide
with the CR of electrons in an infinitely large 2DES, i.e.,
f.=eB /2mm*, where m*=0.07m, is the effective mass
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FIG. 3. Graph of measured photoconductivity signals of the
two Hall bars with (a) w =100 um and (b) w =50 um vs B for
several fixed frequencies. The peak position shifts to higher B
with increasing frequency f. The signal for different frequencies
is not normalized since in our experimental setup it was not pos-
sible to achieve exactly the same microwave field strength in the
plane of the sample.
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FIG. 4. Dispersion of the incident microwave frequency f vs
the magnetic field position B, of the photoconductivity signal.
The square and circle symbols mark the experimentally deter-
mined resonance frequencies f.. at B of the 50- and 100-um-
wide Hall bar, respectively. The dashed line displays the cyclo-
tron frequency f.=eB /27m* with m*=0.07m,, which would
be expected in an infinitely large 2DES, but is not observed in
our experiment.

in units of the free electron mass m,. The resonance fre-
quency is definitely higher than the CR and increases
with decreasing width of the Hall bar. In Fig. 5, the ex-
perimental resonance positions are plotted on quadratic
scales f2,, vs B2. From this we find that the resonance
positions follow the relation f2,=f2 (w,B=0)+f2,
where w is the different widths of 50 and 100 pum, respec-
tively. The extrapolation of the data to B=0 gives the

resonance frequencies f . (w =50 um)=95.4 GHz and
Sres(w =100 pm)=67.6 GHz. We can also obtain then
the ratio f o (w =50 um)/f (w=100 pum)=v"2. From

the slope A(ff,ﬁ,s)/A(BZ)"(e/Z‘n'm"')2 in this figure we

extract an m*=0.070m,, which is the effective mass of

GaAs.
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FIG. 5. Data from Fig. 4 plotted on quadratic scales, i.e., fZ
vs B%,. The plasmon frequencies f.,=95.4 and 67.6 GHz for
the 50- and the 100-um-wide Hall bars, respectively, are ob-
tained from extrapolation of the data to B=0. From the slope
one can determine an effective mass m * =0.070m,.
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This quadratic behavior and the frequency ratio of V2
indicate that the photoresponse is determined by collec-
tive effects. The frequency w,=27f, of plasmon oscilla-
tions in an infinitely large 2DES is given by!©

2
N;e

_—k, (1)
2e g€gm *

2 ==
@p

where k is the plasmon wave vector, N, the 2D electron
density, and €. the effective dielectric constant. If the
thickness of the Al Ga;_, As and the GaAs cap layer is
small compared to 1/k, which is the case in our experi-
ments, €. is well approximated by €= 1(€gaastE€vac),
where €,,,=1 and €g,5,=12.8. In the presence of a per-
pendicular magnetic field the magnetoplasmon frequency
Omp js1h13,14

why(B)=w}(B=0)+a} , 2)

where o, =eB /m* is the CR frequency and a)f,(B =0) is
defined in Eq. (1). However, in our Hall bars we do not
have freely propagating plasmons; our experiments rather
suggest that we observe plasmons confined by the width
of the Hall bar. For a quantitative explanation we use a
very simple model and assume that just one-half of the
plasmon wavelength fits into this width w, such that
k=m/w. With this assumption we calculated for w =50
pm an f,(B=0)=109.1 GHz and for w=100 ym an
fp(B= 0)—77 2 GHz using N,=2.3X10" cm™? and
€.4—6.9. These values are in good (about 10%) agree-
ment with the experimental results of 95.4 and 67.6 GHz
for w =50 and 100 um, respectively, which tends to sup-
port our explanation. We note that the ratio of the
plasmon frequencies w,(w =50 pm)/w,(w =100 pum) de-
rived from Eq. (1) is equal to V2 as observed in the exper-
iments. We have also measured additional Hall bars and
found a similar good agreement between the experiments
and the simple confined plasmon model. For example,
from a Hall bar with w =100 ym, N, =3.3X 10" cm™2,
and £=6.5X10° cm?/V's, we obtained an experimental
value f . (B=0)=81.2 GHz and a calculated value
f»(B=0)=90.5 GHz.

We would like to make some additional remarks: (i)
The plasmons we observed here have a wavelength A of
200 um. To our knowledge these wavelengths are much
longer than in previous experiments, e.g., in Ref. 16. (ii)
The agreement between the experimental plasmon fre-
quency and the value calculated within our simple
confined plasmon model is good, however not perfect.
We find consistently that the calculated value is higher
than the experimental one. Here, our model certainly
needs improvement, i.e., one has to calculate more accu-
rately the correct electromagnetic fields in the region sur-
rounding a bar of finite width. These fields are of course
modified as compared to the infinite plane of the 2D
plasmons being considered in Eq. (1). Note that the ex-
perimental frequency ratio f . (w =50 pm)/f . (w =100
pm) is exactly \/5, thus, it seems that these corrections
scale in proportion to 1/w. (iii) In principle, one expects
for a finite size sample at least two resonances: for in-
stance, for a rectangularly shaped ‘“dot” with lengths /
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and widths w the frequencies f;(k=w/I) and
fw(k=m/w) in our simple model. The lower frequency
decreases with increasing magnetic field and becomes an
edge magnetoplasmon with a frequency determined by
the circumference of the dot.!® Our experiments suggest
that the dominant response is determined by the oscilla-
tion of charge perpendicularly to the length of the Hall
bar. This shows that for our sample geometries the fre-
quencies f; are small compared to f,,. (iv) In a compara-
ble microwave photoconductivity experiment in a 2DES
with periodic antidot potential,!® the resonance frequen-
cies at the corresponding weak magnetic fields are quanti-
tatively smaller than the CR frequency. This would cor-
respond to an augmented effective mass m*=0.09m,. In
contrast, we find in our experiments increased resonance
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frequencies compared to the CR originating from the ex-
citation of magnetoplasmons confined within the width of
the Hall bar.

In conclusion, we have performed photoconductivity
experiments using microwaves to demonstrate that the
resonant response of a 2DES in a standard Hall bar
geometry has the character of a collective plasmon exci-
tation with a plasmon localization length governed by the
width of the Hall bar.
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