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Exchange-enhanced energy shifts in the polarized photoluminescence of a two-dimensional ho
system in the integer quantum Hall regime
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Polarized photoluminescence spectroscopy studies have been performed on two-dimensional hole systems in
GaAs-~Al,Ga!As one-side modulation-doped quantum wells in the integer quantum Hall effect regime. Energy
shifts of the photoluminescence are observed at integer filling factors. Forn>2, the energies of the photolu-
minescence in the right- and left-circular polarizations are almost equal near even filling factors and maximally
separated near odd filling factors. This behavior is attributed to a combination of many-body effects in the
screening of the correlation hole of the photoexcited electrons and an exchange-enhanced Zeeman splitting at
odd filling factors. Atn51 upward energy shifts are seen in both polarizations; in contrast to the behavior at
other odd filling factors, the transition energies in the two polarizations are almost equal instead of being
maximally separated. This is attributed to the occurrence of filling factorn51 in a region of magnetic field
where there is strong mixing of the heavy-hole and light-hole states.

DOI: 10.1103/PhysRevB.68.045325 PACS number~s!: 73.43.2f, 78.55.2m, 78.67.De
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I. INTRODUCTION

Photoluminescence~PL! spectroscopy is well establishe
as a useful technique in the study of the physics behind
integer and fractional quantum Hall effects~IQHE and
FQHE! in two-dimensional electron systems. The optical s
natures of the quantum Hall effects can consist of spec
energy shifts and line splittings, together with intens
modulations, coinciding with integer and fractional Landa
level occupancies. The origin of the PL of a two-dimensio
~2D! electron or hole system in the IQHE regime depends
the carrier density, the separation between the recombi
electron and hole, and the amount of disorder in the sam
For system carrier densities greater than about 1015 m22, the
regime under investigation in the present paper, the PL ar
from the recombination of free electrons and holes.

In a 2D electron system~2DES! in narrow~250 Å! quan-
tum wells, where the separation between the 2D elec
system and the photoexcited holes is small, upward shift
the energy of the PL line at integer filling factors a
observed.1 In wider ~400 and 500 Å! quantum wells and
single heterojunctions~SHJ’s! where the 2D electron-hole
separation is larger, downward energy shifts are observ1

These energy shifts have been interpreted as manifesta
of the effects of screened many-body interactions.2 The the-
oretical work2 considered only spinless systems; if we i
clude spin-split Landau levels, we would expect shifts in
recombination energy at every integer filling factor when
spin-split Landau levels are full. The behavior of the sp
split levels can be investigated through polarized PL stud
A polarization analysis of the photoluminescence fro
2DES’s in GaAs single quantum wells of different we
widths and in a GaAs single heterojunction was presented
Goldberget al.1 They concentrated on the PL contributio
from the spin-split electron states around filling factorn
51, but also discussed the behavior atn52 and 2/3. For a
0163-1829/2003/68~4!/045325~8!/$20.00 68 0453
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250-Å quantum well they observed similar shifts to high
energy for both polarizations nearn51 where the low-
energy spin-split state is completely full and the high-ene
spin-split state is almost empty. The results were explai
using the many-body effects of exchange and correlat
The hole exchange energy was taken to be negligible, gi
the low density of photoexcited holes. They argued that si
the energy shifts were similar in the two polarizations, t
exchange energy for the electron, which is population dep
dent and so different for the two spin-split states, must
almost exactly canceled by the electron correlation ene
This leaves the hole correlation energy as the dominant
tor in determining the electron-hole recombination ener
As the quality of samples improved, anomalies in the opti
spectroscopy were observed. For instance, the PL from l
disorder 2DES’s in a 400-Å quantum well showed disco
tinuous shifts to lower energy in the PL atn51 and 2, and
splitting of the PL line near odd filling factors forn.2.3 To
explain these shifts and splittings, Hawrylak and Potems4

addressed the theory of PL for a low-disorder system in
IQHE regime. The discontinuous redshift in the PL is e
plained as the difference between the Coulombic electr
electron interactions as the system is brought through
integer filling factors. They found that final-state interactio
are responsible for the splitting of the PL line at odd fillin
factors.

Munteanu et al.5 recently presented polarized PL of
2DES in a wide~1480 Å! GaAs parabolic quantum well
They observed differences between the discontinuous
shifts in thes1 ands2 polarizations. Following the theory
of Hawrylak and Potemski4 and Cooper and Chklovskii,6

they found that the ratio of the redshifts atn51 and 2 for the
s2 polarization agreed with the theory, but that, for thes1

polarization, the magnitude of the redshifts was smaller a
the ratio of the redshifts atn51 and 2 was about 3 times th
predicted value. It was suggested that valence-band mix
©2003 The American Physical Society25-1
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might lead to an increased binding energy for the initial e
citon state involved in thes1 polarization transition atn
52. This more tightly bound exciton would then captu
another electron, forming a negatively charged exciton,
so lead to a greater overall lowering of thes1 polarization
energy atn52.

It is clear that detailed information about the valence-ba
structure is necessary for the interpretation of the opt
measurements. Theoretical studies7 have revealed somethin
of the rich structure of the valence band in heterostructu
including the mixed states of the light- and heavy-hole s
bands, the zero-field spin splitting of the hole levels, and
electronlike dispersion of the excited subbands which le
to the crossing and anticrossing behavior of the intrasubb
and intersubband hole Landau levels. However, experime
investigations were limited by the low quality of the system
available. In recent years, advances in the growth ofp-type
heterostructures on (311)A-oriented substrates has led to t
production of high-quality 2DHS’s, with mobilities compa
rable to those of 2DES’s, and an increased interest in
study of these systems. The improvement in the hole mo
ity has made it possible to observe the FQHE in these
tems and to study the transition from the incompressible
uid state to the magnetically induced Wigner solid sta
which is more accessible because of the larger effective m
of the holes compared to electrons.8 Investigations of the PL
from 2DHS’s have not been as extensive as those
2DES’s; however, a number of groups have reported
measurements of 2DHS’s in the QHE regime.9–11 Butov and
colleagues9 and Davieset al.10 presented unpolarized P
studies of 2DHS’s in the extreme quantum limitn,1. In
these studies, the shifts of the PL energy in magnetic fi
were characteristic of exciton recombination and no modu
tions of the recombination energy were observed at inte
or fractional filling factors.

We have previously presented a detailed analysis of
density dependence of the PL from a 2DHS in a 151-Å qu
tum well.11 For carrier densities greater than about 1015 m22

the PL was attributable to the recombination of free carri
in the quantum well. Modulations in the intensity correlat
with integer and fractional filling factors. The PL energy d
persion was linear in magnetic field, and for the highest d
sities upward shifts were seen in the PL energy, similar
those seen for 2DES’s, and attributed to the dominance o
screened Coulomb correlation hole of the photoexcited e
trons as discussed above. As the hole density was redu
the PL dispersion became superlinear as the excitonic eff
dominated the recombination and the modulations of the
energy disappeared. The intensity modulations were m
robust and survived down to low densities.

Here we reportpolarizedPL spectroscopy measuremen
of high-mobility 2DHS’s in GaAs/~Al,Ga!As quantum wells
in which a clear response can be seen in the recombina
energy modulations to many-body effects in the IQHE
gime. For filling factorsn>2 the energies of the two polar
izations are maximally separated at odd filling factors, due
an exchange-enhanced spin splitting of the corresponding
ergy levels at these filling factors, and are almost equa
even filling factors. Superimposed on this spin splitting is
04532
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additional energy modulation due to the oscillating se
energies of the two-dimensional holes and the photoexc
electrons. These additional modulations are clearer in
unpolarized PL where the exchange-enhanced spin split
is averaged out and the many-body interactions are m
fested in the upward energy shifts of the PL at integer filli
factors. Atn51, upward energy shifts are seen in both p
larizations and the transition energies in the two polarizati
are almost equal. This is attributed to the coincidence
filling factor n51 with a region in magnetic field wher
there is strong mixing of the light- and heavy-hole states a
the subsequent breakdown of the PL transition selec
rules.

II. SAMPLE AND EXPERIMENTAL DETAILS

The samples used in this study werep-type one-side
modulation-doped GaAs/Al0.33Ga0.67As quantum wells
grown by molecular-beam epitaxy on (311)A semi-
insulating GaAs substrates. In each sample the undo
~Al,Ga!As spacer layer separating the acceptors from
2DHS was 202 Å wide. A 2-mm GaAs buffer layer and a
superlattice consisting of a series of eight~Al,Ga!As layers
alternating with seven GaAs layers were grown between
substrates and the quantum wells. Sample NU2169 ha
well width of 101 Å; samples NU2168 and NU1171 had w
widths of 151 Å. The 2DHS densitiesps were in the range
2.0– 2.331015 m22. The PL measurements were made bo
on uncontacted samples and on samples with Hall-bar ge
etry which were used to make simultaneous PL and trans
measurements. The hole mobilities with the samples un
illumination were in the range 35–40 m2/~V s!.

The PL was excited using a 750-nm, 2–W m22 diode la-
ser and detected using a charge-coupled-device~CCD! cam-
era attached to a spectrometer. The overall system resolu
was;0.03 meV. Optical fibers with 600-mm-diam core were
used to deliver the excitation radiation to the sample and
collect the luminescence. For the polarized PL measurem
a circular-polarization analyzer was situated between
sample and the PL collection fiber. The right- and le
circularly polarized contributions to the signal were obtain
by reversing the direction of the magnetic field. The sim
taneous optical and transport measurements were made
sample with Hall-bar geometry, ensuring that the active a
of the Hall bar was illuminated by the PL excitation radi
tion. The transport measurements were made using stan
low-frequency lock-in techniques. Two superconducti
magnets provided magnetic fields of up to 15 T, and
sample was cooled in a3He cryostat with a base temperatu
of 0.3 K.

III. RESULTS AND DISCUSSION

A. PL energy shifts

We present the data for the 101-Å quantum well in ma
netic fields up to 8 T and then compare the results for 151
quantum wells.

Typical PL spectra taken at 350 mK for the 101-Å qua
tum well are shown in the inset of Fig. 1~a!. At zero mag-
5-2
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netic field the spectrum consists of two peaks, with one p
at 1.545 eV and a second, lower intensity peak about 5 m
below the main peak. The main peak arises from the rec
bination of 2D holes with photoexcited electrons in the qu
tum well. We believe that the second peak is also associ
with the recombination of the two-dimensional holes, but
exact origin is not known. The intensity of the second pea
greatly reduced when the PL is excited with low levels
radiation having energy above the~Al,Ga!As band gap and
disappears when this level is increased. The intensity is
reduced and the line disappears as the magnetic field is
creased. The energy shift of the second peak with app
magnetic field is almost linear with the same slope as
main PL peak, which would indicate that they are relat
The second peak does exhibit energy and intensity mod
tions with magnetic field similar to the main 2DHS PL, b
this might be due to the influence of the low-energy side
the main PL peak. In the PL spectra from 2D electron s
tems in similar quantum well structures a second PL peak
the low-energy side of the 2D PL peak has been repo
previously.12,13 In the PL of multi-quantum-well structures
with wells slightly wider than the wells studied here, a se
ond peak has been seen and attributed to defect related12

For a one-side modulation-doped 150-Å quantum well a s
ond peak in the spectra was identified as PL arising from
GaAs buffer layer.13 The energy of the second PL peak in t
spectra from the 100-Å quantum well presented here
above the bulk GaAs band-to-band recombination ene
which suggests that the PL arises from the recombinatio
2D holes at a defect. This is further supported by rec

FIG. 1. Inset: typical PL spectra from sample NU2169 at m
netic fields from 0 to 8 T.~a! Energy of the PL peaks as a functio
of magnetic field.~b! PL energy of the main peak with a straigh
line fit to the data subtracted vs magnetic field, showing upw
energy shifts of the PL energy at integer filling factors.
04532
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photoluminescence excitation spectroscopy experiments
this sample. In the rest of this paper we focus our attent
on the main PL peak.

Figure 1~a! shows the dependence of the peak position
the lines in the unpolarized PL spectra on applied magn
field. The peaks shift almost linearly to higher energies as
magnetic field is increased. This linear shift is characteris
of the free carrier recombination associated with transitio
from electron and hole Landau levels which have a lin
dependence on magnetic field, neglecting hole Landau-le
mixing. The linear shifts of the lines rule out the possibili
of the PL being excitonic in nature. Small upward shifts
the energy of the main peak can be seen at magnetic fi
near 4.8 and 3.2 T. These shifts can be seen more clearl
subtracting from the data a linear fit to the data which cor
sponds to the sum of the Landau-level separations of
recombining electron and hole. The data minus the linear
shown in Fig. 1~b!, reveal upward shifts in energy at mag
netic fields which are associated with the integer quant
Hall effect at filling factorsn52, 3, 4, and 5 as indicated
Simultaneous transport measurements confirm these as
ments. The upward energy shifts at every integer filling fa
tor are consistent with the theory of PL from a disorder
system, as outlined above.2

We turn now to the polarized PL. Considering again on
the main PL peak, the energy shift of the PL in each po
ization shifts almost linearly to high energy with increasi
magnetic field. If we subtract from the data for each pol
ization a straight line which fits the average energy of
peaks in the two polarizations, we see that the transit
energies of the two polarizations are almost equal at e
filling factors, but well separated at odd filling factors, Fi
2~a!. Figure 2~b! shows the integrated intensity of the PL fo
both polarizations and will be discussed later.

The large separation of the PL lines for the two polariz
tions at odd filling factors is indicative of a large separati
between the spin-split energy levels at odd filling facto
This is reminiscent of the enhanced Zeeman splitting of
spin-split Landau levels seen in the PL of a two-dimensio
electron system.14 In the electron system, the Landau lev
associated with the low-energy spin-split level experienc
an enhanced shift to lower energy, due to the exchange
hancement of theg factor, when that level was nearly fu
and the high-energy spin-split level was nearly empty. O
the low-energy spin-split level was observed in that syste
but the high-energy component was expected to experie
an enhanced upward shift as the level was emptying. O
the level was depopulated, no transition from that le
would be observed. It would appear then that the upw
shifts in the recombination energy expected at every inte
filling factor due to the oscillation of the screening by th
two-dimensional hole system of the correlation-hole of t
photoexcited electrons are accompanied by an excha
enhanced spin splitting at odd filling factors.

It should be noted that in the case of the electron syste
was pointed out14 that the enhancement of the spin splittin
will only occur at the Landau levels near the Fermi ener
and that the Landau levels below the Fermi energy sho
maintain their original linear shift. The PL we observe co

-

d
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sists of one peak which we attribute to a recombination
tween the lowest-energy hole and electron Landau lev
with no resolved higher Landau levels. Our observation
enhanced spin splitting of the lowest Landau level atn53
and 5 demonstrates that there is a coupling of the excha
enhancement to pairs of levels below the Fermi energy
proposed by MacDonaldet al.15

We propose the energy-level diagram shown in the in
of Fig. 2~b! to explain the observed energy shifts and
identify the transitions associated with the two PL polariz
tion components. For the 101-Å quantum well we take
electrong factor,ge , to be about20.2.16 If the holeg factor
has a small positive valuegh,uge/3u, the recombination of
an electron in the11/2 spin-split electron level with a hol
in the 13/2 spin-split hole level will be the lower energy o
the two transitions shown. We associate this transition w
the data labeled Pol1 and the higher-energy transition inv
ing the recombination of an electron in the21/2 spin-split
electron level with a hole in the23/2 spin-split hole level
with Pol2. Above 4.5 T and below 0.5 T the data of Fig. 2~a!
support this assignment. At intermediate magnetic fields
exchange enhancement of the holeg factor at odd filling
factors increases the energy separation between the13/2
hole level and the23/2 hole level, which increases the tra
sition energy of Pol1, while decreasing the transition ene

FIG. 2. Energy and intensity of the polarized PL from sam
NU2169 vs magnetic field.~a! The PL energy in the two polariza
tions with a straight-line fit to the average energy of the two po
izations subtracted. The average energy of the two polarizat
with a straight-line fit subtracted is shown with an offset~dot-
dashed line!. ~b! Intensity of the PL in the two polarizations. In
set: electron and hole energy-level diagram identifying the tra
tions associated with each PL polarization. The solid circ
represent the holes filling the three lowest-energy hole levels
n53.
04532
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of Pol2. This exchange enhancement of the spin splitting
the hole levels also increases the expected upward en
shift of the low-energy transition~Pol1!, but produces a
downward energy shift of the high-energy transition~Pol2!
which acts to cancel the expected upward shift and acco
for the observed crossing of the transition energies of the
polarizations. The energies of the spin-split components
even filling factors are unaffected; an upward shift is evid
in both polarizations atn52. The average of the PL energie
of the two polarizations is also shown, with an offset f
clarity, in Fig. 2~a!. By taking the average energy of the P
in the two polarizations the effect of the enhanced sp
splitting is canceled, which allows the remaining contrib
tion from the many-body interactions to be seen as upw
energy shifts at integer filling factors, consistent with t
upward energy shifts seen in the unpolarized PL shown
Fig. 1~b!.

Figure 3~a! shows the PL peak energy dispersion in ma
netic field for the two polarizations, with a straight line su
tracted, for the 151-Å quantum well NU2168. We keep t
same polarization labeling as for the 101-Å quantum w
data and use the same energy-level diagram to explain
data. However, in this case, following Snellinget al.,16 we
expect gh to have a larger positive value,ge to be more
negative, andgh.uge/3u. This inequality means that th
splitting of the hole spin states in field is larger than t
splitting of the electron spin states for the same field, wh
increases the energy of the transition between the11/2 elec-
tron level and the13/2 hole level~Pol1!, while the energy of
the transition between the21/2 electron level and the23/2
hole level~Pol2! is decreased so that the latter transition

-
ns

i-
s
r

FIG. 3. ~a! Energy of the PL from sample NU2168 vs magne
field in the two polarizations with a straight-line fit to the avera
energy of the two polarizations subtracted.~b! Intensity of the PL in
the two polarizations.
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now expected to be the lower-energy transition. This is bo
out by the low-field (B,4 T) data of Fig. 3~a!—in particu-
lar, the transition energies in the two polarizations are clea
diverging with field at low field, at a much higher rate tha
for the 101-Å quantum well, and with Pol2 the lower-ener
transition. In this case, an exchange-enhanced splitting o
hole energy levels again increases the energy of transition
the 13/2 hole level, while decreasing the energy of tran
tions to the23/2 hole level. So Pol1 is the higher-energ
transition at low fields and remains the higher-energy tra
tion at odd filling factors, while Pol2 is the low-energy tra
sition at low fields and remains the low-energy transition
odd filling factors without any crossings of the transitio
energies, in contrast to the case for the 101-Å quantum w
In Pol1 we see an upward energy shift at integer filling fa
torsn52,3,4,5 due to the screening of the photoexcited e
tron, with an increased upward energy shift at odd filli
factors due to the exchange-enhanced splitting of the h
energy levels, while in Pol2 we see upward energy shifts
even filling factors, but at odd filling factors the upwa
shifts expected due to the screening of the correlation hol
the photoexcited electron are canceled by the downward
ergy shift produced by the enhanced splitting of the h
levels.

Assuming a linear dispersion of the electron and hole
ergy levels in magnetic field, we would expect the two tra
sitions to continue to separate in energy with increasing fi
We note that for the 151-Å-wide well in magnetic field
greater than about 4.2 T the energies of the two transiti
begin to merge. We attribute this to a crossing and anticro
ing of the two lowest hole Landau levels. Calculations of t
Landau levels for 2DHS’s in quantum wells grown o
(311)A-oriented samples show a complicated structure
hole Landau levels with both crossing and anticrossing
havior for Landau levels arising from different subband
including a crossing of the two lowest Landau levels in t
lowest heavy-hole subband.17 For a 151-Å well a crossing o
the two lowest Landau levels is predicted to occur at a m
netic field of approximately 3 T and the crossing point mov
to higher fields as the well width is reduced. The calculat
of the Landau levels was performed in the axial approxim
tion, and it was noted that if full Landau-level mixing
included, the crossing of the two lowest levels is expected
become an anticrossing. In the calculations, shown in Fi
of Ref. 17, it is the first excited Landau level which chang
direction as the magnetic field increases and crosses the
est Landau level to become the ground state at high magn
fields. In our data we see that the transition energies in
two polarizations become equal for magnetic fields ab
about 4.2 T and then start to diverge again, with Pol1 rem
ing the higher-energy transition. This behavior is seen in F
4~a!, in which the PL for sample NU1171 is presented, up
15 T. This would suggest that the two lowest hole Land
levels do not cross, but approach each other and then s
rate again. This crossing and anticrossing behavior is
pected to occur over a range of magnetic fields around
calculated crossing point and produce a mixing of th
states in this range. We note that we see the crossing
anticrossing behavior at higher field than theoretically p
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dicted; this discrepancy may be due to the approximation
the calculations. From the calculations, the crossing and
ticrossing point is expected to occur at a higher field for
101-Å quantum well, which is consistent with our da
where there is no evidence for the crossing and anticros
of the hole levels for magnetic fields up to 8 T.

The high magnetic field data for the 151-Å quantum w
NU1171 are shown in Fig. 4~a!, where the PL center of mass
instead of peak position, is plotted against applied magn
field. The center-of-mass method, which gives a more r
able measure of the PL position, was used to find the p
position in the PL from sample NU1171. This method w
not used for the PL from samples NU2168 and NU2169 d
to the presence of the second peak to the low-energy sid
the main peak in these samples, which made it necessa
use a curve fitting method to extract the peak position. T
simultaneously measured longitudinal resistance is show
Fig. 4~b!. Clear minima in the resistance are observed
integer filling factors. In this paper we are primarily inte
ested in the optical data. The transport measurements
used to check the association of features in the optical d
with the occurrence of integer Landau-level filling.

In Fig. 4~a!, we note that fromn,2 to n51 the transition
energies of the two polarizations are equal~to within the
experimental resolution!, and atn51 there are upward shifts
of the transition energies in both polarizations. At this fillin
factor the difference in the populations of the two hole sp
states is at its maximum, with the lower-energy spin-sp
level completely full and the higher-energy spin-split lev
completely empty. The exchange-enhanced splitting of

FIG. 4. ~a! Center-of-mass energy of the PL from samp
NU1171 as a function of magnetic field in the two polarizatio
with a straight-line fit to the average energy of the two polarizatio
subtracted.~b! Simultaneously measured longitudinal resistance
5-5
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two hole states is therefore also expected to be at a m
mum, and only a transition to the lowest-energy hole le
would be expected. We suggest that the observed behav
due to the effects of heavy- and light-hole mixing, whic
although negligible at low fields, become more significan
high fields. This mixing is further complicated by the mixin
of the ground and first-excited heavy-hole Landau levels
this region of magnetic field, which makes these level
mixture of all four possible hole states. The accidental co
cidence ofn51 with this range of magnetic fields mean
that only one hole Landau level is occupied and this h
ground state is of a mixed state so that transitions from ei
one of the two spin-split electron states to this lowest h
state can give rise to PL in both polarizations. In this situ
tion the transition energy in both polarizations would
equal. Transitions from either one or both spin-split elect
levels are allowed, and so it is not possible to determine
transitions involved in producing the measured PL. As
magnetic field is further increased, the mixing between
heavy-hole states is reduced as the energy levels diverge
the ground state of the holes becomes a mixture of hea
and light-hole states involving just one of the two possi
heavy-hole states and one of the two possible light-h
states. Now transitions from either spin-split electron le
can produce only one polarization of the PL. At high fiel
this mixing is further reduced and the hole ground state
be considered a pure heavy-hole state again. Note that
means that the splitting between Pol1 and Pol2 at high fie
where only one hole level is occupied, is entirely due to
electrong factor. On this assumption we estimatege from
Fig. 4~a! and obtainugeu50.760.3. This value is larger than
the low-field value forge reported in Snellinget al.;16 how-
ever, it is consistent with the picture of the splitting betwe
the transition energies in the two polarizations arising fr
only the splitting between the electron levels since it
smaller than the combined electron and holeg factors which
would be involved if the two polarizations arose from tra
sitions between spin-split electron and spin-split hole lev

We note that consideration of the effects of band mix
in the calculations18 of hole Landau levels for two-
dimensional hole systems in SiGe quantum wells has b
shown to be sufficient to explain the observation of lar
gaps at mostly odd filling factors, as determined from m
netotransport measurements.19 Only discrepancies betwee
the experimental and calculated gaps at low filling fact
were assigned to many-body effects. On the other hand,
merical simulations20 of magnetotransport measurements
a p-type GaAs/~Al,Ga!As quantum well have shown tha
while it is essential to include band mixing in the calcu
tions, hole exchange interactions must also be included
obtain an accurate simulation of the data. The importanc
hole exchange interactions in two-dimensional hole syste
in GaAs/~Al,Ga!As quantum wells is further supported b
the optical data presented here.

We now discuss the PL energy modulations in terms
the theory applicable to low-disorder systems developed
Hawrylak and Potemski.4 In Fig. 3 of Ref. 4 they show the
Hartree-Fock self-energy of the hole created in the elec
Landau level, after recombination of the electron-hole p
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which will be reflected in the PL. They show both spin-sta
energies and find that the two spin-state energies are equ
even filling factors and separated at odd filling factors
expected from the exchange contribution. This correspo
to the main feature in our polarized PL data, with the tran
tion energies in the two polarizations being almost equa
even filling factors and separated at odd filling factors due
the exchange interaction, Fig. 2~a!.

Starting from this point, Hawrylak and Potemski sho
how in moving up in filling factor through a completel
filled level an additional excitonic binding energy leads to
discontinuous jump in the PL energy at integer filling facto
They also show how the consideration of final-state inter
tions leads to a splitting of the PL near odd filling factor
Although we do see the broad exchange-enhanced spli
of the PL energies in the two polarizations, we do not s
discontinuous jumps or splittings in either of the polariz
tions. We note that the jumps and splittings are expecte
be smaller in energy for hole systems compared to elec
systems, and since we are not able to resolve the broader
splitting in the unpolarized PL, we would not expect to
able to see these additional jumps and splittings.

B. PL intensity modulations

Modulations in the intensity of the PL with magnetic fie
can be seen in the polarized PL data which show some st
ture associated with filling factorsn>2, Fig. 2~b!. The PL
intensities in the two polarizations are almost equal at e
filling factors and at a maximum difference for odd fillin
factors. At odd filling factors the intensity of Pol1 is en
hanced while that of Pol2 is reduced. The changes in
intensity are related to the integer filling factors and are s
sitive to the difference in the populations of the two hole sp
states at odd filling factors. The PL arises from transitions
the lowest spin-split hole Landau levels which will hav
equal populations for all filling factors>2, so the variation
in intensity of the PL is not simply related to the populatio
of these levels. From the energy-level diagram@inset Fig.
2~b!# we note that Pol2 is associated with the transition fro
the high-energy electron level and Pol1 with the transit
from the low-energy electron level. We suggest that at o
filling factors the difference in the populations of the ho
spin-split states, which gives rise to the enhanced spin s
ting of the hole states, also induces an enhanced splittin
the electron states. This is perhaps a logical extension of
theory of MacDonaldet al.15 of the coupling between Lan
dau levels. The two spin-split electron levels are popula
by photoexcited carriers. However, there may also be a p
tion of the population of the carriers in the upper spin-sp
level maintained by thermal excitation of carriers from t
lower-energy electron level to the upper-energy elect
level, related to the energy difference between the two lev
At odd filling factors the separation between the spin-s
electron levels increases, which reduces the thermally
cited population of carriers. The upper electron level
creases in energy and therefore depopulates, with a co
quent reduction in the intensity of Pol2, while the lowe
energy electron level decreases in energy and becomes
5-6
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populated, which increases the relative intensity of Pol1.
expect the additional splitting of the electron levels to ha
relatively little effect on the transition energies. The sa
argument holds for the intensity variation of the PL from t
151-Å quantum well, Fig. 3~b!. We note that although the
relative energy positions of the polarization components
reversed in this case, it is still the PL in the polarizati
associated with transitions from the high-energy elect
level ~Pol2! which is reduced in intensity and that associa
with transitions from the lower-energy electron level~Pol1!
which is increased in intensity at odd filling factors.

Figure 5~a! shows the variation of the integrated intens
of the PL for the 151-Å quantum well NU1171 in magne
fields up to 15 T. The behavior of the PL intensities forn
,2 may also show evidence of mixing of the lowest ho
Landau levels. In the case of the 151-Å quantum well
expect a mixing of the hole states due to the anticross
behavior for magnetic fields greater than about 4.2 T, wh
corresponds to a filling factorn,2. For n,2, the intensity
of the transition associated with the upper spin-split h
Landau level~Pol1! should decrease as this level depop
lates. However, the intensity of Pol1 remains constant, wh
is consistent with a continuation of transitions having t

FIG. 5. Integrated intensity of the PL in the two polarizations
a function of magnetic field for sample NU1171 at temperatureT
50.3 K ~a! andT51.2 K ~b!.
rd

d
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polarization due to mixing of the hole levels. At high field
~.12 T! the intensity of Pol1 begins to decrease as the up
spin-split hole level is completely depopulated and the m
ing of the hole levels becomes less significant. This is furt
supported by the temperature dependence of the PL inten
Figure 5~b! shows the PL intensity versus applied magne
field at 1.2 K. At the higher temperature the first excited h
Landau level becomes thermally populated and the decr
in the intensity of Pol1 at high magnetic fields due to t
unmixing of the hole levels is compensated by an increas
the PL from electrons recombining with the thermally e
cited holes in the13/2 hole level.

IV. SUMMARY

We have presented a PL investigation of two-dimensio
hole systems in a range of quantum wells. In the unpolari
PL we observe upward shifts in the PL energy at inte
filling factors which arise from many-body interaction
dominated by the screening of the correlation hole of
photoexcited electrons by the 2D hole system. Polarized
measurements show modulations in the energies and inte
ties of the PL from the spin-split levels. The energy sepa
tion of the PL in the two polarizations is maximum at od
filling factors and minimum at even filling factors, and this
attributed to an exchange-enhanced spin splitting, wh
masks any upward energy shifts in each polarization wh
would be expected at every integer filling factor and are s
in the unpolarized PL. We identify the main transition
which contribute to the PL in the two polarizations and s
evidence for a crossing and anticrossing behavior of the
lowest hole Landau levels in the 151-Å quantum wells. U
ward energy shifts are seen in both polarizations atn51 and,
in contrast to the behavior at other odd filling factors, t
transition energies in the two polarizations are almost eq
This is attributed to the coincidence of filling factorn51
with the region in magnetic field where strong mixing of th
light- and heavy-hole states leads to a breakdown of the
transition selection rules, thereby allowing PL of both pol
izations to be seen when only one hole level is occupied.
suggested that the modulations in the polarized PL intens
can be understood in terms of changes in the population
the electron spin-split energy levels due to an enhanced s
ting of these levels at odd filling factors.
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