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Exchange-enhanced energy shifts in the polarized photoluminescence of a two-dimensional hole
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 factorsv@r 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. Atv=1 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 faetel in a region of magnetic field
where there is strong mixing of the heavy-hole and light-hole states.
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I. INTRODUCTION 250-A quantum well they observed similar shifts to higher
energy for both polarizations near=1 where the low-
PhotoluminescencéPL) spectroscopy is well established energy spin-split state is completely full and the high-energy
as a useful technique in the study of the physics behind thepin-split state is almost empty. The results were explained
integer and fractional quantum Hall effectQHE and using the many-body effects of exchange and correlation.
FQHE) in two-dimensional electron systems. The optical sig-The hole exchange energy was taken to be negligible, given
natures of the quantum Hall effects can consist of spectrahe low density of photoexcited holes. They argued that since
energy shifts and line splittings, together with intensitythe energy shifts were similar in the two polarizations, the
modulations, coinciding with integer and fractional Landau-exchange energy for the electron, which is population depen-
level occupancies. The origin of the PL of a two-dimensionaldent and so different for the two spin-split states, must be
(2D) electron or hole system in the IQHE regime depends oralmost exactly canceled by the electron correlation energy.
the carrier density, the separation between the recombininghis leaves the hole correlation energy as the dominant fac-
electron and hole, and the amount of disorder in the sampleéor in determining the electron-hole recombination energy.
For system carrier densities greater than abotit a0 2, the  As the quality of samples improved, anomalies in the optical
regime under investigation in the present paper, the PL arisespectroscopy were observed. For instance, the PL from low-
from the recombination of free electrons and holes. disorder 2DES’s in a 400-A quantum well showed discon-
In a 2D electron systert?DES in narrow (250 A) quan-  tinuous shifts to lower energy in the PL at=1 and 2, and
tum wells, where the separation between the 2D electrosplitting of the PL line near odd filling factors far>22 To
system and the photoexcited holes is small, upward shifts iexplain these shifts and splittings, Hawrylak and Potefnski
the energy of the PL line at integer filling factors are addressed the theory of PL for a low-disorder system in the
observed. In wider (400 and 500 A quantum wells and IQHE regime. The discontinuous redshift in the PL is ex-
single heterojunctiongSHJ'S where the 2D electron-hole plained as the difference between the Coulombic electron-
separation is larger, downward energy shifts are obsérvedelectron interactions as the system is brought through the
These energy shifts have been interpreted as manifestatioitgeger filling factors. They found that final-state interactions
of the effects of screened many-body interactibiitie the-  are responsible for the splitting of the PL line at odd filling
oretical work considered only spinless systems; if we in- factors.
clude spin-split Landau levels, we would expect shifts in the Munteanu et al® recently presented polarized PL of a
recombination energy at every integer filling factor when the2DES in a wide(1480 A) GaAs parabolic quantum well.
spin-split Landau levels are full. The behavior of the spin-They observed differences between the discontinuous red-
split levels can be investigated through polarized PL studiesshifts in thec* and o~ polarizations. Following the theory
A polarization analysis of the photoluminescence fromof Hawrylak and Potemskiand Cooper and ChklovsKii,
2DES’s in GaAs single quantum wells of different well they found that the ratio of the redshiftsiat 1 and 2 for the
widths and in a GaAs single heterojunction was presented by~ polarization agreed with the theory, but that, for thé
Goldberget al! They concentrated on the PL contributions polarization, the magnitude of the redshifts was smaller and
from the spin-split electron states around filling facter the ratio of the redshifts at=1 and 2 was about 3 times the
=1, but also discussed the behaviorvat2 and 2/3. For a predicted value. It was suggested that valence-band mixing
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might lead to an increased binding energy for the initial ex-additional energy modulation due to the oscillating self-
citon state involved in ther™ polarization transition atv  energies of the two-dimensional holes and the photoexcited
=2. This more tightly bound exciton would then capture €lectrons. These additional modulations are clearer in the
another electron, forming a negatively charged exciton, andnpolarized PL where the exchange-enhanced spin splitting
so lead to a greater overall lowering of the polarization IS averaged out and the many-body interactions are mani-
energy atv=2. fested in the upward energy shifts (_)f the PL at in_teger filling
It is clear that detailed information about the valence-bandactors. Atv=1, upward energy shifts are seen in both po-
structure is necessary for the interpretation of the Optica|ar|zat|ons and the transition energies in the two _pol_arlzatlons
measurements. Theoretical studibave revealed something &re almost equal. This is attributed to the coincidence of
of the rich structure of the valence band in heterostructuredilling factor »=1 with a region in magnetic field where
including the mixed states of the light- and heavy-hole subihere is strong mixing of the light- and heavy-hole states and
bands, the zero-field spin splitting of the hole levels, and thdhe subsequent breakdown of the PL transition selection
electronlike dispersion of the excited subbands which lead&!les.
to the crossing and anticrossing behavior of the intrasubband
and intersubband hole Landau levels. However, experimental Il. SAMPLE AND EXPERIMENTAL DETAILS
investigations were limited by the low quality of the systems . _ )
available. In recent years, advances in the growtp-tfpe The samples used in this study wepelype one-side
heterostructures on (31A)oriented substrates has led to the Modulation-doped ~ GaAs/fbGa eAs quantum  wells
production of high-quality 2DHS’s, with mobilities compa- 9rown by molecular-beam  epitaxy on (3HL) semi-
rable to those of 2DES’s, and an increased interest in thi'sulating GaAs substrates. In each sample the undoped
study of these systems. The improvement in the hole mobillALG&As spacer layer separating the acceptors from the
ity has made it possible to observe the FQHE in these sy2DHS was 202 A wide. A 2:m GaAs buffer layer and a
tems and to study the transition from the incompressible ligSuperiattice consisting of a series of eight,Ga)As layers
uid state to the magnetically induced Wigner solid state/térnating with seven GaAs layers were grown between the

which is more accessible because of the larger effective mas&/Pstrates and th? quantum wells. Sample NU2169 had a
of the holes compared to electrdhBvestigations of the L Well width of 101 A; samples NU2168 and NU1171 had well

from 2DHS’s have not been as extensive as those foWidths of 151 A. The 2DHS densitigs, were in the range

5m—2
2DES's; however, a number of groups have reported P12-0-2.3<10°°m™2 The PL measurements were made both
measurements of 2DHS’s in the QHE regifié! Butov and N uncontacted samples and on samples with Hall-bar geom-
colleague’ and Davieset all® presented unpolarized PL €ty which were used to make simultaneous PL and transport

studies of 2DHS’s in the extreme quantum limi& 1. In measurements. The hole mobilities with the samples under

these studies, the shifts of the PL energy in magnetic fieldlumination were in the range 35-40°fV s). _
were characteristic of exciton recombination and no modula- 1h€ PL was excited using a 750-nm, 2-Whdiode la-
tions of the recombination energy were observed at intege?e’ @nd detected using a charge-coupled-deiD) cam-
or fractional filling factors. era attached to a spgctro_meter. The overaII_ system resolution
We have previously presented a detailed analysis of th¥/@s~0.03 meV. Optical fibers with 60@:m-diam core were
density dependence of the PL from a 2DHS in a 151-A quanused to dellve_r the excitation radlatlon_ to the sample and to
tum well 1L For carrier densities greater than abouts1d 2 collgct the Iummesqence. For the polanz_ed PL measurements
the PL was attributable to the recombination of free carrier@ Circular-polarization analyzer was situated between the
in the quantum well. Modulations in the intensity correlatedS@mple and the PL collection fiber. The right- and left-
with integer and fractional filling factors. The PL energy dis- circularly .polarlzed' conltrlbutlons to the S|gna}l were obtr_:uned
persion was linear in magnetic field, and for the highest denPY reversing the direction of the magnetic field. The simul-
sities upward shifts were seen in the PL energy, similar tg@n€ous optical and transport measurements were made on a
those seen for 2DES's, and attributed to the dominance of the@Mple with Hall-bar geometry, ensuring that the active area
screened Coulomb correlation hole of the photoexcited elec@f the Hall bar was illuminated by the PL excitation radia-
trons as discussed above. As the hole density was reducdé?n- The transport measurements were made using standard
the PL dispersion became superlinear as the excitonic effecleW-frequency lock-in- techniques. Two superconducting
dominated the recombination and the modulations of the PImagnets provided magnetic fields of up to 15 T, and the
energy disappeared. The intensity modulations were moré@Mple was cooled in e cryostat with a base temperature
robust and survived down to low densities. of 0.3 K.
Here we reporpolarizedPL spectroscopy measurements
of high-mobility 2DHS’s in GaAg/Al,Ga)As quantum wells [l. RESULTS AND DISCUSSION
in which a clear response can be seen in the recombination
energy modulations to many-body effects in the IQHE re-
gime. For filling factorsy=2 the energies of the two polar- We present the data for the 101-A quantum well in mag-
izations are maximally separated at odd filling factors, due taetic fields up to 8 T and then compare the results for 151-A
an exchange-enhanced spin splitting of the corresponding eguantum wells.
ergy levels at these filling factors, and are almost equal at Typical PL spectra taken at 350 mK for the 101-A quan-
even filling factors. Superimposed on this spin splitting is antum well are shown in the inset of Fig(d. At zero mag-

A. PL energy shifts
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photoluminescence excitation spectroscopy experiments on

15504 @ this sample. In the rest of this paper we focus our attention
- 1 on the main PL peak.
?E) 1548__ Figure Xa) shows the dependence of the peak position of
< 1546 z the lines in the unpolarized PL spectra on applied magnetic
b 1 e field. The peaks shift almost linearly to higher energies as the
g 15441 : %H magnetic field is increased. This linear shift is characteristic
= 1542_- é : — ot of the free carrier recombination associated with transitions
/ T o eeray ) from electron and hole Landau levels which have a linear
IROE e T RPN B I S T dependence on magnetic field, neglecting hole Landau-level
b mixing. The linear shifts of the lines rule out the possibility

of the PL being excitonic in nature. Small upward shifts in
the energy of the main peak can be seen at magnetic fields
near 4.8 and 3.2 T. These shifts can be seen more clearly by
subtracting from the data a linear fit to the data which corre-
sponds to the sum of the Landau-level separations of the
recombining electron and hole. The data minus the linear fit,
shown in Fig. 1b), reveal upward shifts in energy at mag-
netic fields which are associated with the integer quantum

PL Energy - Linear fit (meV)

01 Hall effect at filling factorsy=2, 3, 4, and 5 as indicated.
"001 23 4 56 7 8 9 Simultaneous transport measurements confirm these assign-
Magnetic Field (T) ments. The upward energy shifts at every integer filling fac-

tor are consistent with the theory of PL from a disordered
FIG. 1. Inset: typical PL spectra from sample NU2169 at mag-System, as outlined abo¥e.

netic fields from 0 to 8 T(a) Energy of the PL peaks as a function ~ We turn now to the polarized PL. Considering again only
of magnetic field.(b) PL energy of the main peak with a straight- the main PL peak, the energy shift of the PL in each polar-
line fit to the data subtracted vs magnetic field, showing upwardzation shifts almost linearly to high energy with increasing
energy shifts of the PL energy at integer filling factors. magnetic field. If we subtract from the data for each polar-

ization a straight line which fits the average energy of the
netic field the spectrum consists of two peaks, with one peakeaks in the two polarizations, we see that the transition
at 1.545 eV and a second, lower intensity peak about 5 me¥nergies of the two polarizations are almost equal at even
below the main peak. The main peak arises from the reconfilling factors, but well separated at odd filling factors, Fig.
bination of 2D holes with photoexcited electrons in the quan-2(a). Figure Zb) shows the integrated intensity of the PL for
tum well. We believe that the second peak is also associatdabth polarizations and will be discussed later.
with the recombination of the two-dimensional holes, but its The large separation of the PL lines for the two polariza-
exact origin is not known. The intensity of the second peak igions at odd filling factors is indicative of a large separation
greatly reduced when the PL is excited with low levels ofbetween the spin-split energy levels at odd filling factors.
radiation having energy above tlal,Ga)As band gap and This is reminiscent of the enhanced Zeeman splitting of the
disappears when this level is increased. The intensity is alsspin-split Landau levels seen in the PL of a two-dimensional
reduced and the line disappears as the magnetic field is irelectron systemi? In the electron system, the Landau level
creased. The energy shift of the second peak with appliedssociated with the low-energy spin-split level experienced
magnetic field is almost linear with the same slope as th@n enhanced shift to lower energy, due to the exchange en-
main PL peak, which would indicate that they are relatedhancement of the factor, when that level was nearly full
The second peak does exhibit energy and intensity moduland the high-energy spin-split level was nearly empty. Only
tions with magnetic field similar to the main 2DHS PL, but the low-energy spin-split level was observed in that system,
this might be due to the influence of the low-energy side ofbut the high-energy component was expected to experience
the main PL peak. In the PL spectra from 2D electron sysan enhanced upward shift as the level was emptying. Once
tems in similar quantum well structures a second PL peak othe level was depopulated, no transition from that level
the low-energy side of the 2D PL peak has been reportedould be observed. It would appear then that the upward
previously'?*® In the PL of multi-quantum-well structures, shifts in the recombination energy expected at every integer
with wells slightly wider than the wells studied here, a sec-filling factor due to the oscillation of the screening by the
ond peak has been seen and attributed to defect relatétl PLtwo-dimensional hole system of the correlation-hole of the
For a one-side modulation-doped 150-A quantum well a secphotoexcited electrons are accompanied by an exchange-
ond peak in the spectra was identified as PL arising from @&nhanced spin splitting at odd filling factors.
GaAs buffer layef® The energy of the second PL peak in the It should be noted that in the case of the electron system it
spectra from the 100-A quantum well presented here isvas pointed odf that the enhancement of the spin splitting
above the bulk GaAs band-to-band recombination energywill only occur at the Landau levels near the Fermi energy
which suggests that the PL arises from the recombination odind that the Landau levels below the Fermi energy should
2D holes at a defect. This is further supported by recentnaintain their original linear shift. The PL we observe con-
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FIG. 2. Energy and intensity of the polarized PL from sample  FIG. 3. (@) Energy of the PL from sample NU2168 vs magnetic
NU2169 vs magnetic fielda) The PL energy in the two polariza- field in the two polarizations with a straight-line fit to the average
tions with a straight-line fit to the average energy of the two polar-energy of the two polarizations subtracté). Intensity of the PL in
izations subtracted. The average energy of the two polarizatione two polarizations.
with a straight-line fit subtracted is shown with an offdebt- . . .
dashed ling (b) Intensity of the PL in the two polarizations. In- of Pol2. This eXCha“ge enhancement of the spin splitting of
set: electron and hole energy-level diagram identifying the transitn€ hole levels also increases the expected upward energy
tions associated with each PL polarization. The solid circlesShift of the low-energy transitiorfPoll), but produces a
represent the holes filling the three lowest-energy hole levels fofownward energy shift of the high-energy transiti¢tol2)
»=3. which acts to cancel the expected upward shift and accounts

for the observed crossing of the transition energies of the two
sists of one peak which we attribute to a recombination bepolarizations. The energies of the spin-split components at
tween the lowest-energy hole and electron Landau levelsgven filling factors are unaffected; an upward shift is evident
with no resolved higher Landau levels. Our observation ofin both polarizations at=2. The average of the PL energies
enhanced spin splitting of the lowest Landau levebat3  of the two polarizations is also shown, with an offset for
and 5 demonstrates that there is a coupling of the exchangsarity, in Fig. 2a). By taking the average energy of the PL
enhancement to pairs of levels below the Fermi energy am the two polarizations the effect of the enhanced spin-
proposed by MacDonaldt al*® splitting is canceled, which allows the remaining contribu-

We propose the energy-level diagram shown in the insetion from the many-body interactions to be seen as upward
of Fig. 2(b) to explain the observed energy shifts and toenergy shifts at integer filling factors, consistent with the
identify the transitions associated with the two PL polariza-upward energy shifts seen in the unpolarized PL shown in
tion components. For the 101-A quantum well we take theFig. 1(b).
electrong factor,g,, to be about-0.21° If the holeg factor Figure 3a) shows the PL peak energy dispersion in mag-
has a small positive valug,<|g./3|, the recombination of netic field for the two polarizations, with a straight line sub-
an electron in ther1/2 spin-split electron level with a hole tracted, for the 151-A quantum well NU2168. We keep the
in the +3/2 spin-split hole level will be the lower energy of same polarization labeling as for the 101-A quantum well
the two transitions shown. We associate this transition wittdata and use the same energy-level diagram to explain the
the data labeled Pol1 and the higher-energy transition involvdata. However, in this case, following Snellirg al,*® we
ing the recombination of an electron in thel/2 spin-split  expectg, to have a larger positive valug, to be more
electron level with a hole in the-3/2 spin-split hole level negative, andg,>|g¢/3|. This inequality means that the
with Pol2. Above 4.5 T and below 0.5 T the data of Figg)2 splitting of the hole spin states in field is larger than the
support this assignment. At intermediate magnetic fields theplitting of the electron spin states for the same field, which
exchange enhancement of the hgldactor at odd filling increases the energy of the transition betweenithé elec-
factors increases the energy separation between+B  tron level and thet+3/2 hole levelPoll), while the energy of
hole level and the-3/2 hole level, which increases the tran- the transition between the 1/2 electron level and the 3/2
sition energy of Poll, while decreasing the transition energyole level(Pol2) is decreased so that the latter transition is
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now expected to be the lower-energy transition. This is borne
out by the low-field B<4 T) data of Fig. 8)—in particu-

lar, the transition energies in the two polarizations are clearly
diverging with field at low field, at a much higher rate than
for the 101-A quantum well, and with Pol2 the lower-energy
transition. In this case, an exchange-enhanced splitting of the
hole energy levels again increases the energy of transitions to
the +3/2 hole level, while decreasing the energy of transi-
tions to the—3/2 hole level. So Poll is the higher-energy =
transition at low fields and remains the higher-energy transi-
tion at odd filling factors, while Pol2 is the low-energy tran-
sition at low fields and remains the low-energy transition at
odd filling factors without any crossings of the transition

Energy - Linear fit (meV)

energies, in contrast to the case for the 101-A quantum well. g 12
In Poll we see an upward energy shift at integer filling fac- g
torsv=2,3,4,5 due to the screening of the photoexcited elec- % 8 - v=l
tron, with an increased upward energy shift at odd filling 3]
o 7
factors due to the exchange-enhanced splitting of the hole 44
energy levels, while in Pol2 we see upward energy shifts at
even filling factors, but at odd filling factors the upward 0=
shifts expected due to the screening of the correlation hole of 0 2 4 6 8 10 12 14 16
the photoexcited electron are canceled by the downward en- Magnetic Field (T)
Fergglss"hm produced by the enhanced splitting of the hole FIG. 4. (a) Center-of-mass energy of the PL from sample

. . . . NU1171 as a function of magnetic field in the two polarizations
Assuming a linear dispersion of the electron and hole en- . o o
with a straight-line fit to the average energy of the two polarizations

ergy levels in _magnetlc field, we would ex_pec_;t the tv_vo tr.an'subtracted(b) Simultaneously measured longitudinal resistance.
sitions to continue to separate in energy with increasing field.

We note that for the 151-A-wide well in magnetic fields

greater than about 4.2 T the energies of the two transitiongicted; this discrepancy may be due to the approximations in
begin to merge. We attribute this to a crossing and anticrosghe calculations. From the calculations, the crossing and an-
ing of the two lowest hole Landau levels. Calculations of theticrossing point is expected to occur at a higher field for the
Landau levels for 2DHS’s in quantum wells grown on 101-A quantum well, which is consistent with our data
(311)A-oriented samples show a complicated structure ofvhere there is no evidence for the crossing and anticrossing
hole Landau levels with both crossing and anticrossing beef the hole levels for magnetic fields up to 8 T.

havior for Landau levels arising from different subbands, The high magnetic field data for the 151-A quantum well
including a crossing of the two lowest Landau levels in theNU1171 are shown in Fig.(d), where the PL center of mass,
lowest heavy-hole subbaridFor a 151-A well a crossing of  jnstead of peak position, is plotted against applied magnetic
the two lowest Landau levels is predicted to occur at a magfie|d. The center-of-mass method, which gives a more reli-
netic field of approximately 3 T and the crossing point movesyple measure of the PL position, was used to find the peak
to higher fields as the well width is reduced. The Calculationposition in the PL from sample NU1171. This method was
of the Landau levels was performed in the axial approximay, o sed for the PL from samples NU2168 and NU2169 due
tion, and it was noted that if full Landau-level mixing is , tq presence of the second peak to the low-energy side of
included, the crossing of the two lowest levels is expected t%he main peak in these samples, which made it necessary to

become an anticrossing. In the calculations, shown in Fig. o e
L ; . . use a curve fitting method to extract the peak position. The
of Ref. 17, it is the first excited Landau level which changes_: - : . .
imultaneously measured longitudinal resistance is shown in

direction as the magnetic field increases and crosses the |0\|AS£-. b Cl - i th ist b d at
est Landau level to become the ground state at high magnetég' Ab). Clear minima in the resistance are observed a

fields. In our data we see that the transition energies in thi1téger filling factors. In this paper we are primarily inter-
two polarizations become equal for magnetic fields abov&Sted in the optical data. The transport measurements are
about 4.2 T and then start to diverge again, with Pol1 remainuSed to check the association of features in the optical data
ing the higher-energy transition. This behavior is seen in FigWith the occurrence of integer Landau-level filling.

4(a), in which the PL for sample NU1171 is presented, up to N Fig. 4@), we note that fromy<<2 to »=1 the transition

15 T. This would suggest that the two lowest hole Landawgnergies of the two polarizations are equt within the
levels do not cross, but approach each other and then sepexperimental resolutionand atv=1 there are upward shifts
rate again. This crossing and anticrossing behavior is exef the transition energies in both polarizations. At this filling
pected to occur over a range of magnetic fields around thé&ctor the difference in the populations of the two hole spin
calculated crossing point and produce a mixing of thesestates is at its maximum, with the lower-energy spin-split
states in this range. We note that we see the crossing arevel completely full and the higher-energy spin-split level
anticrossing behavior at higher field than theoretically precompletely empty. The exchange-enhanced splitting of the
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two hole states is therefore also expected to be at a maxwhich will be reflected in the PL. They show both spin-state
mum, and only a transition to the lowest-energy hole levekenergies and find that the two spin-state energies are equal at
would be expected. We suggest that the observed behavior éyen filling factors and separated at odd filling factors as
due to the effects of heavy- and light-hole mixing, which, expected from the exchange contribution. This corresponds
although negligible at low fields, become more significant af0 the main feature in our polarized PL data, with the transi-
high fields. This mixing is further complicated by the mixing tion energies in the two polarizations being almost equal at
of the ground and first-excited heavy-hole Landau levels irEVen filling fac;ors anq sepgrated at odd filling factors due to
this region of magnetic field, which makes these levels ghe exchange interaction, Fig(a _
mixture of all four possible hole states. The accidental coin- Starting from this point, Hawrylak and Potemski show
cidence ofy=1 with this range of magnetic fields means how in moving up in filling factor through a completely
that only one hole Landau level is occupied and this holdilled level an additional excitonic binding energy leads to a
ground state is of a mixed state so that transitions from eithefiScontinuous jump in the PL energy at integer filling factors.
one of the two spin-split electron states to this lowest holel hey also show how the consideration of final-state interac-
state can give rise to PL in both polarizations. In this situaions leads to a splitting of the PL near odd filling factors.
tion the transition energy in both polarizations would beAlthough we do see the broad exchange-enhanced splitting
equal. Transitions from either one or both spin-split electrorPf the PL energies in the two polarizations, we do not see
levels are allowed, and so it is not possible to determine théiscontinuous jumps or splittings in either of the polariza-
transitions involved in producing the measured PL. As thdions. We note that the jumps and splittings are expected to
magnetic field is further increased, the mixing between thd€ smaller in energy for hole systems compared to electron
heavy-hole states is reduced as the energy levels diverge af¥Stéms, and since we are not able to resolve the broader spin
the ground state of the holes becomes a mixture of heawygPlitting in the unpolarized PL, we would not expect to be
and light-hole states involving just one of the two possible@ble to see these additional jumps and splittings.
heavy-hole states and one of the two possible light-hole
states. Now transitions from either spin-split electron level ) _ _
can produce only one polarization of the PL. At high fields B. PL intensity modulations
this mixing is further reduced and the hole ground state can Modulations in the intensity of the PL with magnetic field
be considered a pure heavy-hole state again. Note that thtmn be seen in the polarized PL data which show some struc-
means that the splitting between Poll and Pol2 at high fieldgure associated with filling factors=2, Fig. 2b). The PL
where only one hole level is occupied, is entirely due to thentensities in the two polarizations are almost equal at even
electrong factor. On this assumption we estimag from  filling factors and at a maximum difference for odd filling
Fig. 4(a) and obtaing.|=0.7+0.3. This value is larger than factors. At odd filling factors the intensity of Poll is en-
the low-field value forg, reported in Snellinget al;*® how-  hanced while that of Pol2 is reduced. The changes in the
ever, it is consistent with the picture of the splitting betweenintensity are related to the integer filling factors and are sen-
the transition energies in the two polarizations arising fromsitive to the difference in the populations of the two hole spin
only the splitting between the electron levels since it isstates at odd filling factors. The PL arises from transitions to
smaller than the combined electron and hgliactors which  the lowest spin-split hole Landau levels which will have
would be involved if the two polarizations arose from tran- equal populations for all filling factors2, so the variation
sitions between spin-split electron and spin-split hole levelsin intensity of the PL is not simply related to the populations
We note that consideration of the effects of band mixingof these levels. From the energy-level diagréimset Fig.
in the calculation® of hole Landau levels for two- 2(b)]we note that Pol2 is associated with the transition from
dimensional hole systems in SiGe quantum wells has beete high-energy electron level and Poll with the transition
shown to be sufficient to explain the observation of largefrom the low-energy electron level. We suggest that at odd
gaps at mostly odd filling factors, as determined from magHilling factors the difference in the populations of the hole
netotransport measuremenisOnly discrepancies between spin-split states, which gives rise to the enhanced spin split-
the experimental and calculated gaps at low filling factorging of the hole states, also induces an enhanced splitting of
were assigned to many-body effects. On the other hand, nuhe electron states. This is perhaps a logical extension of the
merical simulation® of magnetotransport measurements ontheory of MacDonaldet al*® of the coupling between Lan-
a p-type GaAs(Al,Ga)As quantum well have shown that, dau levels. The two spin-split electron levels are populated
while it is essential to include band mixing in the calcula- by photoexcited carriers. However, there may also be a por-
tions, hole exchange interactions must also be included ttion of the population of the carriers in the upper spin-split
obtain an accurate simulation of the data. The importance devel maintained by thermal excitation of carriers from the
hole exchange interactions in two-dimensional hole systemwer-energy electron level to the upper-energy electron
in GaAs(Al,Ga)As quantum wells is further supported by level, related to the energy difference between the two levels.
the optical data presented here. At odd filling factors the separation between the spin-split
We now discuss the PL energy modulations in terms oflectron levels increases, which reduces the thermally ex-
the theory applicable to low-disorder systems developed bgited population of carriers. The upper electron level in-
Hawrylak and PotemsKiln Fig. 3 of Ref. 4 they show the creases in energy and therefore depopulates, with a conse-
Hartree-Fock self-energy of the hole created in the electroquent reduction in the intensity of Pol2, while the lower-
Landau level, after recombination of the electron-hole pairenergy electron level decreases in energy and becomes more
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@ o1 ToO03K polarization due to mixing of the hole levels. At high fields
(>12 T) the intensity of Poll begins to decrease as the upper
spin-split hole level is completely depopulated and the mix-
ing of the hole levels becomes less significant. This is further
supported by the temperature dependence of the PL intensity.
Figure 8b) shows the PL intensity versus applied magnetic
field at 1.2 K. At the higher temperature the first excited hole
Landau level becomes thermally populated and the decrease
in the intensity of Poll at high magnetic fields due to the
unmixing of the hole levels is compensated by an increase of
the PL from electrons recombining with the thermally ex-
cited holes in thet+3/2 hole level.

1.4 4

144 IV. SUMMARY

Integrated Intensity (arb. units)

We have presented a PL investigation of two-dimensional
hole systems in a range of quantum wells. In the unpolarized
PL we observe upward shifts in the PL energy at integer
filing factors which arise from many-body interactions
dominated by the screening of the correlation hole of the

0.9 4+ photoexcited electrons by the 2D hole system. Polarized PL
0 2 4 6 8 10 12 14 16 measurements show modulations in the energies and intensi-
Magnetic Field (T) ties of the PL from the spin-split levels. The energy separa-

) ) ) o tion of the PL in the two polarizations is maximum at odd

FIG._ 5. Integrated_lntt_ansny of the PL in the two polarizations asﬁ”mg factors and minimum at even filling factors, and this is
a function of magnetic field for sample NU1171 at temperailre attributed to an exchange-enhanced spin splitting, which
=03K(@andT=1.2K (b). masks any upward energy shifts in each polarization which

I o . would be expected at every integer filling factor and are seen
populated, which increases the relative intensity of Poll. We the unpolarized PL. We identify the main transitions

expect the additional splitting of the electron levels to hav%hich contribute to the PL in the two polarizations and see

relatively little effect on the transition energies. The sameqy,ijence for a crossing and anticrossing behavior of the two
argument holds for the intensity variation of the PL from the ..t hole Landau levels in the 151-A quantum wells. Up-

151'.’& quantum We.”.’ Fig. @). We hote ?hat although the ward energy shifts are seen in both polarizations=at and,
relative energy positions of the polarization components A contrast to the behavior at other odd filling factors, the

revers_ed In th's case, It Is still the PL_'” the pOIarlzatlontransition energies in the two polarizations are almost equal.
associated with transitions from the high-energy eIeCtronI'his is attributed to the coincidence of filling factor=1

level (Pol2) which is reduced in intensity and that associatequth the region in magnetic field where strong mixing of the

With trqnsitions fm”.‘ t_he Iovyer-energy .e!ectron levEbl1) light- and heavy-hole states leads to a breakdown of the PL
Wh'c.h is increased in Intensity at odd f|II.|ng factors_. . transition selection rules, thereby allowing PL of both polar-
Figure %a) shows the variation of the mtegrat.ed mtensf[y izations to be seen when only one hole level is occupied. It is
?f lt(;le PL for1t5he_r1_?_ﬁ-Aqu;]ant_um vaerl]l N;JL11.71 In .mangt'C suggested that the modulations in the polarized PL intensities
lelds up to - The behavior of the Intensities 1or  .n"he understood in terms of changes in the populations of

<2 may also show evidence of mixing of the lowest holey, o ojactron spin-split energy levels due to an enhanced split-
Landau levels. In the case of the 151-A quantum well Weting of these levels at odd filling factors

expect a mixing of the hole states due to the anticrossing
behavior for magnetic fields greater than about 4.2 T, which
corresponds to a filling factor<2. For v<<2, the intensity

of the transition associated with the upper spin-split hole We would like to thank M.E. Portnoi and A.S. Plaut for
Landau level(Poll) should decrease as this level depopu-useful discussions. This work was funded by the Engineering
lates. However, the intensity of Poll remains constant, whictand Physical Sciences Research Council of the U.K. under
is consistent with a continuation of transitions having thisGrant No. GR/L 78819.
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