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Cyclotron resonance at microwave frequencies in two-dimensional hole
system in AlGaAs /GaAs quantum wells
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Cyclotron resonance at the microwave frequency is used to measure the band edgeghasthe
two-dimensional hole (2DH) system, confined in 30 nm quantum wells in the
Aly G As/GaAs/AL 1Gay As heterostructures. We find that for 2DH density<1.0

X 10'° cm~2, my is nearly constant-0.35m,. It increases with increasing density, 460.5m, at
p=7.4x10° cm 2. © 2003 American Institute of Physic§DOI: 10.1063/1.1623008

It is of great interest to know the band edge masg)( nm, shown in the inset of Fig.(B). All eight samples are
of the two-dimensional hole systenf2DHS) in the high mobility molecular beam epitaxy(MBE)-grown
GaAs/ALGa _,As heterostructures. It determines the GaAs/Al :Ga As quantum wells(QW) of 30 nm wide,
strength of hole—hole interaction, as well as the maximums-doped from both sides. The detailed sample growth struc-
switching speed for electronic and optical devices. Extensivéure is shown in the inset of Fig. 3. Table | lists the sample
experimentd™’ and theoreticd ! investigations have been parameters of the 2DH densitp), dc mobility (), dc re-
carried out to address this matter and it appears that, unlikiaxation time ¢yo), CR relaxation time fcg) measured at 40
the situation in the two-dimensional electron system wheresHz, as well agn,. The 2DH density was determined by
m,, is constantm,, in the 2DHS depends strongly on sample the low field Hall resistance. It is interesting to notice that at
parameters. the temperatureT) of 4.2 K, u is roughly constant, between

This intrinsic complexity ofmy, in the 2DHS is due to  ~2x10° and ~3x10° cn?/V's, for all eight samples, al-
the nonparabolic nature of the 2D valence bands, originatinghough atT~50 mK it differs considerably from sample to
from the admixture of heavy hole band and light hole bandsample, e.g...~1x10° cn?/V's for sample 1 angk~2.5
As a resultmy, strongly depends on, for example, the 2DH x 10> cn?/V's for sample 8. This shows that phonon scat-

confining potential, its density, and, in the case of thetering is an important mechanism to limit the 2DH mobility
strained-layer GaAs/lita_,As heterostructures, the ztT7=4.2 K.

built-in Strain.12 Previous eXpeI’imenta| |nVeSt|gat|dﬁg Cyclotron resonance measurements at the microwave
mostI%/ were carried out at the 2D hole d(()an5|n_>217 frequency ) were performed to determing,. During
X 10" cm™?, and only recently down to 410 cm™2. measurementf was fixed and the magneti®] field was

On the other hand, there is an emergent need, in recent 5tu§7\/ept. Close to resonance, the 2DHS absorbs heavily the
ies of the 2D metal-to-insulator transitioto knowmy, at  microwave radiation power and, as a result, the sample lat-
much IO\iv;ar densities, for example, down to t® ice temperature rises above 4.2 K. This temperature differ-
~10° cm = range. _ ence is then detected by an adjacent thermometer. In the
_In this letter, we report the experimental resultsnef, |inear response regime, where all the measurements were
using the cyclotron resonan¢eR) techmqug in the density .5rrieq out, the CR signal is proportional to the absorbed
rangleo froEnz as I_OW asp=$.4>< 10° cm 0 p=74  microwave power, or, in other words, the real part of the
x 10" cm™*. We find thatm, is nearly cons(t)ant;v_oz.SEme complex 2DH conductivity. Further details of our experimen-
(me is the electron magswhen p<1.0x 109 em™? and technique can be found in Ref. 14.
Tcreaseglownrr:]zmcreasmg 2DH density, te0.5m, at p Figure 1 shows the magnetic field dependence of the
=7.4x10" c .I Results Orlj the edge magnetoplasmonmicrowave absorption signal obtained at a frequency of 40
resonance are aiso presented. _ .GHz andT=4.2 K for four different samples with 2DH den-
We have investigated a total of eight samples. The typl—Sity ranging from 3.4 10° to 7.4<10° cm 2. All curves
;:al S'Zi of eacih szamdpli ||§kabout L mmf”ém' On the Sé:l’- display a well-defined resonance peak. The line shape of
ace of sample 2, disk-ike mesas of diameter 2 these curves can be fitted by the Drude mddéInder this
were patterned by chemically etching to a depth~e600 model, the real part of conductivity is given by e}/
00=[1+(wrcR)® + (0c7cR) 1 {[1 + (@c7cR)® — (07cr)*]
present address: Sandia National Laboratories; electronic mailit 4(@7cr)?} (0 is the static conductivityw=2f, and
wpan@sandia.gov Tcr IS the CR relaxation timeandog, m,, and7cg are the
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TABLE |. The 2D hole densityp, band edge massy,, dc mobility , dc relaxation timery., and the CR
relaxation timercg at the microwave frequency of 40 GHz. All quantities are measured at 4.2 K.

Sample p(10°em?)  my(mg)  w (10 cnf/Vs) 7y (10079 7er (1077
1(01-12-99-1 7.4 0.50 26 74 12
2 (12-02-98-1 5.2 0.46 21 55 15
3(12-22-98-1 41 0.42 25 61 13
4 (10-16-98- 3.7 0.44 2.7 67 16
5 (10-16-98-2 22 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 (02-26-99-1 0.34 0.35 31 62 9

fitting parameters. A fit for sample 8 is showm, deduced 2DH density.w, corresponds to the upper branch for the
by this kind of fit is consistent with the values obtained fromfrequencies higher than, and w _ to the lower branch for
the fits illustrated in Fig. @) and discussed later in the text. the frequencies lower tham,. In Fig. 2b), we show the
We have noticed thatcg is roughly five times smaller than resonance of lower branch &2, 5, and 7 GHz, and of
74c @and depends on the microwave frequetmythe resonant upper branch at =9 GHz. One point is worth emphasizing
B field Bcg). In Table I, we listrcg measured at 40 GHz for here. Because of the coupling of EMP, fit to either the CR
all the eight samples. line shape by the classical Drude model or the daté o$

In Fig. 2@, f vs By is plotted for sample 2. For the Bcratf<20 GHz by the linear equatiohf=7%eB/my,, will
frequencies higher than 40 GHz, cleaflyshows a linear inevitably result in a wrong value ofy. In order to obtain
dependence oBcr. A mass of 0.46, is then readily de- the right value, it is necessary to fit the datafof/s Bcg
duced from the slope of this linear relationship, according tcaccording tow- . The dotted lines in Fig. (&) show such
the equatiohf=%Aw.=%eB/my, wherew, is the cyclotron fits, including both the low frequency and high frequency
resonant frequency. For the frequencies lower than 20 GHzparts. It results in a mass of 0@, consistent with that
the data points deviate from the linear dependence and thebtained from the linear fit for high frequencies.
resonance is split into two braches, which merge toward a Results omrm,, are listed in Table | for all eight samples
single finite value,wy~7 GHz, atB=0 T. This kind of B and plotted in Fig. 3 as a function of 2DH density. It is
field dependent CR is due to the coupling of the edge magelearly seen that, is roughly constant~0.35n,, when
netoplasmor{EMP) mode to the cyclotron resonance mode. p<1.0x10'° cm 2, and increases with increasing density,
Consequently, the resonant frequency is modifiedvto= to ~0.5m, at p=7.4x10'° cm 2.
+ w24+ [(wef2)?+ w3]Y2 % where wq is the EMP fre- This density dependence afi, is consistent with the
quency atB=0 T, determined by the sample geometry andpicture of the nonparabolicity of 2D hole valance bafids.

In the presence of QW confinement, the heavy holél)

L B S B B B band and light holéLH) band split apart at the center of the
® sample1 Brillouin zone. Away from the zone center, the HH and LH
O sample 3 .00. f=40GHz bands admix and this gives arise to the nonparabolicity of
u  sample 5 . 2DH valance bands. When density is low and the Fermi
O sample 8 o T=4.2K . . .
. ° wave factorkg is small, the nonparabolic effect is small and
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D0 05 L0 FIG. 2. Microwave frequency as a function of resonant magnetic Bejd

B (T) The solid line is a linear fit to the high frequency data points. The dotted
lines are fits for the data points at all frequencies, according to the equation
FIG. 1. Cyclotron resonance at a microwave frequency of 40 GHz andw.=* w /2+[(w/2)*+ wé]”z. Figure 2b), EMP resonance for sample 2
temperature of 4.2 K for samples 1, 3, 5, and 8. Curves are shifted verticallpat the microwave frequencids=2, 5, 7, and 9 GHz. The inset of Fig(2
for clarity. The solid line on the data points of sample 8 is a fit according toshows the disk-like mesas patterned on the surface of sample 2. The diam-

the classical Drude model. eter of each disk is 25gm.
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[ T T T HH and LH bands is more severe, and consequentlyis
0.5F % T heavier.
I T - 42K To summarize, we havg measured the band edge mass
] of 2DHS in the symmetric GaAs/fiGa As quantum
% 1 wells of width 30 nm, using the cyclotron resonance tech-
+ ] nigue at microwave frequencies. We find ttmag is nearly
I ] constant,~0.35m,, for 2DH density p<1.0x10'° cm?2
- { 1 and increase with increasing density, +@0.5m, at p=7.4
g” sl ] x 10 cm 2. Edge magnetoplasmon resonance was also
g | GaAscap || observed.
{ * Sl 3-doping — -+ Aly;GaggAS ---|] The authors would like to thank Wei-Li Lee for help.
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