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We present magnetophotoluminesceiieg) investigations of a range of very high-mobility low-density
two-dimensional hole systems in GaAs;AlGaAs quantum wells, obtained using excitation both above and
below the A}_,GaAs band gap. At low two-dimensional hole densities, we observe two peaks at zero
magnetic field and an analysis of the temperature and excitation-power dependences of these suggests that they
originate from the recombination of neutral and positively charged excitons. At higher densities, the peaks
evolve smoothly into a structure related to the two-dimensional hole density of states. Their intensity depen-
dences and their evolution in magnetic field support this description. In high magnetic fields at low densities,
we observe a new PL line at lower energy whose behavior is similar to PL features reported recently as being
an optical signature of the magnetically induced hole Wigner solid. However, examination of the effects of
illumination on hole density leads us to conclude that our observations are not associated with the Wigner
solid. In the higher-density regime, we observe minima in the PL intensity and shifts in the PL energy at
integer and fractional Landau-level filling factors, and a more complicated PL structure at very low filling
factors.[S0163-18206)05243-5

I. INTRODUCTION on a background of bulk-exciton PL peaks whose intensity is
observed to reach a maximum at Landau-level filling factor
Optical techniques constitute a powerful probe of the mi-v=1. The feature was assigned to an excitonic process that
croscopic properties of systems of reduced dimensionality iprovides a probe of the heterointerface. The same group has
the limit of low temperature and high magnetic field. Therealso undertaken PL investigations of a 300-A QR&f. 8 in
have been extensive studies of two-dimensional electron sysvhich the 2DHS PL peak is raised in energy by about 2.5
tems(2DES in this regime and the optical signatures of themeV by the extra confinement and is therefore easier to dis-
fractional quantum Hall effedFQHE) (Refs. 1-3 and the tinguish from the bulk PL. A single liné\ is observed, at
magnetically induced Wigner soliiWS) (Refs. 4—6 have zero magnetic field, which shows excitonic dispersion in
been reported. The techniques have proved particularly usenagnetic field and a distinct intensity minimumiat 1 (the
ful in studies of the WS because the strong localization thafilling factor determined by transport measurements per-
accompanies the WS transition makes conventional transpoformed in the absence of illuminatiprA new line, B, about
measurements very difficult. In contrast, only a few such0.7 meV above\, emerges at=3. A gradual decrease in the
studies have been reported in two-dimensional hole systenistensity of A as the field is further increased was correlated
(2DHS’9.”~2 This is because of the significantly shorter with the appearance of an out-of-phase component in the
scattering time in conventionally grown hole systems and thenagnetoresistance. This dephasing effect indicates that the
consequent weakening of the interaction between carrierDHG is becoming highly resistive, and has previously been
However, developments in the growthpitype modulation-  associated with WS formation. Butat al® have examined
doped heterostructures, by molecular-beam epitaxy3ai| the PL of a 200-A QW and observe a single PL line at zero
A-oriented substraté$ have recently given rise to unprec- field with a stronger, more free-carrier-like dispersion in
edentedly high mobilities in 2DHS’s, and momentum relax-magnetic field. They correlate weak minima in the integrated
ation times comparable to those of the best 2DES have bed?L intensity with longitudinal resistance minimasat1 and
reported>1® These advances have offered the exciting pros2, and observe a remarkably strong PL intensity feature at
pect of examining the 2D hole WS. The advantages of exy=3. They also report a new PL line, which appears 0.6 meV
tending studies of the WS to hole systems have been didelow the first line at about=3, at temperatures below 2 K.
cussed fully in the literature befor@ee, for instance, Ref. They observe a further new line some 4.5 meV below the
13. main luminescence structure. They attribute both of these
PhotoluminescencéPL) studies have been carried out on new lines to the formation of the 2D hole WS, an interpre-
2DHS’s in single heterojunctiohsand in quantum wells tation supported by subsequent time-resolved PL
(QW) (Refs. 8—13 of various widths. In single heterojunc- measurement¥. Shields et al!! observe rather different
tions, the PL from the 2DHS is a weak feature superimposegtructure in a 300-A QW: at low densities a twin-peak struc-
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TABLE |. Sample characteristics.

Transport Peak PL energies under  Peak PL energies under
characteristics prior illumination with illumination with
to illumination green light(eV) red light (eV)

Spacer

width Ps mobility
Sample  (A) (em™?  [ecmA(Vs) Y E, E, AE E, E, AE
A 800  5.6x10' 8.0x10° 15288 15297 0.0009 1.5279 1.5294 0.0015
B 600  8.6x10% 4.8x10° 15297 15307 0.0010 1.5285
C 200  2.1x10% 4.0x10° 15308 15321 0.0013 1.5265

ture is observed whose intensity and magnetic-field deperrating the ionized acceptors from the 2DHS were 800, 600,
dences lead to their interpretation as neutral and positiveland 200 A for sampled, B, andC, respectively. The 2DHS
charged excitons. densitiesps and the mobilities of the samples prior to illu-
In this paper, we present the results of PL measurementsination are summarized in Table I. Magnetotransport mea-
of 2DHS’s in three 150-A QW’s having different spacer surements demonstrate that in sampleandB the 2DHS is
widths. Our results are presented in two sections. The firstery strongly depleted even after temporary exposure to
(Sec. Il)) establishes the identity of the PL structure seen agreen light, and under continuous illumination we know that
zero and low magnetic fields: neutral and charged excitonp,<10'° cm 2 in both samples, and consequently transport
are observed in the low-density samples, free-carrier reconmeasurements become impossible. In contrast, red-light ex-
bination in the highest density one. The secdféc. V) citation has no effect ops. These observations are in agree-
describes our observations at high magnetic fields and theinent with the density-depletion model of Hayrmee all’
interpretation. In the lower-density 2DHS’s we observe awhich we can use to provide an estimatepgfunder green-
new PL line, similar to one of those seen by Butval,® light illumination assuming that the mechanism by which
but in light of preliminary transport measurements, whichphotoexcited holes replenish the depleted 2DHS is by tun-
show that the 2DHS is very strongly depleted under illumi-neling through the Al_,GaAs spacer. Under this assump-
nation, we do not associate this with the formation of a holgion, and using the excitation powers appropriate to the data
WS. In the highest-density sample, the integer and fractionadf Fig. 1 (see below, we estimate thap ~4x10® cm™2 for
quantum Hall effects are detected as minima in the PL intensampleA and ~1x10° cm™2 for sampleB. For sampleC,
sity, and complicated PL structure emerges at filling factorghe depletion effect is much weaker, and the model yields an
below about 0.2. estimatedp, of 2x10'° cm™? (in this case, we have used
magnetotransport to measupg and the resultp,=4x10'°

cm 2, suggests that the model of Ref. 17 provides reasonable
Il. EXPERIMENTAL AND SAMPLE DETAILS lower-limit estimatel

The PL measurements were performed over a range of
excnat!on mtensmgs: from 0.1 Fo 100 mW €fmusing an Ill. PL RESULTS AT ZERO
argon-ion lasefemitting predominantly at 488 and 514 hm AND LOW MAGNETIC FIELDS
for illumination above the Al ,GaAs band gap, or a Ti-
sapphire lase€765 nn) to illuminate the samples below the In this section we present the PL spectra taken at zero
Al,_,GaAs band gap. These excitation sources will hereaf-magnetic field and describe the dependences of these spectra
ter be referred to as green- and red-light sources, respeon excitation power and temperature, and their evolution in
tively. Optical fibers delivered the laser light and collectedmagnetic fields up to 5 T. We then discuss the origin of the
the PL signal which was analyzed using a single-gratingobserved structure.
spectrometer and a charge-coupled device array with a reso- PL traces taken at 350 mK and zero magnetic field, for all
lution of about 0.05 nnt0.1 me\j. The samples were cooled three QW's, are shown in Fig.(d). Green-light excitation
either in a®He/*He dilution refrigeratofbase temperature 16 was used with incident light power densities lower than 10
mK) or in a *He system(base temperature 300 mkand mW cm 2. The following observations may be made.
subjected to magnetic fields up to 15 T, perpendicular to the (i) Two transitions are present in all the traces, marked
plane of the 2DHS. Simultaneous transport measuremenizeak 1(lower energy and peak 2(higher energy whose
were carried out on the sample with the highest carrier denpositions and separation are given in Table I. Peak 2 be-
sity, using a geometry that ensured uniform illumination ofcomes weaker relative to peak 1 as the spacer width de-
the 2DHS between the voltage contacts. In the magnetecreasegand hencep increases Peak 2 shows a2 times
optical experiments utilizing red-light excitation, a range of stronger linear dependence on excitation power than peak 1
photon energies was examined in order to avoid possiblever the range of powers investigated.
resonant excitation via empty high-order Landau levels. (i) As the spacer width decreases, increasing the steady-

The samples studied were one-side modulation-dopestate value of, the energies of both peaks increase and the
single QW's grown by molecular-beam epitaxy B11)A  energy separation between the peaks also incré@abte |).
semi-insulating GaAs substrates. The well widths were 15@nder red-light excitation, the zero-field PL spectra for the
A and the widths of the undoped Al,GaAs spacers sepa- three samples are shown in Figbl peak 2 is absent from
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Energy (V) Energy (V) FIG. 3. The temperature dependences of the peak intensities of

peaks 1 and 2, for sampk, using green-light excitation 0f0.3
FIG. 1. (a) 350-mK PL spectra for the three QW samples undermw cm 2.
green-light excitation of less than 1 mw cffor samplesA andB

a_nd about 10 mW sz for sampleC. T.he. Inset is a schematic able to measurg, from simultaneous magnetotransport,
diagram of the energies of the PL emission energies for the twg

peaks observedb) PL spectra for the three samples, under red_conﬁrmmg that increasing intensity results in a reduction in

light excitation. For sample& andC, the temperature was less than Ps- . .
100 mK; for sampleB it was 350 mK. The excitation power den- The temperature dependences of the intensities of the two

sities were less than 50 mW & luminescence peaks for sam@eare shown in Fig. 3. Below
about 1 K, both peak intensities are approximately indepen-

the spectra of sampleB and C and weak even in that of dent of temperature. From 1 to 2.5 K, peak 2 weakens pro-
sampleA. gressively and eventually disappears, while peak 1 strength-

For samplesA andB, the energies of the peaks shown in €S- Then, above 3 K, peak 1 gradually weakens. The
Fig. 1(a) were independent of excitation power. A quite dif- behavior in the intermediate-temperature regime suggests

ferent intensity dependence is observed in sarGplEig. 2): that the luminescence intensities are not simply determined
as the power of green-light excitation is increased, the PIPY the thermal populations of the two levels—a more subtle
energy rises and the broad single peak narrows and forms&xplanation is required to account for the strengthening of

distinct twin-peak structure. In this sample, we were alsdh€ lower-energy line as the temperature rises.
In samplesA andB [Fig. 4(a)], both peak energies vary as

the square of the magnetic field at low fields, indicating that
they are excitonic in origin. At higher fields, the dependences
3.7 x 10" cm? become linear but, interestingly, peak 2 retains its excitonic
character up to higher fields than the peak 1, suggesting that
the higher energy peak comes from a more strongly bound
exciton. In sampleC [Fig. 4(b)], the dominant peak, peak 1,
has an almost linear field dependence for low levels of illu-
mination, implying that recombination is between free carri-
ers, becoming more quadratic as the illumination intensity
increases. The peak intensities are also affected by magnetic
field (not shown: for samplesA and B, peak 1 weakens
slightly with magnetic field while peak 2 strengthens. In con-
trast, both peaks strengthen for samg@le

Our interpretation of these data is as follows. In samples
with low pg (samplesA and B, and sampleC under strong
green-light excitatioy) peaks 1 and 2 originate from posi-
tively charged and neutral excitof¥™ andX), respectively.

The energy levels involved are represented schematically in
11 x 10 cm? the inset to Fig. @). A free electron-hole pair has energy,
relative to the equilibrium situation, and the neutral exciton
X has a binding energ¥gz. When an additional hole be-
comes bound to fornX™, the total binding energy increases
, , , , slightly, to Eg+ AE (whereAE is the binding energy of the
1.524 1526 1.528 1.530 1.532 1.534 second holg Recombination ofX results in a PL peak at
PL Energy (eV) energyEg—Eg (peak 2, while that of X leads to a PL
energy ofEg—Ez— AE (peak 2.

FIG. 2. 300-mK PL Spectra for samp@ over a range Opsv The Weakening Of peak 2 relative to peak 1, as the Spacer
obtained by green-light illumination of different powetps in-  Width is reducedand henceps is increasegiresults from the
creases as the power decreaspswas measured by simultaneous greater abundance of" in the presence of a greater number
magnetotransport. of excess holes, and this also accounts for the stronger de-

5.6 x 10" cm

8.7 x 10'% cm™

PL intensity (arb. units)
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ward the latter, and s formation becomes more likely.
(@) (The small excess of holes makes positively charged exci-
1.531}F et tons more likely than negatively charged ones, and the ob-
NS rand servation of a strengthening of peak 1 as the 2DHS density
increases supports this identification, although we cannot
eliminate the possibility that both types of charged excitons
1530k {/4/»”"@ are responsible for peak)1.
NP The magnetic-field dependences of our excitonic features
also differ in detail from those of Shields al.. although in
0 1 2 3 4 5 6 7 both cases the dispersion is clearly excitonic, with similar
(Magnetic field)” (Tesla®) binding energies, Shieldst al. report a significant enhance-
ment of the binding energy of * relative toX, resulting in
E (b) an increased splitting between the peaks in magnetic field. In
. T contrast[Fig. 4(@)], we observe thaX" dissociates more
easily in magnetic field: the low-field dispersion is stronger
‘ for peak 1(indicative of a more weakly bound excitprand
Increasing . . . .
illumination becomes linear at lower fields. The gradual reduction in the
powet intensity of peak 1 in magnetic field also suggests ¥iats
1530 F 7 T (decreasing p,) less stable thaiX in our samples. The origin of this slight
E difference between our observations and those of Shields
. . - - . . et al. is not understood, although we believe it is related to
0 1 2 3 4 5 6 the different QW well widths used.
Magnetic field (Tesla) We may now explain the relative sizes of the peak sepa-
rations,AE, listed in Table I. The dependencesXE and of
the individual peak energies on sample spacer width are gov-
erned by the changing shape of the QW and the consequent
change in screening effects. First, consider the situation in
which the 2DHS is completely depleted: the QW then con-
tains no chargéexcept for an equal number of photoexcited
carriers of each type, which have no effect on the electrostat-
ics); furthermore, the Si acceptors in the doped_AlGa As
pendence of peak 2 on excitation power. The energy separaegion will have been neutralized by photoexcited hdles.
tion of the peaks is also consistent with these assignménts.Thus the whole structure is uncharged and so the QW is
As p, is increased by reducing the spacer widlifig.  perfectly square—electrostatically equivalent to an undoped
1(a)], reducing the intensity of green-light excitatifig. 20 QW. Once this condition has been reached, the spacer width
or going from green- to red-light excitatidirig. 1(b)], the  can have no effect on the PL energies. Since this is contrary
excitons become more weakly bound because of increasdd our observation§Table I, we conclude that the 2DHS is
screening by the 2DHS, and eventually the recombinatiomot completely depleted, in agreement with the kinetic model
becomes free-carrier-like, taking the form of a broad PL feadiscussed elsewheté,and indeed with our observation of
ture whose shape is an approximate measure of the 2DH®sitively-charged-exciton recombination.
density of states. This trend from excitonic to free-carrier As the 2DHS becomes populated, the QW becomes pro-
recombination is most clearly seen in Figb¥ in this case gressively more skewed and the tunneling barrier for photo-
the trend is driven by excitation power: high excitation excited holes in the Al ,GaAs layer becomes larger. This
power leads to lowpg and hence to excitonic dispersion, change in 2DHS concentration increases the confining poten-
while reduced excitation power gives largpg and free- tial, enhancing the binding energy of the charged exdciton.
carrier dispersion. At the same time the increasing concentration also increases
This interpretation is broadly in agreement with that of the screening of the excitons, leading to a general decrease in
Shieldset al! and with observations of negatively charged the exciton binding energy. The interplay between these two
excitons in modulation-doped QW ;2 in resonant- processes determines the peak separation dependence on the
tunneling structuré$ and in nominally undoped QW?%.  spacer width(or, equivalently, onp,). It follows from our
However, some interesting differences are also apparentbservation of an increasing separation withTable ) that
Shieldset al. report a gradual transfer of intensity from peak the first mechanism is stronger. This accounts for the obser-
1 to peak 2 as the temperature is raised from 1.8 to 20 Kyation that the energy separation between peaks 1 and 2 in-
caused by the thermal dissociation %t. We have shown creases as the spacer width decredses Table | and Fig.
that over a small range of temperatures around 3 K, peak 1(a)] and is further supported by the peak separation mea-
strengthengFig. 3). To understand this, we follow the argu- sured using red-light excitation of sample red-light exci-
ment of Phillipset al:?? at low temperatures, the carriers in tation results in a higher 2DHS density than green-light ex-
the system are predominantly bound as excitons. Particularlgitation and, according to the argument above, should
in samplesA andB, the 2DHS is so dilute that the formation therefore give a larger peak separation—this is indeed what
of X" is relatively unlikely. As the temperature is raised, thewe observegTable ).
equilibrium between excitons and free carriers is shifted to- In this section, we have established the origin of the PL

PL energy (eV)

1.532 F

PL energy (eV)

FIG. 4. (a) PL peak energy vémagnetic fielof for sampleB
(the data for sampl@ are similar, but are omitted for clarityThe
illumination conditions are the same as in Figa)l (b) PL peak
energy vs magnetic field for sampls showing the transition from
free-carrier to excitonic behavior as the illumination intensity is
increased. Estimated values jof are <3x10'° cm™2 (top trace;
6x10'° cm 2 (middle tracg and 1x10* cm™? (bottom trace
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observed at zero magnetic field: at low 2DHS densities, ex-

citonic recombination is observed both from positively FIG. 6. Behavior of samplB at high magnetic fieldsa) shows

charged and neutral excitons, while at higher densities freehe emergence of peak 3, and the accompanying fall in overall

carrier recombination is observed. In the following section,integrated PL intensity, above a threshold magnetic field of 10 T,

we discuss the high-magnetic-field behavior of the PL inindicated by the vertical arrowithe temperature is 50 mK(b)

these two density regimes. shows the temperature dependence of peak 3 at a magnetic field of
12 T. SampleA behaves similarlynot shown, but has a threshold

IV. PL RESULTS IN HIGH MAGNETIC FIELD magnetic field of 7 T.

Kulik et al,'° which they interpret as being caused by WS

Wh h ic field is i d the di . Lormation. However, the depletion effect that we have ob-
en the magnetic field Is increased, the dispersion ok eq in our samples results in a valuemf, under the

peaks 1 and 2 becomes almost linear, although some deviggjitions of our PL experiments, sufficiently low in both

tion from exact linear behavior occurs because of the deper&'amples to allow the formation of a WS at zero magnetic
dence of the hole effective mass on magnetic féld- field (for a full discussion, see, for instance, Ref).1Bhus

thoggh In r(])ur case ':Ihe transﬂonsf a“re ”e#tral e%g;_jhcharg e conclude that peak 3 is not associated with the transition
excitons, they are still expected to follow this trefidlnere ) e op hole solid. In contrast, the sample of Bughal.

are no significant features in the PL integrated intensities &< 4 much larger value @k, as determined by their trans-

integer or fractionab. . X N
. . . . port data, and so a magnetically induced WS transition is
In Fig. 5, the evolution of the PL spectra at high magnet'cgossible g y

field Is presented for samplek and B. The illumination Although we do not have a conclusive interpretation of

;:onditionfs ?re thg same r?s for Fig‘?l Thlebmlozt strikkiné:] eak 3 at present, we note that the temperature dependence
peeittjsrilp?prtoﬁrsneate?;aolz thbabre]l?)\:/vv ;Teikal zt?ovgeaabouf ?%f this peak is very similar to that of peak 2, suggesting a

! p ' e igin—perh k3i i litti f the 2D
in sampleA and 10 T in sampld3. As the magnetic field ommon ofigin—pernaps peak < IS a spin spiting of the

) . . > xciton, although the value of the splitting, 0.6 meV at 10 T,
increases, there is a gradual transfer of Intensity from peak ; about twice the predicted value for free excitons in 150-A
to peak 3, and for both samples the overall integrated PlQW’s 25

intensity starts to fall at the field at which peak 3 appears '
[Fig. 6a)].

Figure 6b) shows the temperature dependence of peak 3:
its intensity rapidly weakens as the temperature is raised We have established that in sami@ethe zero-field PL
above about 0.4 K, disappearing completely by about 2.5 Kexhibits a gradual transition from recombination of free car-
The decrease in integrated intensity exhibits the same behatiers to neutral/charged exciton recombinationpasis re-
ior. duced(either by going from red- to green-light excitation, or

Our observation of a new low-energy PL peak emergingdy increasing the green-light excitation intengityn Figs. 7
at high magnetic field is similar to that of But@t al® and  and 8 we present the high-magnetic-field results for the high

A. Experimental results for the low-density samples

B. Experimental results for the high-density sample
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FIG. 7. (a) The integrated PL intensityb) the PL peak position FIG. 8. (a) The integrated PL intensityb) the PL peak position
(normalized by subtracting a straight line fit from the datad(c)  (normalized by subtracting a linear field dependence from the data
a simultaneous measurement of the longitudinal resist®ygcdor  and(c) a simultaneous measurement of the longitudinal resistance
sampleC, with ps=2.1x10" cm™2. The integer and fractional R, for sampleC, with ps=4x10' cm~2 No modulations in peak
quantum Hall effects influence both the intensity and the peak poposition are observed, but there is still clear evidence of the integer
sition of the PL. Excitation was with red light. and fractional quantum Hall effects in the integrated intensity. Ex-

citation was with green light.
and lowpg limits, respectively, for this sample. In each case,
the dependences of the integrated intensity and the PL pealte evident, either in peak 1 or peak 2. We can interpret this
position (with a linear dispersion subtracbedn magnetic result in the following way: It has been established, both
field are shown, together with simultaneous magnetotransexperimentally~3 and theoretically®?’ that the behavior of
port data. In both cases, at low temperature there are distinthe PL energy at integer and fractionals strongly depen-
minima in the integrated intensities at integer and fractionabent on the strength of the electron-hole interaction: when
v that correlate well with the magnetotransport. These bethe photoexcited carrierin our case electronsare well
come progressively less distinct as the temperature is raisextparated, in the growth direction, from the 2D carriers
(representative 4.2 K data are given in Fig. To explain  (holes, the interaction is weak and the PL energy exhibits
this behavior, we follow the argument of Ref. 1 that the downward-pointing cusps that are directly related to the en-
screening of the 2D holes from the photoexcited electrons isrgy gaps in the 2D density of states. As the separation is
least effective when a Landau level is full, or when the holegeduced, and the interaction becomes stronger, it is possible
are in an FQHE state, and in this case the holes and electrofsr upward modulations in the PL energy to occur, as we see
become localized by the disorder, in different regions of than Fig. 7, because of an increase in the correlation self-
sample, with a consequent reduction in PL efficiency. It isenergy of the 2D holes resulting from the perturbation
particularly noteworthy that a clear minimum is observed incaused by the photoexcited electrons. Finally, when the sepa-
the integrated PL intensity at=3 in Fig. 8@a), despite the ration is reduced to zer®DHS and photoexcited electrons
fact that the resistivity has become too large to measure. This the same plane no energy shifts occur. This last condi-
demonstrates the utility of the PL technique in the regimetion is the one describing our system at very Ipy(samples
where insulating behavior makes transport measurements andB) because in this case the QW is almost symmetrical.

impossible. At higher p; the QW becomes more skewed and the elec-
There is a marked difference in the behavior of the PLtrons and holes are slightly separated.
peak positions in the high and lopy regimes: at highps, At fields above~8 T, the lowpg PL data for sampl&

the peak energy shows significant upward modulations astart to exhibit structuréFig. 9): first, a new line, peak 3,
integer and fractionad while at low pg no such modulations appears as a low-energy shoulder on peak 1, and then, at
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FIG. 9. Emergence of structure in the PL spectra at high mag

netic fields in sampleC. Under continuous green-light excitation,
ps=4x10 cm 2

higher fields, peak 1 splits. The lack of temperature depe

dence of peak 3 means that again we cannot invoke an e

planation involving WS formation. In contrast, the splitting
of peak 1 does have a strong temperature dependence,

occurs at too high a field to be associated with the WS tran-

sition.
We therefore conclude that none of our observations i

related to the WS, despite some similarities between our re-

sults and those of Butoet al® A possible explanation for
this difference is that the sample of Butetal. was a 200-A
QW while our well widths are 150 A: The effect of WS
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data and those of Butost al., further investigations of the
PL of these structures would be helpful in order to clarify the
interpretation of the high-field structure.

V. CONCLUSIONS

We have presented a systematic study of the PL of
2DHS’s in 150-A QW'’s, ranging from extremely dilute sys-
tems to ones of moderate densities. In the dilute systems, we
have interpreted the twin-peak PL structure observed at zero
and low magnetic fields in terms of neutral and charged ex-
citons. At higher magnetic fields, additional PL structure
emerges, superficially similar to that previously attributed to
formation of a WS state. However, the upper limit foyin
our structures is too low to enable us to adopt a similar
interpretation of our data.

" As ps is increased, the zero- and low-field PL structure
evolves smoothly toward free-carrier-like behavior, charac-
terized by a PL shape that approximately describes the 2DHS
density of states and that disperses roughly linearly with
magnetic field. In this regime, clear minima in the integrated
L intensity correlate with integer and fractional quantum

Ighest densities studied these are accompanied by upward
shifts in the PL energy. Again, further PL structure emerges
t high magnetic fields, and again the detailed behavior of
his structure is not consistent with WS formation.

ACKNOWLEDGMENTS
We would like to thank R. T. Phillips and M. Hayne for

formation on the PL is expected to weaken as the holeseveral helpful discussions. One of (8.V.P.) acknowl-
electron interaction becomes strond®as it does as the QW edges the financial support from The ORS Award Scheme
becomes narrower, and consequently our experiments asend the University of Exeter. This work was funded by the
likely to be less sensitive to the presence of the WS. HowEngineering and Physical Sciences Research Council of the
ever, given that significant similarities do exist between ourJ.K.

*Present address: Philips Research Laboratories, Prof. Holstlaan 4, Newbury, R. G. Clark, P. E. Simmonds, J. J. Harris, and C. T.

5656 AA Eindhoven, The Netherlands.

1B. B. Goldberg, D. Heiman, A. Pinczuk, L. Pfeiffer, and K. West,
Phys. Rev. Lett65, 641(1990; B. B. Goldberg, D. Heiman, M.
Dahl, A. Pinczuk, L. Pfeiffer, and K. West, Phys. Rev.48,
4006 (1991).

2H. Buhmann, W. Joss, K. von Klitzing, I. V. Kukushkin, A. S.
Plaut, K. Ploog, G. Martinez, and V. B. Timofeev, Phys. Rev.
Lett. 65, 1056 (1990; I. V. Kukushkin, R. J. Haug, K. von
Klitzing, and K. Ploog, Phys. Rev. Letf2, 736(1994.

SA. J. Turberfield, S. R. Haynes, P. A. Wright, R. A. Ford, R. G.

Clark, J. F. Ryan, J. J. Harris, and C. T. Foxon, Phys. Rev. Lett.

65, 637(1990; A. J. Turberfield, R. A. Ford, I. N. Harris, J. F.
Ryan, C. T. Foxon, and J. J. Harris, Phys. Rev4dB 4794
(1993.

4H. Buhmann, W. Joss, K. von Klitzing, I. V. Kukushkin, A. S.

Plaut, G. Martinez, K. Ploog, and V. B. Timofeev, Phys. Rev.

Lett. 66, 926 (1992); I. V. Kukushkin, V. I. Fal'ko, R. J. Haug,
K. von Klitzing, K. Ebel, and K. Totemayer, Phys. Rev. L&,
3594 (1994).

5M. K. Ellis, M. Hayne, A. Usher, A. S. Plaut, and K. Ploog, Phys.
Rev. B45, 13 765(1992; M. Hayne, M. K. Ellis, A. S. Plaut, A.
Usher, and K. Ploog, Surf. S@63 39 (1992.

5E. M. Goldys, S. A. Brown, R. B. Dunford, A. G. Davies, R.

Foxon, Phys. Rev. Bl6, 7957 (1992; I. N. Harris, H. D. M.
Davies, J. F. Ryan, A. J. Turberfield, C. T. Foxon, and J. J.
Harris, Europhys. Lett29, 333(1995.

"A. G. Davies, E. E. Mitchell, R. G. Clark, P. E. Simmonds, T. M.
Silver, D. A. Ritchie, J. E. F. Frost, M. Pepper, and G. A. C.
Jones, Physica B0, 397 (1994).

8A. G. Davies, E. E. Mitchell, R. G. Clark, P. E. Simmonds, D. A.
Ritchie, M. Pepper, and G. A. C. Jones,Rnoceedings of The
Eleventh International Conference on High Magnetic Fields in

the Physics of Semiconductors, Boston, 198dited by D.
Heiman(World Scientific, Singapore, 1995p. 452.

L. V. Butov, A. Zrenner, M. Shayegan, G. Abstreiter, and H. C.
Manoharan, Phys. Rev. 89, 14 054(1994.

10, v. Kulik, V. T. Dolgopolov, A. A. Shashkin, A. F. Dite, L. V.
Butov, V. D. Kulakovskii, H. C. Manoharan, and M. Shayegan,
Phys. Rev. B51, 13 876(1995.

1A, J. Shields, J. L. Osborne, M. Y. Simmons, M. Pepper, and D.
A. Ritchie, Phys. Rev. B52, R5523(1995.

2p_J. Rodgers, B. L. Gallagher, M. Henini, Y. V. Ponomarev, A.
Usher, and G. Hill, irProceedings of The Eleventh International
Conference on High Magnetic Fields in the Physics of Semicon-
ductors(Ref. 8, p. 304.

Bg, L. Gallagher, P. J. Rodgers, C. J. G. M. Langerak, P. A.



13898 Y. V. PONOMAREYV et al. 54

Crump, M. Henini, G. Hill, S. A. J. Wiegers, J. A. A. J. Peren- 74, 976 (1995.
boom, Y. V. Ponomarev, and A. Usher, Physica2Bl, 417 2'H. Buhmann, L. Mansouri, J. Wang, P. H. Beton, N. Mori, L.

(1995. Eaves, and M. Henini, Phys. Rev.®, 7969(1995.
1“W. I. Wang, R. F. Marks, and L. Vim J. Appl. Phys60, 1834  22R T, Phillips, G. C. Nixon, T. Fuijita, M. Y. Simmons, and D. A.
(1986. Ritchie, Solid State Commur@8, 287 (1996.

193, . Heremans, M. B. Santos, and M. Shayegan, Appl. Phys. Lett3g  Stde and A. Ainane, Superlatt. Microstrud, 545 (1989.
61, 1652(1992; M. B. Santos, Y. W. Suen, M. Shayegan, Y. P. 245 3 Hawksworth, S. Hill, T. J. B. M. Janssen, J. M. Chamberlain,
Li, L. W. Engel, and D. C. Tsui, Phys. Rev. Le#8 1188 J. Singleton, U. Ekenberg, G. M. Summers, G. A. Davies, R. J.

(1992; P. J. Rodgers, C‘] G. M Langerak,. B. L. Gallagher, R. Nicholas, E. C. Valadares, M. Henini, and J. A. A. J. Peren-
J. Barraclough, M. Henini, G. Hill, S. A. J. Wiegers, and J. A. A. boom, Semicond. Sci. Technd, 1465(1993.

16'\/‘|]' HPergqb(;org, ‘; Zhys. CPongerés. Ma&:mfgélig% 4G 25M. J. Snelling, E. Blackwood, C. J. Mcdonagh, R. T. Harley, and
- henini, . J. Rodgers, . A. Lrump, B. L. ©Gallagher, and &. o ¢ r.0n phys. Rev. B5, 3922(1992.

17MHI::aA22|':h3;I;tZGZ 2F?IZit(1222lK Ploog, Phys. ReG® 26y, M. Apal'cov and E. I. Rashba, Pis'ma zh. Eksp. Teor. E3,
- rayne, A T ' ' g. Fhys. 420(199)) [JETP Lett.53, 442(1991)].

17 208(1994. 27 .

18 Kheng, R. T. Cox, Y. Merle d'AubigheF. Bassani, K. Sami- A. H. MacDonald, E. H. Rezayi, and D. Keller, Phys. Rev. Lett.
nadayar, and S. Tatarenko, Phys. Rev. L&1.1752(1993. »8 68, 1939_(19_93' ) )

194 J. Shields, M. Pepper, D. A. Ritchie, M. Y. Simmons, and G. H. A. Fertig, in Proceedings of The Eleventh International Con-
A. C. Jones, Phys. Rev. B1, 18 049(1995. ference on High Magnetic Fields in the Physics of Semiconduc-

2G. Finkelstein, H. Shtrikman, and |. Bar-Joseph, Phys. Rev. Lett. tors (Ref. 8, p. 416.



