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B. B. Goldberg '
Physics Department, Boston University, Boston, Massachusetts 02215

D. Heiman
Francis Bitter 1Vational Magnet Laboratory, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139

A. Pinczuk, L. Pfeiffer, and K. West
ATd'c T Bell Laboratories, Murray Hill, Ne~ Jersey 07974

(Received 12 March 1990)

Plateaus in the electron-hole recombination energy and minima in the peak intensity at integer and
fractional filling factors occur in the luminescence from ultrahigh-mobility GaAs single quantum wells.
At Landau and spin gaps the regions of plateaus and intensity minima broaden as the temperature is re-

duced, in consort with the transport Hall resistance. A sharp intensity minimum and peak shift is seen at
v= —, , while higher-field fractions are characterized by a splitting in the luminescence. The optical
anomalies are directly related to the position of the Fermi energy in localized transport states.

PACS numbers: 78.65.Fa, 73.20.Dx

A gap in the extended-state spectrum at the Fermi en-

ergy is the origin of both the integer and fractional quan-
tum Hall effects. In the former the gap is caused by the
magnetic Landau or spin quantization of the energy lev-

els, while in the latter a gap is created by a condensation
of the electrons into a many-body Laughlin ground
state. ' When the Fermi energy (EF) resides in a
localized-state region in such a gap, the response of the
two-dimensional electron gas is strongly modified. For
example, the electrons cannot screen the potentials due
to remote ionized impurities, causing a broadening in

the density of electronic states. This reduced electron
polarizability has a strong effect on optical processes as
well. In the magnetic quantum limit it appears to be re-
lated to the alteration of the local potential of a photoex-
cited hole by the response of the electron gas.

Optical recombination of electrons and holes in the
fractional quantum Hall effect (FQHE) regime has been
observed in Si metal-oxide-semiconductor field-effect
transistors and GaAs/A1GaAs quantum wells. The
former experiments have been interpreted as evidence of
a quasiparticle gap, while the latter observe changes in

the screening behavior of the electrons in the FQHE. In
the integer quantum Hall effect (IQHE) regime, previ-
ous studies have seen nonlinearities in the emission en-

ergy (EpL) as a function of magnetic field (8). In con-
trast, we observe near linear behavior of the energy
versus field at T~ 2.8 K, showing no transition to the
predicted magnetoexciton insulator, and indicating that
luminescence plateaus observed in other studies may
arise from the poorer mobility of the samples (10 to 100
times smaller). Theoretical calculations of the screen-
ing response at Landau gaps show that EpL should ex-
hibit upward cusps at even filling factors, due to the

weaker screening of the hole potential by the 2D elec-
trons. However, the relative importance of screening and
vertex corrections (the exciton effect) on optical process-
es in magnetic fields is still an open question, as is the
influence of localized transport states.

In this work on higher-mobility (p~ 2X10 cm /Vs)
single quantum wells, we observe striking plateaus in the
recombination energy accompanied by minima in the
peak intensity at integral filling factors. The widths of
the plateaus and minima are correlated to the quantized
Hall p„y plateau widths. Optical measurements were

performed while observing fractional Hall plateaus in
2 1 2 3 4 3

p„y and deep minima in p„„at v =
7 3 5 7 7 5,

and —', . As the temperature is reduced, and FQHE
states are resolved, a luminescence intensity minimum
and peak shift develops precisely at v= —,'. At higher
fields a splitting of the main luminescence peak is seen in

the region of v =
& and —,

' .
The experiment consists of simultaneous measurement

of the transport resistivity components and photolu-

minescence spectra from one-side-doped GaAs/A1GaAs

single quantum wells [250-A well width, p =(2-5) x 10

cm /Vs, n, =(1.0-2.9)X10" cm ]. Electron tempera-

ture was monitored by transport, and heating was

prevented by keeping the excitation intensity below

I (5X10 W/cm . To avoid 8-field-dependent inten-

sity variations of the emission created by changes in ab-

sorption (due to higher Landau levels tuning through the

excitation energy), different laser energies between 1550
and 1650 meV, as well as filtered sources (10-40-nm
bandwidth), were employed.

Plateaus in the recombination energy and minima in

the intensity at the filling factors v=1,2 are revealed in

the series of spectra plotted as a function of B in Fig. 1.
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FIG. l. Emission spectra of a sample (A) with p =3.2X106
cm'/Vs and n, =1.83X10" cm ' at T=0.56 K excited by a
1580-meV laser source (p =1.2&&10 W/cm ). The 8 field is
shown by following the spectral base line to the scale at the
left-hand side. Inset: Typical R„and R, traces during il-
lumination with p 8X10 ' W/cm'.

Magnetic Field (T)

FIG. 2. Transition energy EpL (circled dots), peak intensity
(solid dots), and Hall resistance R„» (solid lines) at v=1 for
sample A excited with p =8&10 ' W/cm', 10-nm-bandwidth
source centered at 780 nm at T=2.5, 1.3, 0.6, and 0.41 K.
The EpL curves are offset by +0.5 meV each, and the peak in-
tensity and R,~ curves by arbitrary constant values.

Two peaks are readily apparent above 4 T, and we
confine our discussion to the lower-energy transition
which polarization analysis shows is due to recombina-
tion of holes in the uppermost valence level with elec-
trons in the lowest spin-split electron Landau level. '

The energy plateaus and intensity minima increase in

width in B with decreasing temperature in the same
manner as the width of the quantized Hall plateau in p ~
and zero-resistance state in p„„. This direct correlation
between the position of the Fermi level with respect to
the localized and extended transport states and the opti-
cal anomalies in recombination has not been seen be-
fore. "Figure 2 presents a detailed study at the spin

gap (v= I). Since the peak width does not vary appreci-
ably through the filling-factor minima, the minima in

peak intensity also reflect minima in total integrated in-

tensity. While in some samples the pinning of EpL is not
complete and appears more as a change in slope, the in-

tensity minima are comparatively robust; they exist in-

dependent of excitation source and sample carrier densi-

ty, appearing whenever EF is in localized states. At each
temperature from 2.5 K to 410 mK, the approximate B-
field widths of the optical plateaus and intensity minima
are within 30% of the corresponding Hall plateau (Fig.
2). The extent of quantized p, , delineates the region in

B over which EF lies in a region of localized states. As
the temperature is reduced, fewer extended states are
within ka T of EF, causing the plateau width of p,~ to in-

crease. The correspondence between the transport Hall
plateau, intensity minima, and recombination-energy
plateau widths observed upon cooling the 2D electrons
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associates the optical and transport phenomena with a
common origin —the precise position of the Fermi energy
in localized transport states. '

Theoretical calculations of the influence of screening
on electron-hole recombination do not account well for
the data. The main many-body contributions to the
single-particle electron and hole energies are the
screened-exchange and the Coulomb-hole self-energy
terms. For electrons, the exchange interaction is reduced
by screening while the Coulomb-hole term is enlarged,
and the two terms nearly cancel. For holes, so few exist
( & 10 n, ) that the exchange term is irrelevant, leaving
only the Coulomb-hole term. This correlation hole for
the hole describes the additional electron density in the
vicinity of the hole. The screening oscillates as EF passes
from the Landau-level centers to the gaps, causing the
hole self-energy and thus EpL to oscillate. The calcula-
tions use a phenomenological model of the density of
states but do not include the effects of carrier localiza-
tion, and the integer and fractional Hall effects are
beyond their scope.

The present data show that the passage of EF into lo-
calized states at the edge of the p„~ plateau creates an
abrupt change in the response of the electrons to the
presence of the hole. In the absence of correlation
effects, the oscillator strength should actually increase
when the polarizability is reduced, since weaker screen-
ing causes a larger vertex correction (excitonic binding),
yielding both greater electron-hole overlap and redshift
in EpL. This is complicated at integral and fractional
gaps, since the dearth of states at EF promotes the irn-
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portance of interlevel over intraleUel excitations, increas-

ing the coupling to higher Landau levels. For the transi-
tion energy, the vertex correction is offset by the
Coulomb-hole (correlation-hole) self-energy term —the
polarization clouds of a closely spaced electron-hole pair
cancel. Hence with EF in the gap region, the loss of
electron screening may overcome any enhancement of
electron-hole binding and cause the observed blueshift.

The data indicate that correlation effects may be
greater than vertex corrections. Near v=1 the upper
electron spin state has a much lower occupancy, which
increases the vertex correction and reduces the electron
self-energy exchange term. Yet the emission from both
spin states exhibit the same shift at v= 1 (Fig. 1), indi-

cating that the correlation hole of the hole is the primary
mechanism. It seems clear that a complete picture can
only emerge with the proper inclusion of localization into
the current theories.

We turn now to optics in the FQHE. Figure 3(a)
shows simultaneous development of the minima in peak
intensity and p,„at v= —,

' for temperatures T ~ 1.3 K."
The reduction in luminescence peak intensity at fraction-
al filling factors strengthens as the temperature is

lowered, but ceases further action for temperatures well

below the activation energy (-0.8 K for v= —,
' and 3 K

for v= —,
' ). Figure 3(b) details the luminescence in the

region of v= —', , where the kinetic energy term ( —,
'

h, ru, )

has been subtracted from the transition energy. The
peak position shifts abruptly just at v= —', by -0.1 meV,
and is accompanied by a -20% increase in width. The
line is too broad to distinguish between a simple shift
and the appearance of a higher-energy component.
Significantly, the peak

sparrows

and returns to the
kinetic-energy line on either side of the 3 minima. The
shift weakens to hE -0.04 meV at 0.77 K and ceases
entirely above 1.4 K, concurrent with the disappearance
of the p„minima. This clear evidence of the fractional
quantum Hall effect in optics has been observed in four
different samples.

In the high-field region about the FQHE states v

and & a clear splitting (/3E '/ =0.3 meV) of the
luminescence is seen (Fig. 4). At T=1.3 K (Fig. 4,
left-hand side), the splitting is observed only about
v= —,', concurrent with a weak minima in p„„solely at
that fraction. The splitting exists only at temperatures
low enough that fractional states are seen, and consists
of components that exchange oscillator strength as a
function of 8. Difficulty in controlling the carrier densi-
ty under illumination in the high fields (B~ 14 T) at
low temperatures (T ~ 1 K) sometimes causes the trans-
port measurement to be incommensurate with the optical
data. As the temperature is reduced, the higher-energy
peak contains a greater percentage of the total oscillator
strength, and extends over a larger range in 8, similar to
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FIG. 3. (a) Peak intensity and R„„ in a sample (B) with

p =3.6x106 cm /Vs and n, =1.81x10'' cm illuminated

with a 40-nm-width source centered at 770 nm. (b) Lumines-

cence spectra at fields about v= —,
'

in a sample (C) with

p =3.3X106 cm'/Vs and n, =1.80X10" cm ' at T=0.36 K.
The kinetic-energy term ( —,

'
hco, ) has been subtracted to show

clearly the peak shift which occurs just at —,
' . The energy shift

is BEZEL -0.1 meV-1 K, and the activation energy measured
from transport under illumination is E, ' = l. l + 0. 1 K.

FIG. 4. Spectra of sample 2 at v=
& and 3 with —,

'
@co,

subtracted as in Fig. 3(b). The left-hand side shows spectra at
T=1.3 K, where the splitting is observed only about a narrow

range at v = —,
' concurrent with a minima in p „solely at 3

The right-hand side plots spectra at T=0.4 K, where the
high-energy component is both more dominant and extends
over a larger field range. Inset: R vs 8 at T=1.3 K taken
simultaneously with spectra.
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our earlier work on low-mobility materials. ' Also ap-
pearing at T ~ 0.5 K are additional splittings of weaker
character in the region of v= —,

' (Fig. 4, right-hand
side).

The optical signature of the FQHE in the high-field

region is characterized by a line splitting with an energy
spacing of -0.3 meV and an emergence of the high-
energy component which was seen in many samples. The
transport activation energy is E,'~'=3. 1 ~0.2 K (0.27
meV), yielding a quasiparticle gap of -6.2 K. Note
that both the splitting and E,' are about a factor of 3

greater than the shift and E, ~ observed at v = —,
' . In

some samples the splitting was confined to a very narrow

field region (58=0.5 T) with the high-energy com-

ponent dominant at higher fields.
The optical data in the integer regime show that the

screening of the hole is important in determining the
emission energy, and we are therefore reluctant, in the
absence of a complete theory, to assign the peak shifts at
v 3 and the splitting at v =

3 directly to any quasipar-
ticle gap. In addition, the splitting in the high-field re-

gion is unchanged over a significant range in field,

whereas one would expect the quasiparticle energy gap
( 5) to reach a maximum at a specific filling factor v,
and diminish on either side. It is likely that the shift at
v 3 exists over a narrow field range because there are
no other FQHE states of similar strength nearby, while

both the & and 7 states in the neighborhood of v=
3

have measured activation energies exceeding 1 K, lead-

ing to a much broader range in 8 over which the high-

energy component is observed. Since the luminescence
probes the states of the 2D electrons which respond to
the hole over a distance of a few screening lengths, '

small changes in the local environment of the hole be-
tween different FQHE ground states may have a negligi-
ble eAect on the emission in the high-field region.

These measurements show a direct correlation be-
tween the position of the Fermi energy in IQHE and

FQHE gaps and the optical recombination energies and

intensities. The energy shifts and intensity minima at in-

tegral filling factors indicate physical phenomena beyond
the abrupt change in screening of the hole potential by
the 2D electrons and make evident that localization
eA'ects play a fundamental role. At v=

3 there is a
minimum in the recombination intensity and a shift in

the peak energy, and we surmise that the quasiparticles
are involved in screening the hole potential over some
suitable distance. In the regime of the fractions v=

&

and 3, evidence of a splitting coupled to the fractional
quantum Hall state is presented.
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