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Cyclotron resonance at microwave frequencies in two-dimensional hole
system in AlGaAs ÕGaAs quantum wells
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Cyclotron resonance at the microwave frequency is used to measure the band edge mass (mb) in the
two-dimensional hole ~2DH! system, confined in 30 nm quantum wells in the
Al0.1Ga0.9As/GaAs/Al0.1Ga0.9As heterostructures. We find that for 2DH densityp<1.0
31010 cm22, mb is nearly constant,;0.35me . It increases with increasing density, to;0.5me at
p57.431010 cm22. © 2003 American Institute of Physics.@DOI: 10.1063/1.1623008#
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It is of great interest to know the band edge mass (mb)
of the two-dimensional hole system~2DHS! in the
GaAs/AlxGa12xAs heterostructures. It determines th
strength of hole–hole interaction, as well as the maxim
switching speed for electronic and optical devices. Extens
experimental1–7 and theoretical8–11 investigations have bee
carried out to address this matter and it appears that, un
the situation in the two-dimensional electron system wh
mb is constant,mb in the 2DHS depends strongly on samp
parameters.

This intrinsic complexity ofmb in the 2DHS is due to
the nonparabolic nature of the 2D valence bands, origina
from the admixture of heavy hole band and light hole ba
As a result,mb strongly depends on, for example, the 2D
confining potential, its density, and, in the case of t
strained-layer GaAs/InxGa12xAs heterostructures, th
built-in strain.12 Previous experimental investigations1–6

mostly were carried out at the 2D hole densityp.1
31011 cm22, and only recently down to 431010 cm22.7

On the other hand, there is an emergent need, in recent
ies of the 2D metal-to-insulator transition,13 to know mb at
much lower densities, for example, down to thep
;109 cm22 range.

In this letter, we report the experimental results ofmb ,
using the cyclotron resonance~CR! technique, in the density
range from as low asp53.43109 cm22 to p57.4
31010 cm22. We find thatmb is nearly constant,;0.35me

(me is the electron mass!, when p<1.031010 cm22, and
increases with increasing 2DH density, to;0.5me at p
57.431010 cm2. Results on the edge magnetoplasm
resonance are also presented.

We have investigated a total of eight samples. The ty
cal size of each sample is about 1 mm32 mm. On the sur-
face of sample 2, disk-like mesas of diameter 250mm
were patterned by chemically etching to a depth of;600

a!Present address: Sandia National Laboratories; electronic m
wpan@sandia.gov
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nm, shown in the inset of Fig. 2~b!. All eight samples are
high mobility molecular beam epitaxy~MBE!-grown
GaAs/Al0.1Ga0.9As quantum wells~QW! of 30 nm wide,
d-doped from both sides. The detailed sample growth str
ture is shown in the inset of Fig. 3. Table I lists the sam
parameters of the 2DH density (p), dc mobility ~m!, dc re-
laxation time (tdc), CR relaxation time (tCR) measured at 40
GHz, as well asmb . The 2DH density was determined b
the low field Hall resistance. It is interesting to notice that
the temperature (T) of 4.2 K, m is roughly constant, betwee
;23105 and ;33105 cm2/V s, for all eight samples, al-
though atT;50 mK it differs considerably from sample t
sample, e.g.,m;13106 cm2/V s for sample 1 andm;2.5
3105 cm2/V s for sample 8. This shows that phonon sc
tering is an important mechanism to limit the 2DH mobili
at T54.2 K.

Cyclotron resonance measurements at the microw
frequency (f ) were performed to determinemb . During
measurement,f was fixed and the magnetic (B) field was
swept. Close to resonance, the 2DHS absorbs heavily
microwave radiation power and, as a result, the sample
tice temperature rises above 4.2 K. This temperature dif
ence is then detected by an adjacent thermometer. In
linear response regime, where all the measurements w
carried out, the CR signal is proportional to the absorb
microwave power, or, in other words, the real part of t
complex 2DH conductivity. Further details of our experime
tal technique can be found in Ref. 14.

Figure 1 shows the magnetic field dependence of
microwave absorption signal obtained at a frequency of
GHz andT54.2 K for four different samples with 2DH den
sity ranging from 3.43109 to 7.431010 cm22. All curves
display a well-defined resonance peak. The line shape
these curves can be fitted by the Drude model.15 Under this
model, the real part of conductivity is given by Re$sxx%/
s05@11(vtCR)2 1 (vctCR)2# / $@11 (vctCR)2 2 (vtCR)2#2

14(vtCR)2% (s0 is the static conductivity,v52p f , and
tCR is the CR relaxation time!, ands0 , mb , andtCR are the

il:
9 © 2003 American Institute of Physics
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TABLE I. The 2D hole densityp, band edge massmb , dc mobility m, dc relaxation timetdc , and the CR
relaxation timetCR at the microwave frequency of 40 GHz. All quantities are measured at 4.2 K.

Sample p (1010 cm22) mb (me) m (105 cm2/V s) tdc (10212 s! tCR (10212 s!

1 ~01-12-99-1! 7.4 0.50 2.6 74 12
2 ~12-02-98-1! 5.2 0.46 2.1 55 15
3 ~12-22-98-1! 4.1 0.42 2.5 61 13
4 ~10-16-98-1! 3.7 0.44 2.7 67 16
5 ~10-16-98-2! 2.2 0.38 2.3 49 12
6 ~01-12-99-2! 1.2 0.34 2.3 44 13
7 ~01-27-99-1! 0.64 0.37 2.8 59 11
8 ~02-26-99-2! 0.34 0.35 3.1 62 9
m
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fitting parameters. A fit for sample 8 is shown.mb deduced
by this kind of fit is consistent with the values obtained fro
the fits illustrated in Fig. 2~a! and discussed later in the tex
We have noticed thattCR is roughly five times smaller than
tdc and depends on the microwave frequency~or the resonant
B field BCR). In Table I, we listtCR measured at 40 GHz fo
all the eight samples.

In Fig. 2~a!, f vs BCR is plotted for sample 2. For the
frequencies higher than 40 GHz, clearlyf shows a linear
dependence onBCR. A mass of 0.46me is then readily de-
duced from the slope of this linear relationship, according
the equationh f5\vc5\eB/mb , wherevc is the cyclotron
resonant frequency. For the frequencies lower than 20 G
the data points deviate from the linear dependence and
resonance is split into two braches, which merge towar
single finite value,v0;7 GHz, atB50 T. This kind of B
field dependent CR is due to the coupling of the edge m
netoplasmon~EMP! mode to the cyclotron resonance mod
Consequently, the resonant frequency is modified tov65
6vc /21@(vc/2)21v0

2#1/2,16 where v0 is the EMP fre-
quency atB50 T, determined by the sample geometry a

FIG. 1. Cyclotron resonance at a microwave frequency of 40 GHz
temperature of 4.2 K for samples 1, 3, 5, and 8. Curves are shifted verti
for clarity. The solid line on the data points of sample 8 is a fit according
the classical Drude model.
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2DH density.v1 corresponds to the upper branch for t
frequencies higher thanv0 andv2 to the lower branch for
the frequencies lower thanv0 . In Fig. 2~b!, we show the
resonance of lower branch atf 52, 5, and 7 GHz, and of
upper branch atf 59 GHz. One point is worth emphasizin
here. Because of the coupling of EMP, fit to either the C
line shape by the classical Drude model or the data off vs
BCR at f ,20 GHz by the linear equation,h f5\eB/mb , will
inevitably result in a wrong value ofmb . In order to obtain
the right value, it is necessary to fit the data off vs BCR

according tov6 . The dotted lines in Fig. 2~a! show such
fits, including both the low frequency and high frequen
parts. It results in a mass of 0.47me , consistent with that
obtained from the linear fit for high frequencies.

Results onmb are listed in Table I for all eight sample
and plotted in Fig. 3 as a function of 2DH density. It
clearly seen thatmb is roughly constant,;0.35me , when
p<1.031010 cm22, and increases with increasing densi
to ;0.5me at p57.431010 cm22.

This density dependence ofmb is consistent with the
picture of the nonparabolicity of 2D hole valance bands.8–11

In the presence of QW confinement, the heavy hole~HH!
band and light hole~LH! band split apart at the center of th
Brillouin zone. Away from the zone center, the HH and L
bands admix and this gives arise to the nonparabolicity
2DH valance bands. When density is low and the Fe
wave factorkF is small, the nonparabolic effect is small an

d
lly
o

FIG. 2. Microwave frequency as a function of resonant magnetic fieldBCR.
The solid line is a linear fit to the high frequency data points. The dot
lines are fits for the data points at all frequencies, according to the equa
v656vc/21@(vc/2)21v0

2#1/2. Figure 2~b!, EMP resonance for sample
at the microwave frequenciesf 52, 5, 7, and 9 GHz. The inset of Fig. 2~b!
shows the disk-like mesas patterned on the surface of sample 2. The d
eter of each disk is 250mm.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the Fermi surface is nearly a circle. Consequently,mb is
expected to be constant. When density is high, the nonp
bolic effect becomes important. Consequently, the Fe
circle is distorted andmb is heavier.

Finally, from the CR measurements in a narrow QW
width 10 nm, while with other growth parameters being t
same as sample 4, a lightermb of ;0.19me is obtained. This
value is about half of that measured in sample 4 of width
nm, and consistent with the results obtained in the QWs
similar well width in Ref. 7. The heaviermb in wider QWs
points out that the confining potential is an important para
eter in determiningmb in the 2DHS. This is probably be
cause that the separation between HH and LH bands a
center of the Brillouin zone~or k50!, dependent on the wel
width, is smaller in wider QWs. As a result, the admixture

FIG. 3. 2DH band mass as a function of 2D hole density. The inset sh
the schematic layer profiles for the symmetric quantum well used in the
measurements.
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HH and LH bands is more severe, and consequently,mb is
heavier.

To summarize, we have measured the band edge m
of 2DHS in the symmetric GaAs/Al0.1Ga0.9As quantum
wells of width 30 nm, using the cyclotron resonance tec
nique at microwave frequencies. We find thatmb is nearly
constant,;0.35me , for 2DH density p<1.031010 cm22

and increase with increasing density, to;0.5me at p57.4
31010 cm22. Edge magnetoplasmon resonance was a
observed.
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