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0
p-type 90-A Ino, 8Gao 82AS/GaAs quantum wells with carrier concentrations in the range

p, =(1.5 —4. 3) X 10" cm have been studied by magneto-optics. Cyclotron resonance measures the
effective mass of the ~MJ ~

=—holes as =0.16 for in-plane motion. The mass is light because of the

strain decoupling of the "heavy-hole" ~MJ ~

= —' and "light-hole" ~MJ ~

=
—,
' states. The effective mass

has been measured as a function of carrier concentration and field. The totally decoupled limit is
not achieved and the residual coupling between the ~MJ ~

=
—,
' and —,

' states is well described by a cal-

culation of the Landau levels using an eight-band k p model. Filling-factor-related anomalies in the
cyclotron resonance are observed and interpreted in terms of hole-hole interactions combined with
the presence of localizing potentials. Interband photoconductivity measurements determine the
conduction-band structure and good agreement with the calculations is achieved. The magnetoexci-
ton binding energy and band filling are considered in the analysis of the interband data.

I. INTRODUCTION

In strained quantum wells, the uniaxial component of
the strain tends to decouple the "heavy-hole" ~MJ~ = —'„
and "light-hole" ~Mz~ =

—,
' states, leading to mass reversal

efFects. The (InA1, Ga)As/(Ga, A1) system' should be an
ideal material to maximize the light-hole behavior of the
~MJ ~

=—', subbands, because for a given strain splitting, it
is possible to further reduce the ~MJ ~

=
—,
' and —,

' coupling
by spatially separating the ~Mz~ =—', and ~MJ~ =

—,
' wave

functions. Experimentally, this system is convenient, as
high-quality samples can be produced either by
molecular-beam epitaxy (MBE) or metalorganic vapor-
phase epitaxy. The mass reversal effect was first ob-
served in temperature-dependent magnetotransport mea-
surements on p-type In„Cia& As/GaAs superlattices.
Since then, the ~M~~= —,

' mass has been directly mea-
sured ' by cyclotron resonance. Masses of -0.15 have
been recorded. However, the ~MJ~= —,

' subband disper-
sion is highly nonparabolic, ' and the nonparabolicity
contribution to the effective mass depends inversely on
the ~Mz~ =

—,
' and —,

' splitting. Device possibilities are dis-
cussed by O'Reilly. The strain reconstructed valence
band is considerably simpler than the valence band of
typical lattice-matched heterostructures, ' " and so
strained samples are ideal for studies of quasi-two-
dimensional holes.

Well-resolved exciton features have been commonly
seen in interband optical work' ' for both
In„Ga, As/GaAs quantum wells and superlattices.

The general conclusions are that most of the band offset
appears in the conduction band, and that for moderate
strains the system is type II for "light" holes. Interband
magneto-optics has been used to measure the reduced
effective mass, and to demonstrate how genuine superlat-
tice band structure can be achieved with this sytem. '

In this paper we report the results of both intraband
and interband magneto-optics of single p-type
Ino, sGao szAs/GaAs quantum wells. We have measured
the effective masses up to 17 T for a range of carrier con-
centrations (1.5—4.3) X 10" cm . The Landau levels
have been calculated with an eight-band k p model, and
good agreement with the experimental data is achieved
when the theory is interpreted in a one-particle, intrinsic
way. However, various filling-factor-related anomalies
are observed. These anomalies show that hole-hole in-
teractions must be taken into account, and they also re-
veal the existence of localizing potentials.

II. EXPERIMENTAL DETAILS

The samples were grown by MBE at the R.S.R.E. Lab-
oratory in Malvern. Four samples were studied, each
with indium concentration of 18% and 90-A well width.
The samples were p-type modulation doped. The carrier
concentration was controlled via the widths of the doped
regions on either side of the quantum well. The sample
details are summarized in Table I.

The low-temperature carrier concentration (p, ) of the
two samples with the lowest doping could be signifi-
cantly increased by a persistent photoconductivity effect.
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TABLE I. The sample details. The low-temperature carrier
concentrations are given before (dark) and after (light) illumina-
tion from above band-gap radiation.

1 400-

3.2 2e1

1e0

Sample

ME541
ME539
ME538
ME540

dark p,
(10" cm-')

1.5
2.6
3.7
4.2

light p,
(10" cm )

1.8
3.7
4.0
4.3

~ 1350-
Oe -1

Table I shows how the samples span the carrier concen-
tration range (1.5—4.3) X 10" cm . Mobilities were
—5000—15000 cm (Vs)

For the cyclotron resonance experiments, we employed
a fast-scan Fourier-transform spectrometer and a super-
conducting magnet. Each sample was studied up to 14.5
T, but ME540 was taken to 17 T with a higher field mag-
net, as discussed in Sec. IV. The radiation was detected
by a silicon bolometer placed directly behind the sample,
both at about 3.5 K. The carrier concentrations were
measured in separate low-temperature transport experi-
ments. The interband photoresponse (to unpolarized ra-
diation) was detected by photoconductivity. Contacts to
the samples were made by alloying In-Zn (-S%%uo Zn) into
the surface at —300 C. A constant current passed
through the sample, and the voltage from the same two
contacts was used to measure the photoconduction. A
four-contact measurement gave no systematic differences
to the results. Interband spectra were recorded up to 15
T.

~ 20-
LU

UJ

30-
0
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FIG. 1. The conduction-band (upper plot) and valence-band
(lower plot) Landau levels for a single Ino»Gao 82As/GaAs
quantum well calculated with eight-band k.p theory. The ener-

gy zero is at the top of the "heavy-hole" quantum well, and the
lowest energy of the conduction-band plot is the bottom of the
conduction-band well.

III. LANDAU-LEVEL CALCULATIONS
0

We have calculated the Landau levels of a 90-A
Ino &86ao 82As/GaAs quantum well with an eight-band
k.p model. The basis states correspond to the conduc-
tion, heavy-hole, light-hole, and spin-orbit bands. The
Hamiltonian and its origin are discussed elsewhere. '

The boundary conditions adopted conserve the envelope
function and envelope function "current" at the inter-

faces. ' The conventional assumption of Bloch function
equality for well and barrier materials is adopted, and is
likely to be a very good one in this case when the well
and barrier materials are quite similar electronically. The
strain is included with the valence-band Hamiltonian of
Pikus and Bir, ' and a hydrostatic term is added to the
two conduction-band diagonal Hamiltonian elements.
We make two approximations in implementing the mod-

TABLE II. The parameters used in the Landau-level calculations for Ino»Gao 82As/GaAs quantum
wells.

Parameter

Band gap (eV) Eg(x)=1.519—1.5387x+0.475x
Spin-orbit splitting (eV) A(x) =0.341 —0.09x+0. 14x
Kane matrix element (eV) E~
Conduction-band mass m, =0.0665 —0.0435x
Heavy-hole mass mhh'

Heavy-hole mass mhh'

Light-hole mass m ]g =0.0942 0.062x
Luttinger parameter K(

Lattice constant (A) ao(x) =5.65+0.43x
Elastic constant (kbar) C»(x) =1223—390x
Elastic constant (kbar) C&2(x) =571 118x
Deformation potential (eV) b (x)= —1.7 —0. 1x
Deformation potential (eV) a (x)= —7. 1+1.2x

GaAs

1.519
0.341

25.7
0.0665
0.34
0.725
0.0942
1.2
5.65

1223
571
—1.7
—7.1

Ino. &8Gao. 82As

1.257 4
0.329

25.7
0.058 67
0.34
0.725
0.083 04
1 ' 8
5.727 4

1153
550
—1.718
—6.884
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el. First, we assume Oat bands, i.e., the eA'ect of the dop-
ing on the potential profile is not included. Second, we
use the axial approximation in which yz and y3 are re-
placed by an average value [in this case by —,'(y2+y3) j in

the following terms of the Hamiltonian: H$3 H2$ H67,
and H7~. Both approximations are extremely convenient
numerically, and it is unlikely that they give rise to any
misunderstandings when we interpret the experimental
results. The input parameters for GaAs and
Inp i 8Gao 8pAs were taken to be compatible with those
employed by Duggan and co-workers. ' The parameters
are listed in Table II. GaAs masses of Shanabrook
et al. ' were used, taken to vary with indium concentra-
tion, as listed in Table II ~ A heavy-hole well depth of
69.2 meV was assumed, corresponding to a band o8'set ra-
tio Q, =0.67. No consensus exists regarding the band
offsets and their dependence on indium concentration,
but this value is reasonable. ' ' ' For this onset, the
light holes have a type-II alignment. Figure 1 shows the
valence-band and conduction-band Landau levels for this
system, with the Landau levels labeled in a standard nota-
tion. ' '

IV. CYCLOTRON RESONANCE

A. Effective-mass determination

for ME539 after illumination (p, =3.7X10" cm ) are
not shown, as they were very similar to the ME538 and
ME540 results. A typical cyclotron resonance from
ME540 (p, =4.2X 10' cm ) is shown in the inset to Fig.
3. The cyclotron-resonance linewidth I cR, quoted here
as the full width at half maximum, is strongly dependent
on field, varying between 0.7 and 1.4 meV for sample
ME540. The corresponding optical mobilities,
p,,&=2ECR/(I cRB), are 10500 and 19000 cm ( Vs)
both of which are higher than the dc transport mobility

pz, ——7000 cm ( V s) '. Cyclotron-resonance experi-
ments on another p-type strained-layer system,
In„Gai Sb/GaSb quantum wells, also gave optical
mobilities that were higher than the transport mobilities,
but in this case the behavior was more extreme with p p

up to a factor of 6 higher than pd, . Figure 2 shows that
all the CR data points lie on the same curve except for
those from ME541 (light and dark) and from ME539
(dark). This behavior is tied to the filling factor v, the
number of completely filled Landau levels, where it is
essential in this sytem to count the different spin states
separately, as the spin splitting is important. We find
that large deviations to the common EcR versus 8 curve
occur when v & 1. For instance, after illumination,
ME541 has a fundamental field (the field for v= 1) of 7.4

Figure 2 is a plot of the cyclotron-resonance (CR) ener-

gy EcR against magnetic field B for all four samples. The
results for ME538 and ME540 after illumination are not
shown, as they were the same for all intents and purposes
as the data taken before illumination. Also, the results
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FIG. 2. The cyclotron-resonance energies plotted against
magnetic field. The carrier concentrations are listed in units of
OI'cm '

FIG. 3. Cyclotron energies plotted against magnetic field,
The crosses are the data points for ME540 (p, =4.2X10"
cm ), and the error bars represent the full width at half max-
imum (FWHM). v=1 (2) occurs at 17.4 T (8.7 T). The solid
lines are the calculated energies of the —2~ —1, —1~0
(predominantly MJ = ——), and 1~2, 2~3 (predominantly

MJ = + —) transitions.
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T, and for lower fields the points line up with the others
from higher hole-density resonances, whereas at higher
fields in the quantum limit (v(1) the points deviate to
higher energy. The reason for the enhanced EcR in the
quantum limit is discussed later (see Sec. IV C). Smaller
anomalies in the cyclotron energy were also observed for
v-2 or 3 and occurred along with a broadening of the
resonance (see Sec. IVD). We point out here that the
data points taken for v& 1 and away from any linewidth
anomaly can be reliably used to measure the effective
mass, mcR =eAB/(moEcR), in units of the free-electron
mass mo. Within the limits imposed by these constraints,
we find that the mass is 0.16, independent to within 0.005
of sample, field, and carrier concentration. The perhaps
surprising absence of nonparabolicity is discussed later.

The mass is indeed low compared to the bulk GaAs
heavy-hole mass of 0.34. However, the totally decoupled
limit of (y „+y» ) =0.10 is «t achieved. (y» and y„
are the conventional Luttinger parameters. ) This indi-
cates that residual ~MJ ~

=—', and —,
' coupling is important,

which is not surprising, given that we measure
cyclotron-resonance energies up to =12 meV, a sizable
proportion of the heavy-hole —light-hole energy splitting.

To predict the cyclotron energies, the statistics of the
Landau levels must be considered. The cyclotron reso-
nance satisfies a selection rule An, =+1. In the quantum
limit, v & 1, only n, = —2 is populated, and so only
—2~ —1 is allowed. For 1 & v & 2, holes occupy also the
n, =1 level, and two transitions are possible: —2 —+ —1

and 1~2, and so one would expect to see two cyclotron
resonances with relative intensities determined by the
statistics and overlap integrals of the respective states.
At higher v, three transitions are always possible. An
analysis along these lines has been carried out for n-type
GaAs/Al Gai „As heterojunctions. Figure 3 shows
the cyclotron-resonance data for ME540 up to 17 T. The
—2~ —1 and 1~2 calculated energies lie on either side
of the data points and diverge quite rapidly at high field.
The agreement between experiment and the calculation is
good, provided that we assume that what we see experi-
mentally is some sort of average of the two transitions, as
only a single absorption line can be seen.

The calculations show that the valence band is highly
nonparabolic. This is revealed, for instance, in Fig. 3, in
which we plot the first four cyclotron-resonance transi-
tions. The —1~0 and 2~3 transitions have lower ener-

gy than their spin counterparts (
—2~ —1 and 1~2, re-

spectively). The nonparabolicity is larger for the
MJ = —

—,
' pair (

—2~ —1 and —1~0). The nonparabol-
icity is not revealed so obviously in the experiment be-
cause of several factors. First, this averaging process for
1 & v (2 tends to obscure the nonparabolicity, which
without the averaging would be revealed by two
cyclotron-resonance absorptions with different energies,
diverging at high field. Second, at low filling factors, the
statistics obviously preclude measurements of higher n„
transitions, which would probe the mass further up the
band. Finally, the data for ME541 with the lowest car-
rier concentration, can only be used unambiguously for
effective-mass determinations away from the quantum

limit, i.e., at low fields, &7.4 T, due to localization phe-
nomena. Figure 3 shows how at low field the calculated
cyclotron-resonance transitions differ by an amount that
is less than the linewidth. It is therefore difficult to com-
pare the low-field mass for samples with different carrier
concentrations. Essentially then we can only compare
the mass for different carrier concentrations at high field,
providing that the quantum limit is not reached. This
limits us here to only a small range of carrier concentra-
tions 3.7—4.3X10" cm, and we find for each case
(ME539 light, ME538 and ME540) that the mass is 0.16
to within 0.005. The complications of cyclotron reso-
nance for the particular series of samples used have thus
made it experimentally difficult to reveal the nonparaboli-
city of the band.

B. Violation of Kohn's theorem 1 & v(2

Figure 3 shows also the linewidth (full width at half
maximum) of the cyclotron resonance for ME540. For
ME540 v= 1 (2) occurs at 8 = 17.4 T (8.7 T). At 14 T (17
T) the linewidth is a factor of 2.2+0.2 (4.5+0.7) smaller
than the splitting between the two calculated lines, and so
it appears that for 1 & v & 2 the two expected transitions
have been hybridized into the single resonance observed
experimentally. This result is not dependent on the pa-
rameters chosen in the model. For instance, we have cal-
culated the Landau levels for 15%, 18%, and 20% indi-
um, and find that the Landau levels for 18% probably
agree best with the cyclotron-resonance data (and 18%
also gives the correct quantum-well band gap), but that
for all three indium concentrations the —2, —1, 1~2
splitting is several times larger than the resonance
linewidth. It is difficult to see how an impurity or localiz-
ing potential could have this effect. Instead, we suggest
that hole-hole interactions are responsible, although the
exact nature of the hybridization is unclear. Recent cal-
culations of the magnetoplasmon dispersion for a two-
dimensional electron system for 2 & v & 3 have shown
how the two transitions with the same spin can hybridize
even in the long-wavelength limit relevant for cyclotron
resonance. This explains some recent results of Watts
et al. , who studied the cyclotron resonance in extreme-
ly high-mobility n-type GaAs/Al„Ga& As heterostruc-
tures and, despite the very narrow linewidth, could not
resolve a splitting of the resonance due to nonparabolici-
ty. However, Watts et al. also observed only a single
resonance when two one-particle transitions of opposite
spin were expected. The mixing here is also basically be-
tween two transitions of opposite spin, MJ =+—,', but the
spin character of each transition is not so clear cut as in
the electron case because of a small admixture of
MJ= —

—,
' to the predominantly MJ= —

—,', n, = —1 level,
and admixture of Mz =+—,

' to the predominantly

MJ =+—'„n„=1,2 levels. We therefore propose that the
two one-particle cyclotron transitions for 1(v(2 are
coupled by many carrier effects, and the complicated
makeup of the valence-band spin, in addition to the
effects of any disorder in the material, allow the coupling
of transitions with basically opposite spin. Kohn's
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theorem states that cyclotron resonance is not affected
by interactions of the form g; u(r; —r ). The result
only applies for a parabolic system, and it is the nonpara-
bolicity that allows the theorem to be violated in the
present case. The nonparabolicity is mainly caused by
the ~MJ~= —,

' and —,
' mixing. Watts et al. required sam-

ples with ultrahigh mobilities to study these effects. We
can make similar conclusions for holes in this study, al-
beit from more limited data, with mobilities several or-
ders of magnitude lower, because the spin effects are very
much more pronounced in the valence band than in the
conduction band. Our results are consistent with recent
calculations of the hole magnetoplasmon dispersion for
p-type GaAs/Al, Ga, As quantum wells, which predict
that the —2~ —1, 1~2 transitions are coupled.

C. OII'set behavior for v(1
It was mentioned in Sec. IVA that for v&1, ECR is

enhanced. For ME541 in the dark, p, =1.5X10" cm
and v=1 occurs at 8=6.2 T, and almost all the reso-
nances were thus recorded in the quantum limit. Figure
2 shows how the Ecz data points lie above those from
samples with higher p, . After illumination,
p, = 1.8 X 10" cm, and at low fields EcR is not
enhanced. The transition to an enhanced EcR takes
place around 10 T, which is slightly higher than the fun-
damental field (7.4 T). Figure 4 shows (EcR) plotted
against 8 . (EcR) is a linear function of 8 both in the

low- and high-field regimes, but the high-field points ex-
trapolate back at 8 =0 to (EcR) =3.2 meV
(EcR =1.8+0.4 meV). ME539 also shows an enhanced
Ec~ before illumination (p, =2.6X 10"cm ), but a pro-
nounced transition on an (EcR) versus 8 plot was not
observed. The enhancement for ME539 disappeared on
increasing the carrier concentration to p, =3.7 X 10"
cm by illumination. The other samples, ME540 and
ME538, had higher carrier concentrations (Table I), and
so the v & 1 range could not be reached experimentally.

These results, particularly those for ME541, suggest
that the cyclotron resonance is influenced by disorder po-
tentials in the samples. This (EcR) versus 8 behavior
has been observed in two-dimensional (2D) n-type sys-
tems, and Sigg, Weiss, and Klitzing showed how
the offset is dependent on the degree of disorder, con-
trolled in this case by high-energy electron bombardment.
The main difference is that the enhanced ECR was ob-
served for v & 2 in the n-type systems, whereas it is ob-
served here for v & 1. This is simply a consequence of the
different spin splittings, which are very small in the GaAs
conduction band but are important in the valence band,
so that the quantum limit is reached essentially at v=2
for GaAs 2D electrons but not until v=1 for the 2D
holes. A simple explanation of the effect assumes that the
potential fluctuations vary over a distance that is large
compared to the cyclotron radius l, at high field
(l, =&A/eB ). In the quantum limit, all the carriers re-
side only in the lowest Landau level, and within that level
they fill the states with lowest energy, and so as the field
is increased the carriers become localized in the potential
fluctuations. The bottom of the potential fluctuations
may have an approximately parabolic form. For a one-
dimensional wire extending in, say, the y direction with
parabolic walls, —,'I'6 x, the cyclotron-resonance ener-

gy ECR for a field along z is given by

«ca )'= «cR )'+ «~)'

1 00-

50-

50 100 150 200
8 (T )

FIG. 4. The cyclotron energy squared plotted against mag-
netic field squared for ME541 after illumination (p, =1.8X 10"
cm ). The line is a straight line fit to the high-field points.

where EcR =e AB /I *, the cyclotron energy without the
additional parabolic potential. A similar result is found
for deliberately patterned "quantum-dot" structures.
In the quantum limit, then, we propose that all the holes
are bound in approximately parabolic potential fluctua-
tions, so that the (A'5) term explains the enhancement of
EcR compared to Ec~. We note that Kohn's theorem
still applies with the additional parabolic potential in this
geometry, and so if one ignores the nonparabolicity in
the electronic band structure, the parabolic potential fluc-
tuation is the bare unscreened potential. In fact, Kohn's
theorem generally applies when there are parabolic poten-
tials, and so carrier-carrier interactions have little effect
on the far-infrared response of quantum dots ' ' that
have approximately parabolic confinement potentials.
The localizing potential in 2D systems arises from both
well fluctuations and impurities, and also in this case al-
loy disorder is likely to be important as the quantum well
material is the Ino &8Gao 8@As. Once the first Landau lev-
el is completely full, the transitions from this level no
longer follow the offset behavior as the potential fluctua-
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tions tend to be averaged out. The higher Landau levels
will be less influenced by the potential Auctuations than
the first if the ECR energies are comparable to or larger
than the heights of the potential fluctuations. This must
be the case experimentally, because an enhanced ECR is
only observed in the quantum limit. It is difficult to esti-
mate the properties of the potential Quctuations from
these results, as the effect depends most on the filling fac-
tor. However, the numbers are at least consistent with a
picture based on the localization of the carriers into po-
tential fluctuations. At 10 T, EcR ——7.2 meV and l, =81
A, and when the potential —,'m 6 x =ECR we find

x =460 A for %5=1.8 meV (ME541), which is indeed
larger than I, . It would appear that the potential fiuctua-
tions are a few meV deep and extend over a few hundred
A.

D. Linewidth measurements

Figure 5 shows the cyclotron linewidths and effective
masses for samples ME540, ME538, and ME539. For
ME540 (p, =4.2X10" cm ) the linewidth varies be-
tween 0.7+0. 1 and 1.4+0. 1 meV, reaching a maximum
at v = 1.5+0.1. ME538 (p =3.7 and 4.0 X 10" cm )

behaved similarly, having a linewidth maximum at
v=1.4. In addition, at lower field the linewidth peaks at
a filling factor somewhere between v=2 and 3, with a
maximum linewidth that is about the same as the

linewidth maximum at the v=1.4 anomaly. For ME539,
after illumination (p, =3.7X 10" cm ) the linewidth
peaked at v=1.3. Precise linewidth measurements at
lower p, were rather difficult because of the weak absorp-
tion. There is then a maximum linewidth that appears to
be tied to a filling factor of v= 1.4. Again, similar
linewidth Auctuations have been seen in the cyclotron
resonance of n-type systems, ' and again we can
make an analogy between v=2 in the n-type case when
the spin splitting is not important and v= 1 here, where
the spin splitting is important. The experimental situa-
tion can be rather complex, however.

A modified Kramers-Kronig analysis was used by Ni-
cholas et al. ' to relate the linewidth and mass
anomalies. The appearance of an offset in the cyclotron
resonance energy at v=2 determines and is determined
by a linewidth anomaly at a similar filling factor. Howev-
er, in these experiments it was not possible to simultane-
ously measure the linewidth accurately and observe the
offset because we could not reach the quantum limit for
the high-density samples, and we could not accurately
measure the linewidth for the low-density sample ME541
due to the rather weak absorption (-2%). Figure 5

shows how the v=1.4 linewidth peak does not corre-
spond with any obvious anomaly in the mass. It could be
that the v=1.4 anomaly is related to a quantum limit
offset behavior in the cyclotron energy but is shifted
down in field.
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FIG. 5. The cyclotron mass (in units of the free-electron mass) and cyclotron-resonance FWHM plotted against magnetic field for
ME540(p, =4.2X10"cm ), ME538 (p, =3.7X10"cm ), and ME539 (p, =3.7X10"cm ).
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A further eff'ect should be considered. The screening
by the carriers of the ionized impurity potential is strong-
ly filling-factor dependent. When the Fermi energy lies
between two Landau levels, the screening is suppressed,
causing the resonance to broaden. This has been calculat-
ed ' and observed ' exactly at even filling factors. The
existing calculations ' assume that remote ionized impur-
ity scattering is dominant, and it is not clear how to ap-
ply the results to the case here, when it has already been
shown that carrier-carrier interactions and localizing po-
tentials are important. Also, the theory predicts that the
cyclotron resonance is broadened but not shifted in ener-

gy by the impurity potentials. We find in these results
that shifts in the cyclotron energy do occur. Although
the linewidth maximum at v = 1.4 has no obvious
correspondence with the mass, which is almost constant
in this field range (Fig. 5), the linewidth anomaly at lower
field (ME538) does coincide with structure in the mass-
versus-field plot, in which the mass changes by +0.01.
We suggest, therefore, that oscillatory screening is likely
to be important, but that it must be considered along
with the other. interactions that perturb the cyclotron res-
onance to explain these results.

We have shown that the 2D hole cyclotron resonance
is aff'ected by carrier-carrier interactions and by localiz-
ing potentials. Similar results have been observed in n-

type systems, including studies of ultrahigh mobility
GaAs/Al, Ga& As heterostructures. ' '" lt would ap-
pear then that these eff'ects, which go beyond an intrinsic
one-particle picture of cyclcotron resonance and compli-
cate an attempt at effective-mass determination, may be
general features of cyclotron resonance in two dimen-
sions. We comment also that the strain makes the hole
mass light and the valence-band Landau levels relatively
simple, and these eff'ects have enabled us to study in de-
tail cyclotron resonance of 2D holes.

V. INTKRBAND MAGNET@-IOPTICS

Figure 6 shows some photoconductivity spectra at 4 K
and at several magnetic fields for sample ME540
(p, =4.3 X 10" cm ). The zero-field trace consists
essentially of a broad onset of photoconduction, which
we expect to occur at the band gap plus Fermi energy.
This is indeed likely to be the case, as the high-field
points extrapolate back at B =0 to an energy where the
photoresponse is just beginning. No excitonlike features
could be seen at zero field. On applying a magnetic field,
sharp Landau-level transitions emerge. Figure 7 is a fan
diagram, a plot of the transition energies versus magnetic
field. Also plotted are the results for ME541
(p, =1.8X 10" cm ). We observed that the strength of
the photoconductivity signal was very field dependent.
Indeed, we plotted the response at = 1.4 eV as a function
of magnetic field and found that the trace was similar to
the Shubnikov —de Haas oscillations of the magnetoresis-
tance. The photoconductivity essentially disappears
when the Fermi energy lies between two Landau levels
and the conductivity is small. This is experimentally in-
convenient, as it makes it difficult to measure interband
spectra over the entire field range. The fan diagrams for
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FIG. 6. Photoconductivity spectra for sample ME540 at
several magentic fields.
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FIG. 7. Fan diagrams for samples ME540 (p, =4.3X10"
cm ) and ME541 (p, =1.8X10"cm ). The solid lines are the
calculated magnetoexciton energies taking a zero-field exciton
binding energy E,„(0)=8meV. The dashed lines are the free-
electron transitions, calculated for E„(0)=0 and n& =0.

ME540 and ME541 are similar, except that the ME541
band gap is about = 10 meV higher, which could be easi-
ly explained by a slight diff'erence in either indium con-
centration or well width between the two samples.

To calculate the interband energies from the Landau
levels, we have derived the selection rules for transitions
between the valence and conduction bands, and we have
then modeled the magnetoexciton binding energy. The
selection rules are
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n, ~n, +1

n, —+n —1 for M =+—,',
n, = —2, —1,0, . . . ,

n, =1,2, 3, . . . , (3)

which correspond to transitions with opposite circular
polarization. A spin splitting was not resolved experi-
mentally, and so it would appear that each transition is
made up of two components. The interband spin split-
ting is dominated by the valence-band spin splitting, as
the conduction-band spin splitting is rather small in this
material system. The linewidth of the interband transi-
tion at high field is larger than any calculated valence
spin splitting, and this tells us that the value of KI, the
Luttinger parameter, deduced from our transport exper-
iments, is not overestimated. No other transitions were
obvious in the spectra in the energy range of Fig. 7. This
confirms that the selection rules, derived by assuming
decoupled valence bands, are adequate, and are another
example of the simplification brought about by the strain.
Exciton effects are known to be important in undoped
In Ga, As/GaAs quantum wells. To account for the
exciton effect, and to discuss the additional effects caused
by the doping in these structures, we assume we know the
zero-field exciton binding energy E,„(0) of an undoped

0
90-A Inp i8Gap 82As/GaAs quantum well. We can do
this from the work of Moore et al. ,

" who calculated the
exciton binding energy as a function of well width for
Inp I&Gap 8~As/GaAs quantum wells, and achieved good
agreement with their experimental results. For a 90-A
Inp, ~Gap 85As/GaAs quantum well, Moore et al. cal-
culate E,„(0)=8 meV. We have taken E,„(0)=8 meV in
the subsequent analysis, ignoring the 3%%uo difference in in-
dium concentration between our own quantum wells and
the calculations of Moore et al. We have used a semi-
empirical model for the magnetoexciton, an adaptation
of the Akimoto-Hasegawa high-field result for nonpara-
bolic bands. We expect that interband transitions from
hole levels well above the Fermi energy will not be
strongly influenced by the presence of the carriers. For
these transitions we can confidently model the data with
the theory as for undoped quantum wells. In any case,
Akimoto and Hasegawa derive that the magnetoexciton
binding energy is proportional to (n&+ —,

'
) '~, where nI is

the conventional index of the interband transitions.
(n„= —2—+ —1 and n, =1~0 comprise nI =0, etc. ) The
inhuence of the magnetoexciton binding thus reduces
with increasing n&.

To fit the data for ME540, the parameters of Table II
and E,„(0)=8 meV were used. For ME541, the calcula-
tions were rigidly shifted by 10 meV to fit the n& =1, 2,
and 3 levels. The solid lines in Fig. 7 show the magne-
toexciton energies calculated with the above selection
rules and the magnetoexciton model. The theory gives a
good fit to the experimental points except for the nI=0
transition. Essentially, the interband experiment mea-
sures the conduction mass and nonparabolicity if we as-
sume we know the valence-band Landau levels from the
cyclotron resonance.

In Fig. 7 we plot also the n& =0 energies for E,„(0)=0
(dashed lines). These are the free-electron transition en-
ergies, without any exciton binding. The data for ME540

lie roughly midway between the solid and dashed lines,
but for ME541 the data lie nearer to the solid lines. The
difference between the dashed lines and the experimental
points measures the magnetoexciton binding energy. As-
suming that E,„(0)=8 meV is accurate, we can deduce
that the exciton binding energy is reduced by the pres-
ence of the holes, and that this effect is more pronounced
at a particular field for the more heavily doped sample
ME540 than for ME541. The exciton has been observed
to quench in n-type systems, attributed to phase-space
filling, and screening effects. ' Recently, in a GaAs n-

type quantum well, a transition from free-carrier recom-
bination to excitonic recombination has been deduced
on increasing the magnetic field (in a photoluminescence
experiment). We expect that the excitonic fits in Fig. 7
(solid lines) will be good once the lowest Landau level is
only sparsely occupied by holes, i.e., in the quantum lim-
it, at very high fields. For ME541 the quantum limit is
reached at B=7.4 T. The excitonic fit is much better
than the free-carrier fit for this sample (Fig. 7). This
qualitatively corresponds with the n-type results, as it
suggests that the quenching of the binding energy is less
severe at lower carrier concentrations, or, equivalently, at
lower filling factors.

The strengths of the different transitions show an
unusual behavior in that the first interband Landau level
could be observed for fields greater than about 4 T for
both ME540 and ME541. The —2~ —1 (1~0) transi-
tion should only be observed when the —2 (1) level begins
to empty of holes, i.e. , for v(1 (v(2). So at T=0 and
for unbroadened Landau levels the first interband Landau
level should not be observed at all until v(2, which cor-
responds to 8 ) 8.9 T (B ) 3.7 T) for ME540 (ME541).
We could observe the first transition for B ~4 T, i.e.,
v&2, for ME540. Figure 6 shows spectra at 5.0 and 7.5
T, both below the v=2 field, and considerably below the
v=1 field. It is unlikely that thermal broadening is
significant at these temperatures. At B=4 T the spacing
of, say, the n, =1 and —1 levels (see Fig. 1) is —6 times
larger than kT at 4.2 K and so occupation of the n„=1
level with electrons will be very small at this field and
insufhcient to account for the intensity of the first inter-
band transition. The Landau levels will be broadened, of
course, by defects, but this too cannot account for the ob-
servation of the first interband transition at v) 2. A
large broadening would be required to spread the occupa-
tion of holes over several Landau levels, and this would
not be compatible with the well-resolved cyclotron-
resonance and magnetotransport data. Our results are
actually similar to those reported by Iwasa, Lee, and
Miura and Lee, Miura and Iwasa on p-type
GaAs/Al GaI „As quantum wells. These authors mea-
sured transmission as a function of field and observed a
sharp increase in the intensity of the "heavy-hole exci-
ton" at a particular field B,„.B,„ increases with p„but is
much smaller than the quantum limit field. Their inter-
pretation takes a one-particle view of the effects of band
filling. They claim that because the lowest exciton wave
function is formed from a superposition of Landau levels,
the lowest-energy transition can be observed as the
higher levels depopulate. Optical experiments on n-type
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samples have not revealed any similar effects, and, in
fact, the results were used to probe the movement of the
Fermi energy in the conduction band. The difference be-
tween the n- and p-type cases may be caused by the
different masses of the two bands. The hole is heavier
than the electron and is thus more localized within the
exciton than the electron.

Valence-band Landau-level mixing is expected to be
unimportant only at high field when the cyclotron radius
l, is less than the spatial extent of the hole. We attempt
to quantify this argument with a semiclassical analysis.
Taking a Fourier transform of the exciton wave function
in a simple hydrogenic model at zero field, we estimate
the spread in k space of the hole 6k& by taking the half-
width of the resulting Lorentzian. We then compare
1/6k& to the cyclotron radius I, . This defines a magnetic
field when valence-band mixing in the exciton wave func-
tion has become unimportant. We find that this limit is
16 T for a 3D exciton, and 64 T for a 2D exciton in our
samples. These limits scale as the square of the effective
mass and so are very much lower for the conduction band
in n-type samples. The real exciton in our samples is
somewhere between the two- and three-dimensional
ideals. In either case, valence-band mixing in the exciton
wave function is likely to be important for ME540, where
the field for v=2 is at 8.9 T. The n& =0 transition is then
allowed at low field through the admixture of unoccupied
states to the exciton wave function.

Finally, we comment that the light mass in this system
makes it easy to produce samples in which the Fermi en-
ergy EF is much greater than kT. By comparison, the
heavy-hole mass is typically very large in wide unstrained
p-type quantum wells, giving smaller Fermi energies as,
of course, EF ~I '. For instance, Iwasa, Lee, and
Miura used samples in which EF—-kT. In principle,
strained-layer samples with EF))kT could be ideal to

study the inhuence of many-body effects on the optical
properties of two-dimensional holes.

VI. CONCLUSIONS
We report an investigation of a series of p-type

Ino
& sGao s2As/GaAs quantum wells. The important

point is that the uniaxial component of the strain splits
the "heavy-hole" ~Mz ~

=—', and "light-hole" ~Mz ~

=
—,
'

states. We show how this results in a light in-plane mass
for the first ~Mz~ =—', subband and a simple set of inter-
band selection rules. Both cyclotron-resonance and inter-
band photoconductivity experiments are modeled with an
eight-band k.p calculation of the Landau levels interpret-
ed in a one-particle framework. Good agreement with
experiment is obtained. Evidence is presented for the hy-
bridization of the two-cyclotron-resonance transitions for
1 & v &2, and this is compatible with recent theoretical
ideas about hole magnetoplasmons. Residual mixing of
the ~M& ~

=—', and —,
' states causes the subbands to be non-

parabolic, and hence Kohn's theorem does not apply.
The cyclotron-resonance energy is enhanced for v&1,
and this is interpreted as a quantization of the holes into
localizing potentials. The linewidth and cyclotron mass
have anomalies at higher filling factors, which suggests
that a complete interpretation of the cyclotron resonance
data would be very involved. In all these respects, the cy-
clotron resonance behaves similarly to n-type systems,
but with some quantum-limit effects shifted to v= 1 due
to the much larger effective spin splitting in the valence
band. This leads us to suggest that these effects are gen-
eral to cyclotron resonance in two dimensions. The
nI=0 interband transition is shown to have a reduced
magnetoexciton binding energy in these p-doped struc-
tures, and, surprisingly, the nI=O interband transition
could be observed at fields well below the quantum-limit
field.
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