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Cyclotron resonance in ultra-low-hole-density narrowp-type GaAs{Al,Ga)As quantum wells

B. E. Cole, J. M. Chamberlain, M. Henini, and T. Cheng
Department of Physics, University of Nottingham, University Park, Nottingham NG7 2RD, United Kingdom

W. Batty
School of Electronic Engineering Science, University of Wales, Bangor, Gwynedd LL57 1UT, United Kingdom

A. Wittlin and J. A. A. J. Perenboom
High Field Magnet Laboratory, University of Nijmegen, Toernooiveld 1, NL-6525 ED Nijmegen, The Netherlands

A. Ardavan, A. Polisski, and J. Singleton
Department of Physics, University of Oxford, Clarendon Laboratory, Oxford, OX1 3PN, United Kingdom
(Received 4 September 1996

The cyclotron-resonance behavior of a seriepdfpe, low ps, asymmetrically doped31DA quantum
wells has been measured over two orders of magnitude in energy. Landau levels for the structures studied have
been calculated for comparison with experiment. The calculations use a rotated Luttinger Hamiltonian and
invoke the axial approximation. In the quantum limit and at certain far-infrared energies we observe two
resonances widely separated in field. We find at the lowest fields that the samples exhibit a light effective mass.
For the narrowest quantum well the cyclotron resond@¢® broadens and shifts to a slightly lighter mass into
the quantum limit, above about 2 T. The CR energy is modeled by inter-Landau-level transitions from the
highest level, and a discontinuous evolution to a higher effective mass, observed as the second resonance above
8 T, is explained by crossing of the highest two Landau levels, as modeled in the calculation. The discontinu-
ous evolution to a higher mass is found to shift to lower fields as the well width increases, as suggested from
the modeling. For the wider quantum wells the influence of additional anticrossings at intermediate fields, due
to the proximity of the second subband, is observed. CR energy for these samples is adequately modeled at
energies above and below the region of subband anticrossing. The limitations of the modeling procedure have
been discussed and a number of features of the experimental data are explained qualitatively in terms of the
expected modifications to the hole Landau-level structure when full Landau-level mixing is incorporated into
the modeling. The influence of hole-hole interactions and factors influencing the CR scattering time are also
discussed briefly{.S0163-18207)08804-§

I. INTRODUCTION The recent optimization of growth d811) crystal planes
has resulted in the fabrication of 2D hole systg@i3HS) of

In GaAs(Al,Ga)As heterostructures containing two- exceptional mobility, with transport scattering times compa-
dimensional (2D) holes, the first “heavy-hole” subband rable with the best electron samples in the case of
(HH1) possesses a small effective mass for motion in théeterojunctions:'® This progress has stimulated the investi-
plane close tk=0.1"2 However, the second “light-hole” gation of Wigner crystallizatiolf and the fractional quantum
subbandLH1) has a negative mass for motion in the planeHall effect’ in heterojunctions containing 2DHS. The sub-
close to the origin; thus the first and second subbands appand dispersion in zero magnetic figlibrmal to the plane
proach and anticross at highler resulting in highly nonpa- has been probed in a qualitative fashion using magnetotun-
rabolic subband dispersion relationshtpd.In heterojunc- neling spectroscopy and found to be satisfactorily modeled
tions, with typical hole densitieg,) of a few 13*cm 2, the by existing calculations, even for the high-index oriented
Fermi level is usually to be found in this region of severesamples® The Landau-level structure of 2DHS has been
nonparabolicity, leading to highp,-dependent effective studied using the proven technique of cyclotron resonance
masses and other complex behavior In contrast, in nar-  (CR) in a number of previous works:*11%2°most of which
row quantum wellsSfQW) the intersubband separation may concentrate on the single heterojunction samples where the
be increased, leaving the Fermi energy in a region of the firdhighest mobilities are usually achieved. The various notable
subband where the light effective mass of the zone center ifeatures of the CR spectra observed include a strongly field-
maintained->~*This ability to tune the effective mass by the and p.-dependent CR mass and in some cases the observa-
choice of Fermi level is particularly felicitous for potential tion of multiple CR transitions, usually in samples of lower
device application$>!* However, quantitative experimental mobility and higher carrier density. In addition, t1i811)-
investigation of the band structure of QW structures containeriented samples show gaps in the CR spectrum over certain
ing 2D holes has been minimal, largely because of the pooenergy rangé®-111922_gn effect due to anticrossing be-
quality of the material available. tween Landau levels of different subbands. To date the
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Landau-level structure of 2D hole systems has been calcu-
lated only for the(100),'~2 (111),%* and (211) (Ref. 22 di-
rections; in the first case, calculations have been compared
with existing CR data for(100 heterojunctions, yielding
limited agreement.The importance of hole-hole interactions
in modeling the hole excitations in a magnetic field was first 170A! 800A Si doped | 800A undoped 6o | Superarics b
alluded to in Ref. 12 and recent experimental data have also Gaas} (n,Gays . | (ALGa)AS - [OW  layer and SI subsirate,
demonstrated this effedt® Cap ! 5x10"cm*®  !spacerlayer =W (311)A

In this paper we present results of a study of a range of i .
p-type doped quantum wells, comparing comprehensive CR FIG. 1: Valen_ce-band profile of the asymmetrically doped QW
measurements with theoretical models of the hole Landad™c"" flustrating the layer sequence.
levels. The modifications to the Landau-level structure due to
the extra confinement in narrow QW'’s has been studied
while maintaining low impurity-acceptor scattering by  The samples were prepared using molecular beam epitaxy
modulation doping the QW on one side only. The samplesn (311)A-oriented semi-insulating substrates. The layer
used are also notable for their extremely low hole densitystructure and doping are illustrated in Fig. 1. Silicon is used
thus the 2D confinement energy in the narrower wells isas ap-type dopant for this crystal orientatidhThe samples
essentially due to théAl,Ga)As barrier rather than due to were characterized for hole areal density and mobility by
band bending. Furthermore, the quantum limit is reached bjow-field Hall effect and magnetoresistance measurements
2 T in most cases, so that filling-factor-dependent effedts on Hall-bar-type samples; results are given in Table I. Note
can be excluded at fields above this value. In addition, b);hat mobility is rather anisotropic; values found for Hall bars
reducing the possible transition to only those from thedligned along the011) direction, x, , and the(233) direc-
ground Landau levelor lowest two Landau levels, should tion, ., differ markedly. This effect is thought to be due to
they cros§ comparisons of data and calculations are facili-2NiSOtropic _ scattering by the corrugate@1l) GaAs/
tated. A further advantage in this context is the fact that théGa"A‘D'A‘S interfacé® and IS enhanced n quan_tum—wel!_
anticrossings observed if311) heterojunctions between samples compared to heterojunctions. The very high mobili-

Landau levels of different subbarfds'%?°are not expected ties found in the wide wells are sharply reduced as the well
width is decreased. For FIR transmission measurements the

for the narrow QW's, as the intersubband energy is Cons'déamples were lapped to a 2° wedge to avoid interference
erably Ie_lrger than the cyclotron energy. effects®
_ The field dependence of the CR can be used as a qualita- e F|R measurements were performed using an optically
tive prob(.a.of the hole supband dispersion relationship; €.9pumped molecular gas laser and a 20-T Bitter coil. The
the transition from the “I|ght—ma§s" charaqter of the HH1 sample was held at 1.2 K in a pump#de bath cryostat. The
subband at low fieldécorresponding to low in-plank vec-  F|R Jaser provides a large number of monochromatic FIR
tor) to the heavier masses at high fiel@rresponding to  |aser lines; CR is measured in transmission using a Si bo-
large in-planek vecto is observablé? However, a quanti- |ometer behind the sample while sweeping the magnetic
tative comparison requires a full calculation of the Landau-ield. The radiation impinging on the sample is unpolarized.
level structure. We have performed such calculations using\ reference bolometer is also used at the laser output to
the (311) Hamiltonian appropriate to our samples, derivednormalize the transmission against fluctuations in laser inten-
from a rotation of the Luttinger Hamiltonigit.An approxi-  sity.
mate potential is used and the Landau levels are derived in Millimeter-wave measurements were performed in a simi-
the axial approximation. In addition to simplifying the cal- lar swept-field configuration. A “millimeter wave vector net-
culations, the axial approximation is useful in identifying the work analyzer” (MVNA) (Ref. 27 was used to provide a
likely strong transitions, since selection rules are well de-continuously tunable source and detector of mm-wave radia-
fined in this case. The results of calculations are compare#on from 30-200 GHz. Measurements of the sample trans-
with experimental data. A number of features of the CRMISSion were performed at a wide range of frequencies in
spectra are explained in terms of the modifications to the
Landau fans expected when the full anisotropy is introduced, TABLE I. Well width, hole areal density, ps, and transport mo-
resulting in Landau-level mixing. bility in the (110, u, , and(233), y,, directions for all the samples
This paper is organized as follows: the samples and th&'€asured.
far—lnfrargd(FlR), millimeter-wave apd magnet systems usedS mple ID L, Characteristics at 2 K
are described in Sec. Il. The experimental data are presenteé1
in Sec. I, and the Landau-level calculations are discussed in Ps m i
Sec. IV. The CR data are compared critically with calcula-

Fermi energy

II. EXPERIMENTAL DETAILS

tions in Sec. V and the origin of the various features ob- &) (10* em™) (m*V=s
served are discussed schematically in terms of the modificar (NU1165 70 0.33 3.1 7.5
tion of level crossings, found in the axial approximation, into2 (NU1166 85 0.45 6.5
anticrossings when the Landau level mixing is included. Thes (NU944) 150 0.52 66.3

limits of this model are discussed in Sec. VI and a summary; (NU1076 200 0.6 40 75

is given in Sec. VII.
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FIG. 2. CR spectra for sample 1 are plotted at a range of FIR  FIG. 3. CR spectra for sample 3 are plotted at a range of FIR
laser wavelengths. The inverse linewidtirset top and peak reso-  |aser wavelengths. In the inset are plotted the inverse linewidths

nant absorptionginset bottom are plotted for all the wavelengths (solid triangle$ and peak resonant absorptiofpen trianglesfor
used for sample 1. Data for the high-energy CR branch are plottedample 3.
as open triangles and the low-energy CR branch as solid triangles in

the inset. The solid lineginsey are a guide to the eye. width and depth is evident; the inverse half-widtirs units

of mobility) and peak absorption strengths have been plotted
this range using an oversized waveguide with the sample c@s a function of field in the inset to Fig. 2. Note a minimum
to fit the waveguide cross section. At mm wavelengthsin absorption deptiand maximum in linewidth centered
wedging is insufficient to suppress interference effects, as thground 5.5 T, is highlighted by an arrow in this inset. The
wz_:welength in the GaAs substrate is similar to the Sampl%ehavior of the 85-A QWsample 2is qualitatively similar,
thickness. For such measurements the sampleg were th'”nﬁﬁhough the minimum CR depth occurs at a lower field,
to 300 um, but were unwedged, so that Fabry-®eaype ose to 4 T.

effects were avoided for wavelengths longer than 4 (frex CR spectra for the 150-A QWsample 3 are shown in
quency below 75 GHz In general, where symmetric absorp- rig 3 with similar behaviotnot shown found for the 200-A
tion line shapes are obtained the resonance position occursQW (sample 4. The behavior of the CR in these two wider
the transmission mmmgﬁﬁ otherwise asymmetric line \ye|ls appears to have three characteristic regions. At the
_shapes are fitted by allowing arbitrary mixing of t_he real andlongest wavelengthdowest field both samples show very
imaginary parts of a Drude-type complex dynamical C_onduc-sharp resonance\B=<0.3 T). At higher magnetic field,
tivity. Further measurements were made by placing thgoaq weak CR is observed over an extended range. At the
sample in a 60-GHz cylindrical resonant cavity; the cavity highest fields a sharp CR, consistent with a high sample mo-
was then weakly coupled to the MVNA source and detectorb”ity is recovered.

by narrow apertures and oversized waveguides. The cavity cR optained at millimeter-wave frequencies for samples 3
response, on resonance, was measured as a function of magyy 1 is shown in Figs.(d and 4b) (solid lines, respec-
netic field. In this configuration the sample top surface isiyely. The resonant fields and linewidths are accurately ob-

separated from the cavity end by a thin sheet of Mylar. Theaineq by fitting the data to a Drude-type expression for the
coupling of the sample to the cavity electric field could then

be tuned by choice of Mylar thickness in order to obtain
cyclotron resonances in the range 10—20 % of the full signal | (a) 1504 aw (b) 70A QW
in size. By limiting the sample absorption in this way we |
ensure a linear response of the cavity and a well controlled|
electrodynamic environment for the sample. For both trans-
mission and cavity configurations the millimeter radiation is
linearly polarized at the sample. The magnetic field was pro-
vided by a 17-T superconducting solenoid and the sample
was held at 1.4 K in low-pressure exchange gas in contact
with a pumped'He bath.

| (e 70Aaw

60GHz

80GHz

639GHz
(469 pm)

160GHz

Ill. CYCLOTRON RESONANCE RESULTS |
04 08 12 00 04 08 12 3.0 35 4.0

Magnetic Field (T)

0.0
Figure 2 shows a compendium of CR spectra, at a number

of FIR laser wavelengths, for the sample with a 70-A well
width (sample 1 A striking feature of some short-  FG. 4. (8 mm-wave data for sample @olid) obtained in the
wavelength data is the observationteb resonancege.g., at  transmission configuration for 2 wavelengths and fitted line shapes
229 pm), widely separated in field. At low fields the CR (dotted. (b) mm-wave data for sample (solid) obtained using the
consists of a single, sharp resonance with linewidths of typiresonant cavity configuration and fitted lineshafmstted. (c) FIR
cally under 0.5 T, although a marked field-dependent CRransmission data for sample 1 at a laser wavelength of 469
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absorbed power and this fitted function is also plotgatted
lines); the excellent quality of the fits is evidefthe discrep-
ancy between the data and fitted function far40 GHz, at

1 T and alsgb) 60 GHz, at 1.5 T is due to a spurious feature
atm*=1, which is sample independent and not attributed to
the 2DHY. The asymmetry of the resonances obtained in
transmission, as shown in Fig(a}, is a consequence of
standing waves in the waveguide and in order to fit these
data we allow arbitrary mixing between the real and imagi-
nary parts of the dynamical conductivityr(w), where
o=0,t0o_,

N
=)

o
o

Subband Energy (meV)
s ok K

(]
o

&
&

ie?pq
mM* (opw+il7)’

A
o

we=—€Be/Mm*. (1) 0.0 05 1.0 15 20 25 3.0
Wave vector (10% cm™)

o(0)=

FIG. 5. (a) Semiclassical CR mass, as a function of wave vector,
7is the relevant scattering timB,.sis the resonant field, and obtained from the zero-field subband dispersion and (By(see
w is the mm-wave frequency. Measurements using a resaext) for samples Xsolid) and 3(dotted. Arrows indicate the Fermi
nant cavity, as shown in Fig.(4), suffer from no such ef- wave vector for sample farrow 1) and sample Jarrow 2. (b)
fects and the cavity response is determined solely by th&ero-field subband dispersions for samplesdlid) and 3(dotted.
power absorbed in the sample, thus dielectric and interferIhe subbands are labeled according to their waye-function charac-
ence effects may be discounted. In this case only the real patﬁr at zero wave vector. Energy is measured relative to the valence-
of o(w) is required. For comparison with Fig(h}, the FIR ~ °and edge.
transmission data for the same sameat 469 um (solid
line) and the fitted functioridotted lin@ are plotted in Fig. IV. LANDAU-LEVEL CALCULATIONS

4(c) in order to illustrate the dramatic sharpening pf the CR  The bulk GaAs valence-band states are accurately de-
found for samples 1 and 2 once the quantum limit is reachedscriped by the four-band “Luttinger” Hamiltonidhand the
The resonances in Figs(a—4(c) have all been scaled to a neterostructure valence subband dispersion can be derived
similar size since the magnitude of the resonance depends @fm the bulk Hamiltonian in the envelope function
the electric-field amplitude at the 2DHG and this differs be-approximatior’® The effects of an external magnetic field
tween measurement configurations. are readily included by substitution of simple harmonic os-
In the limit of low frequencies the CR mobilitycg (in- cillator raising and lowering operators for the in-plane wave-
verse linewidth is a measure of the momentum relaxationvector components in the coupled envelope function
time for the center-of-mass motion of the hole system andquations. The Landau levels are obtained from these equa-
should tend towards that found in dc transport measuretions, at finiteB, by basis function expansion in terms of the
ments. Where an anisotropic mobility is found in dc trans-B=0 eigenfunctions. Calculations f¢t00), (111, and(211)
port measurements the CR may reasonably be expected esientation heterojunctions, performed previously by other
measure a scattering time somewhere betweeand u,;  author$®*"?'2?have generally been made in the axial ap-
we find ucg to be approximately 60% of the average trans-proximation. In one casthowever, the inclusion of Landau-
port value for both the narroid and 2 and wide(3 and 4  level mixing was investigated.
QW samples. Contributions to the scattering from ionized Previous calculatiods® involved self-consistent solution
impurities are expected to be small and similar for all theof the Poisson and Schitimger equations. In the present case
samples. Anisotropic interface roughness scattering isve avoid having to perform fully self-consistent calculations
thought to dominate in thé811) p-type structures through by approximating the potential due to the hole gas by that
the stronger hole confinement at the interface. In the case afbtained from the solution of the Poisson equation for a
the narrow QW'’s, where scattering at two interfaces mayFang-Howard wave function in a truncated triangular well.
occur and the confinement is even stronger, interface scattefhe accuracy of this approximation is enhanced in the nar-
ing will be very strong, resulting in the large reduction in dc rower, lowpg, QW's where the Coulomb contribution to the
mobility observed in these structures over the wider QW’s.confinement energy is small compared with that due to the
As the magnetic field is increased above 2 T, coinciding with(Al,Ga)As barriers. In order to calculate the band structure of
v<1, we observe a pronounced sharpening of the CR for theDHS grown on th&€311) crystal plane we use a “rotated”
narrow QW samplesl and 2 suggesting effective mobili- Luttinger Hamiltonian, applicable to genergikk]-grown
ties of up to 200 000 cfiV 's %, comparable to the nar- structureg*3! The single-band,B=0 envelope function
rowest CR observed in the wide, high-mobility QW sampleequations are solved using an accurate shooting métfard
(3 and 4. In contrast the CR for samples 3 and 4 broadenghe particular QW potential shape and then finally Landau
rapidly above 2 T. Maxima in CR linewidth coincident with levels are calculated in the axial approximation.
integer filling factors, such as has been observed in InAs/ The zero-field subband dispersion relationships obtained
GaSb and GaA#l,Ga)As 2D electron systenf§, are not in this way for the 70-A and 150-A QW’s are shown in Fig.
observed in our measurements wherel. 5. Also plotted in this figure is the semiclassical CR mass,
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10 _ reached by 2.5 T, thus, at magnetic fields above this value
(a) 70A Qw

inter-Landau-level transitions may only occur from the high-

est level. In the axial approximation, CR transitions have the
selection rulekAN==*1. The observed CR may therefore be

associated with the transitions indicated by the arrows in Fig.
6(a).

Energy (meV)

V. COMPARISON OF MODELING AND EXPERIMENT

The experimental CR energies and the calculated
N=1—-N=2 and theN=—-2—-N=-1 transition energies
are plotted against field for the 70-, 85-, 150-, and 200-A
QW's in Figs. 1a)—7(d), respectively. In Figs. @—8(d) the
same data are plotted in the form of CR mas$=eB/w,,
as a function of field. In the case of the 70- and 85-A QW’s
the observed CR energies are in reasonable agreement with
the calculated transitions between the levels indicated. From
2 to 8 T theN=—-2—-N=-1 transition energy increases
almost linearly with magnetic field, resulting in a constant
mass(~0.16m,), which is in good agreement with the ex-
perimental data. As has been mentioned above, such light
in-plane masses are characteristic of the HH1 subband close

FIG. 6. (a) Landau level fan diagram calculated using the modelt0 the zone centef. Below about 2-2.5 T, .transmons be-
described in the text for the 70-A QWsample 1 is shown. The tween higher Landau levels must t_>e cqn5|dered; however,
harmonic oscillator index of each level is marked adjacent to thaf’€S€ are expected to show a similar light mass character
level and the energy scale is calculated relative to the valence-bar?inC€ the highest subband tends towards parabolic at the zone
edge. The arrows indicate possible CR transitions where all théenter. A small increase in CR mass may be expected as the
holes lie in the highest level. Two level crossings have been highfield falls below the quantum limit and thre=1—n=2 tran-
lighted by boxes(b) Landau level fan diagram for the 150-A Qw Sition marked in Figs. 7 and 8 become possible once more.
(sample 3is shown in a similar manner {@). Levels originatingin ~ Further fluctuations in CR mass as the filling factor in-
the second subband are evident. Additional level crossings occugreases, as observed previouslypitype heterojunctions of
due to the proximity of second subband such as that highlighted itnigher pg 4 should decrease in amplitude toward the zero-

5
(b) 150A QW

Energy (meV)

5 10 15 20
Magnetic Field (T)

the box. field limit and the CR mass is expected to converge with the
zero-field subband mass at the Fermi energy in this firit.
m(B;EO, as a function of wave vector, evaluated using Figs. 8§a—-8(c) the CR mass appears to have a zero-field
limit at (0.17-0.18m,, somewhat higher than 0.4f ex-
B—0 72 dA(e) pected from the zero-field subband calculatigasown in
Mcr “ox de | 2 Fig. 5. Possible reasons for this apparent mass enhancement

at low fields are discussed briefly in Sec. VI.
HereA is the area irk space enclosed by a line of constant A changeover in oscillator strength from a high-energy to
energye. Figures 6a) and Gb) display the Landau levels a low-energy branch at fields a8 T observed in the
calculated for 70- and 150-A QW'’s; analogous results havexperimental data for sample 1 is explained by the crossing
also been obtained for the 85- and 200-A QW'’s studied. Irof the two highest Landau level®y=—2 and N=1. The
the axial approximation the Landau levels take the form oflower-energy branch is in good agreement with the
four series with lowest harmonic oscillator function index, N=1—N=2 energy found in the calculations. The field
N=-2, —1, 0, or 1. Landau levels up t=3 have been range over which the transition between the two branches
plotted and their index numbers are indicated in the figurespccurs moves to lower field as the lateral confinement is
adjacent to each level. Note also that a number of level crosseduced; for the 200-A QW the mass increases sharply over
ings occur. In particular, th&l=1/N=-2 and theN=2/N  the range 2-8 T in a manner similar to that found in CR
=—1 crossingdhighlighted by boxes in Fig. (@)] will be measurements of heterojunctions containing 2D hbtes,
shown to be important in explaining the phenomena obwhich form the limiting case of an infinitely wide asymmet-
served experimentally for the narrow QW'’s. These “intra- ric QW.
subband” level crossing$i.e., crossings of Landau levels  The field positions of the various calculated level cross-
originating from the same subbanake a distinguishing fea- ings [highlighted in Figs. ) and &b)] may now be com-
ture of non¢100 Landau levels and are shifted to lower field pared with the experimental CR spectra in which two reso-
as the well width increases. In the case of the 150-A QW, th@ances are observed. In making such a comparison, the
HH1-HH2 intersubband energy is sufficiently small that in- consequences of the approximations involved in the model-
tersubband Landau-level crossin@s., crossings of Landau ing must be emphasized. It has been shtvhat in (111)-
levels originating from different subband®say also occur in  oriented samples, admixture of levels occurs whéh==*3.
the CR energy range studied; such a crossing is highlighte8imilarly, for (100 samplesAN==*4 are strongly hybrid-
in Fig. 6(b). For all the samples studied the guantum limit isized. For the(311), low-symmetry orientation, mixing be-
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FIG. 7. The measured CR energies are plotted for each field value. The transition energy for the two tramsitidhss:n=—1 and
n=1—-n=2, as calculated in the model described in the text, are plotted for comparison. Where the transition is fdidtidoen
temperaturgthrough either an empty initial state or a completely filled final state, the transition energy is plotted as a daskae-(de.

show results for samples 1—4, respectively.

tween levels of botAN=+*3 andAN==*4 is possible; thus all the oscillator strength will lie in a transition of character
the ground-state crossing shown in the axial approximatioMN=—-2—N=-1, however, as the field evolves through the
will become an anticrossing once full level mixing is intro- region where mixing of the top two Landau levels occurs the
duced. Where the top Landau level has mixed charactegscillator strength will transfer smoothly to a transition of
transitions to both th&l=2 andN=-1 levels(as labeled in characterN=1—N=2 found at high fields. This change-
the axial schemeare possible from this state. At low fields over will occur over an extended field range centered around

0.35 = 0.35 =
(a) 70A QW (b) 85A QW
v

0.307 0.30 n=1—>n=2 v
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m ’
3 0.25] 0.25]
® /
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FIG. 8. The same data as plotted in Fig. 7 are shown in the form of CR (&R w.) as a function of magnetic fielda)—(d) show
results for samples 1-4, respectively.
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a field corresponding to equal admixture of the=—2 and  anticrossing of theN=—1 level with levels associated with
N=1 states in the initial hole level. Even in the absence ofthe next subband. It is reasonable to expect the character of
level mixing, however, an extended changeover region ishe N=—1 level to change somewhat over this region, re-
expected; at 1.4 K, the temperature at which the present exiucing the strength of CR transitions to this state. Further-
periments are performed, the two highest Landau levels hav@ore, there is strong experimental evidence that the crossing
energy separatiofin the axial schemeless tharkT (=0.12  of Landau levels from different subbands highlighted by the
meV) over a 2-T range around the crossing field. Thus sigP0X in Fig. &b) is an anticrossind” Such an anticrossing
nificant thermal population of the two highest Landau levels'®Sults in a gap in the CR energy as a function of field such

will occur over a similar field range, leading to the simulta- that when this region is probed in the “constant energy-

neous observation of two CR in the experimental spectraSEPt field” arrangement used in the present experiments,

and a gradual shift in oscillator strength from one CR to theWeak or no CR is observed; this is analogous to CR in the

other. Thus we are not able to clearly distinguish the exten‘lﬂec'tron system in a tilted magnetic field, where the in-plane

of level mixing from our measurements at this tempera’ture?omponent of the field mixes Landau levels of different

For comparison with the calculation, an estimation of thesybband§?'33ln our hole.systems thellevel mi'xing is int'rin-
field at which the two CR branches have equal absorptio ic to the(311) Hamiltonian and requires no m-plane field. A
strengths is used as a value of the ground-state crossing fiel he absence of any resonance at 2.18 meV in the 200-

A value of 12 T is thus estimated for the 70-A QW whereas W, despite a very low noise Ieyel, may b? attrib_uted to ”“?
the calculations suggest a field of 8 T phenomenon. The energy at which this anticrossing occurs in

- P _ 311) heterojunctions was fouRdo scale with hole density
The crossing between thirtN=—1) and fourth(N=2) ( . . - .
levels in the agial model maf/'\lexplai)n the minima in peakand, for a heterojunction of similar density to the 200-A QW

; ; , d here, the effect occurred at a slightly lower energy.
absorption strength observed in the 70- and 85-A QW’s af'€asured . ; Y
5.5 and 4 T, respectiveljsee inset to Fig. 2 In the fully ﬁ[]ms fact is consistent with the weak contribution that the

mixed scheme the resulting anticrossifigetween levels QW confinement makes to the intersubband separation in

forming the final state of a CR transitipwill result in the this sample.
division of oscillator strength between transitions to the an-
ticrossing levels. Thus the peak absorption strength is re-
duced. We do not resolve the two possible transitions but do
observe a broadening of the CR at a corresponding field The calculations described in the present work appear to
(minima in inverse linewidth marked in inset to Fig. 2sin  describe the CR energy for the 70- and 85-A quantum wells
the case of the ground-state anticrossing, the measured fieddlequately in the quantum limit. The axial approximation is
positions of these two CR oscillator strength minit|a5 known to work reasonably well for(111) and (100
and 4 T) are somewhat higher than those suggested from thieterostructurés (i.e., structures in which the in-plane an-
calculations3.5 and 2 T for the 70- and 85-A QW’s respec- isotropy vanishes completely at the zone centafthough
tively). zero-field subband calculations show some anisotropy in the
We point out here that the field of equal admixture of two(311) QW'’s the CR is insensitive to this, being a form of
coupled levels will lie at the crossing field of the unmixed in-plane average around the Fermi surfgsee Eq.(1)]. A
case only to first order in perturbation; when full level mix- useful aspect of the axial approximation is the well-defined
ing is introduced this will not generally be the case. Thus thdabeling of levels by harmonic oscillator number and the
experimental evidence suggesting level anticrossings aelection ruleAN==1 for CR transitions in this scheme.
fields above that suggested from the crossing position of unfransitions allowed in the axial approximation may be ex-
mixed levels is consistent with the nature of the axial appected to dominate when full mixing is introduckt®! The
proximation. axial approximation calculations also provide an explanation
In the case of the two wider QW'’s, the ground-state crossfor both the discontinuous crossover from low to high CR
ings are predicted to be at 3.2ch® T for the 150- and 200-A mass and the field dependence of the CR oscillator strength
QW samples, respectively. Below these fields, the light charand linewidth in terms of crossing of various Landau levels.
acter effective mass expected in the low-field limit is apparHowever, the field position of these phenomena is not well
ent. Note that the CR mass of the 150-A QW sample has apredicted by the axial calculation; the predicted crossings
apparent minimum at 2.5 T where the quantum limit isoccur at somewhat lower fields than suggested by experi-
reached; at fields below this thd=1—N=2 and other ment. To account for this more fully the Landau-level mix-
higher transition contribute to the overall mass, however, agng must be taken into account; no calculations yet exist for
with the 70- and 85-A QW samples, there is no evidence that311) samples including full level mixing. Although, to first
the CR mass converges with that calculated from the zeroerder, the field of equal admixture of two unmixed states
field subband in the low-field limit. Experimentally, the two occurs at the crossing field, higher-order effects may not be
resonances expected where the bottom two Landau leveignored. We note that exact calculations fo(ld1) hetero-
cross are not observed although the CR becomes very broguhction in which states oAN=*3 mix show the twoan-
and weak at fields above these values. Above 12 T, sharp)crossings mentioned above shifted to higher fields by a
resonances are once more obtained with CR masses similsignificant amount in comparison with an axial calculatton.
to the calculatedN=1—N=2 transition. Over the field In applying our modeling procedure to the wider QW
ranges where very weak broad CR was obtained a number sfructures the observed trends are borne out. However, at
factors may be influencing the results. The large down-turintermediate fielddwhere the cyclotron energy is compa-
in energy of theN=—-2—-N=-1 transition is a result of rable to the intersubband-Landau-level engriipe axial ap-

VI. DISCUSSION
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proximation proves inadequate; the number of level crosspotential shape and axial symmetry, are least severe for the
ings that may mix in an exact calculation make a quantitativenarrowest QW'’s and at the smallest cyclotron energies. We
interpretation in the axial scheme difficult. Furthermore, thenote the CR broadening to lower fields occurs simulta-
exact shape of the potential well is sensitive to the level andieously with the shift up in mass; similar behavior has been
nature of the background doping. F@11) samples where found in 2D electron systems in both Si inversion layers

Si incorporates as an acceptor the background doping will b&nd GaAs/AlL,Ga)As (311B heterostructuré§ and was in-

p type overall although the net acceptor concentration is noterpreted as being due to a disorder-pinned charge-density
well known. The approximate potential used is expected tdvave(CDW) state in the first case and to coupling of the CR
be least accurate when modeling an accumulation layer; fd© theé magnetoplasmon modes through disorder in the sec-

200- and 150-A QW's the well confinement adds to the subOnd. The CDW state implicated in Ref. 35 is suggested to

band energy only slightly so any error in the approximateform in the quantum limit, shifting the measured CR mass to

potential will be more pronounced than for the narrowerbelow the bare banq mass. Conversely the magnetoplasmon
QW's coupling suggested in Ref. 36 tends to enhance the CR mass

The influence of the Coulomb interaction between hole®VE" the bare value whene>1; this explanation would ap-

may also contribute to the difference between the model pre'[-)ear to f;t_gutr dtat?hmOLe C'Os.e'y- A% 'Elum(?ga?_{ qtr:jer factors
dictions and the experimental data. This interaction has beedWa% C?':h” uheffto. SS arpening % eth 1N fe\?hen- ¢
showrf® to couple cyclotron motion of holes undergoing 9€Mt O the shift In mass, such as tne range or the scat-

transitions of different frequency to a single frequency hy_tenng potential and screening effects. In the first case a dis-

brid resonance. In the situation where the first and secon%rder potential of range greater than the cyclotron raéus

Landau levels cross and an equal number of holes reside | pes not contribute significantly to the CR linewidfthence

each level, the Coulomb interaction can, in principle, couplea narrowing of the CR occurs wheRefalls below the range

the two transitions of different energy to a single-energy hy—Of the interface Inhomogeneity. Secondly, screening of a

brid resonance. A model describing the analogous effect ilhong—range potentiawhose effectiveness increases with the

2D electron systems has been derived by Cooper angensity Of. states at the Ferm.i leyakill be greater in t_he
Chalker3 it was found that the criterion for observation of duantum limit where the density of states at the Fermi level
strong Coulombic coupling was that a dimensionless cou!NCréases with field® In samples 3 and 4 the CR linewidth is
pling constant defined in Ref. 34 should be at least 0.05. lrgomlnated by band-structure effects such as severe nonpara-
the quantum limit, the strength of the Coulomb Couplingbolicity and intersubband Landau level anticrossings at fields
scales with magnétic length and hole dendftjor the case above 2 T.’ due to the prpximity of the second subband, thus
of the low density, narrow QW'’swhere the crossover from a sharpening of the CR in the manner obser\{gd fo.r the nar-
light to heavy CR mass occurs far into the quantum linfie row QW samples would be masked. In addition, impurity

Coulombic interactions are likely to be small as the dimen_scattering may not_ be com_plete_ly insignifi(_:ant_ in the v_vide
sionless coupling constant is0.01 at the crossover region QW's leading to different linewidth behavior in the wide

for the 70-A QW. Both CR branches for this sample appeapw S:
to deviate from the calculated transition energies as the os-
cillator strength decreases; this may perhaps be a manifesta-
tion of weak Coulombic coupling. As the crossover region
moves to lower field, the Coulomb coupling strength in- In conclusion, we have measured the cyclotron resonance
creases and a single resonance, as predicted by Ref. 34,kighavior of a series gi-type, lowpg, asymmetrically doped
indeed observed throughout this regi@ee also the discus- (311) QW'’s over two orders of magnitude in energy. Landau
sion in Refs. 4 and 19 levels for the structures studied have been calculated for
Out of the quantum limit interpretation of the CR in terms comparison with experiment. The calculations use a rotated
of single-particle Landau-level transitions is less useful. ItLuttinger Hamiltonian and invoke the axial approximation.
has become evident that a full interpretation of CR in 2D We find at the lowest fields that the samples exhibit a
electron systems, despite a simple bare electron band strulight effective mass, typicallyn*=0.17n,, characteristic of
ture, is complicated due to the self-consistent interaction othe HH1 subband zone center although this value is slightly
the electrons with one another, the lattice and disorder. Thuabove the semiclassical CR masswf=0.14m, found from
we do not attempt a complete interpretation of CR in thethe zero-field subband dispersion. Above about 2 T, the
more complex 2DHS in the region of=1 but limit our-  samples are fully quantized by the magnetic field and the CR
selves to the comments below. Thermal population of higheenergy is modeled by inter-Landau-level transitions from the
levels becomes significant, increasing the number of levelbighest level. In this field range the CR mass for the 70- and
involved in CR transitions dramatically and the strong cou-85-A QW'’s is found to be roughly constant with energy in
pling of CR transitions through hole-hole scattering results inaccordance with th&l=—2—N=-—1 transition calculated
a resonance that is a hybrid of the many possible singlein the axial scheme and a massmf =0.15m, is obtained.
particle moded® At the lowest CR frequencies the condi- The oscillator strength of this transition is lost at high mag-
tions for semiclassical CR are fulfilled, namely, that<E_ netic fields while that of a lower-energy CR branch is seen to
and kT<<Eg, whereE is the Fermi energy. The apparent develop. This is explained by crossing of the two lowest
discrepancy between the zero-field intercepts of the meaN=-2 andN=1) Landau levels at an intermediate field;
sured CR masses with the calculated subband CR mass above this crossing field the ground state assumbks=4
surprising given the good agreement obtained in the quanturtharacter and the CR energy is then satisfactorily modeled
limit. The approximations of the model, in terms of QW by theN=1—N=2 transition. In addition we find minima in

VII. CONCLUSIONS
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the oscillator strength as a function of field that may be ex-explained qualitatively in terms of the expected modifica-
plained by anticrossing of the third and fourth Landau levelstions to the hole Landau-level structure when full Landau-
these level§N=2 andN=—1) are predicted to cross in the level mixing is incorporated into the modeling. The influence
axial approximation calculations but are expected to mix inof hole-hole interactions and factors influencing the CR scat-
the exact calculation. Experimentally, the field range ovettering time have also been discussed briefly.
which the CR mass evolves form a low to high value shifts
to lower fields for W|_der QW widths; this trer}d is also repro- ACKNOWLEDGMENTS
duced by the modeling. In contrast, two distinct CR branches
arenot observed in the case of the two wider QW’s; weak, This work was carried out as part of Engineering and
broad CR is found at energies intermediate to the twdPhysical Sciences Research CoufEIPSRQ research pro-
branches suggested by the calculahéd —2—N=—-1 and grammes at Nottingham and Oxford. B.E.C. acknowledges
N=1—N=2 transitions. Additional anticrossings, at theseEPSRC for financial support. Work at KU Nijmegen is sup-
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