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Optical Anomalies of the Two-Dimensional Electron Gas in the Extreme Magnetic Quantum Limit
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Band-gap optical recombination from the two-dimensional electron gas in GaAs-(Al, Ga)As quantum
wells was measured in the regime of the fractional quantum Hall effect. New intrinsic emission lines

emerge at the Landau-level filling factor v&1 and at v & 0.8. The anomaly near v=1 is associated with

changes in population of the lowest spin-split Landau level. The spectral doublet observed near v

has a striking temperature dependence below T 2 K similar to the magnetoresistance p, associated
with the many-body quantum fluid.

PACS numbers: 73.20.Dx, 73.40.Kp, 78.65.Fa

Observations of the fractional quantum Hall effect
(FQHE) ' are understood as evidence of condensation
of the two-dimensional (2D) electron gas into an in-

compressible fluid with quasiparticle excitations having
fractional charges. The FQHE is observed in magne-
toresistance experiments as plateaus in the Hall resis-
tance and minima in the diagonal resistivity at fractional
values of the Landau-level filling factor having an odd
denominator. Magneto-optics experiments in the FQHE
regime could reveal physics of the many-body conden-
sate that is not accessible in magnetotransport. Results
have been reported for silicon metal-insulator-semicon-
ductor transistors, at v= —', and —', and T=1.5 K, and
in modulation-doped GaAs-(A1, Ga)As quantum wells at
v= —', and T=0.5 K.

This Letter presents results of optical spectroscopy of
the 2D electron gas in magnetic fields of 8 ~ 30 T and

temperatures T~ 0.4 K. In this extreme magnetic
quantum limit all the electrons are in the lowest spin-
split Landau level. The experiments were carried out on

high-mobility GaAs quantum wells by measurements of
the intrinsic optical emission due to recombination of
electrons in the 2D electron gas with holes in the valence
Landau level. We observe two remarkable anomalies in

the optical emission. The first occurs at v(1, where a
new recombination line emerges at a slightly higher en-

ergy than the intrinsic line and becomes dominant with
increasing magnetic field. The second anomaly occurs
for filling factors v & 0.8 when another new high-energy
emission line appears. At v= —,

' the low-temperature op-
tical recombination takes the form of a well-defined dou-
blet. The temperature dependences of these anomalies
are very different. The one at v=1 has little variation
for T &2.5 K, ~bile the doublet at v&0.8 changes rap-
idly in the measured temperature range 0.4&T&2.5.
The temperature dependence of the optical emission at
v 3 is similar to that of the diagonal magnetoresistivi-
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FIG. 1. Photoluminescence spectra of the 2D electron gas in
GaAs-(AI, Ga)As quantum wells. The arrows indicate the new
peak appearing for v & 1. The second anomaly is identified by
the new feature labeled U.

ty p„„ in the observed FQHE.
Simultaneous optical and transport measurements

were carried out on n-type modulation-doped GaAs-
(AI„Gat „)As multiple quantum wells grown by mole-
cular-beam epitaxy. These structures have 20-30
periods of 17.5- or 20-nm-thick GaAs wells and 50-55-
nm-wide Alo 3Gao 7As barriers. Three samples showed
well-defined magnetoresistance minima at v =

3 . They
have densities of 1.8, 3.5, and 3.9x10" cm with
respective mobilities of 1.3 x 10, 2.0& 10, and 2.3 & 10
cm /(V sec). A fiber-optic apparatus, modified by the
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use of a single 600-pm-diam silica fiber, was used to
transmit the excitation light and to return the photo-
luminescence (PL) from the sample. The apparatus was

placed within a He cryostat in which temperatures as
low as 0.4 K could be achieved in a high-field (8 (30 T)
dc hybrid (superconductor and Bitter solenoid) magnet.
The power of the incident light was kept below 10
W/cm with no effect on the magnetotransport results,
indicating no significant changes in temperature and
density of the 2D electron gas.

Figure 1 shows spectra taken in the magnetic quantum
limit v & 1, which occurs at B=16.3 T. We ascribe the
features at higher energies to recombination of an elec-
tron in the 2D electron gas with a photoexcited hole in

the highest valence Landau level since they occur close
to the onset of absorption obserued in the PL excitation
spectrum. The weaker peak appearing at =3 meV
below has a sizeable Stokes energy shift from the absorp-
tion and is assigned to recombination at a defect.

For increasing 8 a new intrinsic line rapidly emerges
when v & 1, denoted by arrows. It is absent at B 16 T
(v= 1) but grows in intensity with increasing field, until
for 8) 18 T (v (0.9) it is the dominant feature of the
spectrum. The emission is well polarized and this
identifies it as arising from transitions between the
lowest spin-split Landau level and the uppermost valence

level (+ 2 + —,
' ). The band at lower energy may be

attributed to shakeup processes in which the optica1
recombination takes place with simultaneous creation of
low-lying excitations, ' or to carriers confined in shallow
potential fluctuations. The energies of the PL peaks are
plotted in Fig. 2 as a function of magnetic field (note
that many-body effects renormalize the B 0 and B)0
peak energies below that for bulk GaAs "). The mag-
netic fields that corresponds to filling factors v=1 and
v 3 indicated by arrows, were obtained from the diag-
onal magnetoresistance trace shown in the lower inset.
For v & 1 the intrinsic emission shows multiplet structure
and differs markedly from the "plateaus" observed at
higher filling factors. '

The second anomaly occurs when 8) 20 T (v (0.8),
where we discern another new peak which first appears
as a weak high-energy shoulder =0.7 meV above the
main peak (denoted as U in Fig. 1). This new high-

energy emission increases in intensity with increasing
field, and as shown in Fig. 3, in the vicinity of v= —, it
becomes a well-developed doublet. At higher fields the
higher-energy component of the doublet becomes dom-
inant. Figures 3(a) and 3(b) show this behavior at two
temperatures, T =0.4 and 0.8 K. At the higher tempera-
ture a larger field is needed to produce equal intensity
components. The bars denote the position and relative
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FIG. 2. Peak energies in PL spectra of the 2D electron gas
in GaAs quantum wells. The intrinsic peaks are represented by
filled (open) circles for strong (weak) intensities. The triangles
are for extrinsic (defect) peaks. Upper inset: emission (PL)
and excitation (PLE) spectra in the FQHE regime. Lower in-

set: magnetoresistance p „(8).

FIG. 3. Photoluminescence spectra of the 2D electron gas in

GaAs quantum wells in the regime of the FQHE, for tempera-
tures (a) T=0.41 and (b) 0.8 K. The vertical bars represent

energy positions and relative intensities (x —,
' ) for the Gaussian

doublet components. Inset: the intensity ratio IL/Iu (Solid.
lines have replaced discrete data points for clarity. )
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FIG. 4. Temperature dependence of the PL optical anomaly

of the 20 electron gas in GaAs quantum wells. Inset:

log(1L/IU} and magnetoresistance log(p„, }vs I/T

intensities of the components determined from fits with

the sum of two Gaussians. The field-dependent energies
of the upper (U) and lower (L) peaks are displayed in

Fig. 2. Note that their energy separation is nearly geld
independent and at low temperatures they coexist over a
large range of fields, 20~B ~30 T. The persistence of
the anomaly over such a wide field interval indicates that
it is not related to resonant polaron coupling' (Landau-
level splitting equal to LO phonon energy) that occurs at
B=22 T.

The rapid increase in the intensity of the high-energy
peak at v & I indicates that it is influenced by changes in

the screening response of the 2D electron gas with de-
creasing filling factors. For increasing field below v=1
the lowest spin-split Landau level becomes partially oc-
cupied and the screening wave vector of the electron gas
increases. ' The electron density increases near the posi-
tive charge and the increased electron-hole overlap pro-
duces an enhanced optical matrix element (oscillator
strength). The temperature dependence of the optical
anomaly should be similar to that of the minimum in

p . This is in agreement with experiment, where the
spectral line shapes and intensities undergo only minor
changes in the range 0.4 ~ T ~ 3 K.

The behavior at v & 0.8 is strikingly different. Figure
4 displays the temperature variation (at fixed 8) of the
intensities of the L and U components of the emission

doublet at v =0.68. These measurements exemplify the
large temperature dependence of the anomaly at v & 0.8,
in which changes of 50 mK in sample temperature could
be noticed in the spectra. The anomaly disappears for
T&2 K, when a singlet emission emerges. The large
temperature dependence of the anomaly is unexpected
because the temperature change, 1.5 K=0.13 meV, is

considerably smaller than the splitting between the two

components of the doublet (0.5-0.7 meV). Such tem-

perature dependence cannot be explained by defect
recombination and changes in the populations of elec-
trons and photoexcited holes because with increasing
temperature it is the lower ene-rgy peak that becomes
stronger. The inset in Fig. 4 compares the intensity ratio
of the peaks, IL/IU, with that of the activated behavior of
the minimum in p„at v = —', , where the activation ener-

gy d/2 0.44 K is lower than in a comparable-mobility
single heterojunction. ' The temperature dependence of
IL/IU is similar to that of the FQHE at v= —', .

The field dependence of the anomaly near v= —,
' is

summarized in the inset of Fig. 3, which shows IL/IU vs

B. The upper traces display the temperature dependence
for a given density. The curves have similar B depen-
dences but shift to higher fields for higher temperature.
Note that the crossover IL/IU = I shifts to higher 8 for
higher T. Additional evidence that the anomaly is relat-
ed to the v= —', FQHE is shown by the field dependence
of IL/IU for samples with densities differing by more
than a factor of 2. The arrows in the lower part of the
inset, indicating v =

3 from the p„minima, show

reasonable agreement with the condition IL/IU=1. Un-

fortunately, in the lowest-density sample the intrinsic

peak at v= —,
' was obscured by the defect band which is

close in energy at these fields.
It is of interest to compare the present work with re-

sults reported for optical emission from Si inversion lay-
ers at v 3 and —', . Because of the reduced overlap be-

tween electrons and photoexcited holes on spatially
separated acceptors, many-body corrections to the
recombination energy are believed to be small and the
dependence of photon energy on filling factor was used to
estimate the gap of the FQHE. In our case, the presence
of the hole is a major perturbation known to cause sub-

stantial many-body' ' and excitonic' eA'ects. For this

reason, the splitting of the doublet near v= —,
' is nearly

constant with filling factor and is not used to estimate
the energy gap of the FQHE.

In our interpretation of optical recombination in the
extreme magnetic quantum limit the anomalies are relat-
ed to the response of the 2D electron gas to the presence
of the hole in a valence Landau level. For v & 1 there is

enhanced screening because the electrons can change
their state within the lowest Landau level. Further
changes in the screening response are caused by conden-
sation of the electrons into incompressible many-body
states. In the FQHE regime the response to the hole
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should be treated like the cases of charged impurities
and disorder. ' A quantitative description of the optical
anomalies is beyond the scope of this study. It should in-

clude many-body and excitonic interactions and account
for the fact that it is the higher-energy peaks that be-
come dominant for increasing field or decreasing temper-
ature.

We thank B. I. Halperin, P. Hawrylak, P. Platzman,
L. J. Sham, H. L. Stormer, and D. C. Tsui, for discus-
sions. K. Baldwin, B. Brandt, L. Rubin, and J. P. Val-
ladares provided expert assistance. One of us (B.B.G.)
acknowledges support of the Massachusetts Institute of
Technology through a Bantrell Postdoctoral Fellowship.
The National Magnet Laboratory is supported by the
National Science Foundation Grant No. DMR-8511789.

' Present address: University of California, Santa Barbara,
CA 93106.

'D. C. Tsui, H. L. Stormer, and A. C. Gossard, Phys. Rev.
Lett. 48, 1559 (1982).

2H. L. Stormer, A. M. Chang, D. C. Tsui, J. C. M. Hwang,
A. C. Gossard, and W. Wiegmann, Phys. Rev. Lett. 53, 997
(1984).

3R. B. Laughlin, Phys. Rev. Lett. 50, 1395 (1983).
4The Quantum Hall Egect, edited by R. E. Prange and

S. M. Girvin (Springer-Verlag, New York, 1987).
5I. V. Kukushkin and V. B. Timofeev, Pis'ma Zh. Eksp.

Teor. Fiz. 44, 179 (1986) [JETP Lett. 44, 228 (1986)], and
Surf. Sci. 196, 196 (1988).

B. B. Goldberg, D. Heiman, A. Pinczuk, C. W. Tu, A. C.
Gossard, and J. H. English, Surf. Sci. 196, 209 (1988); D. Hei-
man et al. , Bull. Am. Phys. Soc. 32, 577 (1987).

7D. Heiman, Rev. Sci. Instrum. 56, 684 (1985); E. D. Isaacs
and D. Heiman, Rev. Sci. Instrum. 58, 1672 (1987).

8C. Weisbuch, R. C. Miller, R. Dingle, A. C. Gossard, and
W. Wiegmann, Solid State Commun. 37, 219 (1981).

The defect line shows some changes with filling factor, but
is less sensitive than the intrinsic line which is the focus of our
attention.

' R. Sooryakumar, A. Pinczuk, A. C. Gossard, D. S. Chemla,
and L. J. Sham, Phys. Rev. Lett. 58, 1150 (1987).

A. Pinczuk, J. Shah, R. C. Miller, A. C. Gossard, and
W. Wiegman, Solid State Commun. 50, 735 (1984); G. E. W.
Bauer and T. Ando, Phys. Rev. B 31, 8321 (1985).

' C. H. Perry, J. M. Worlock, M. C. Smith, and A. Petrou, in

High Magnetic Fields in Semiconductor Physics, edited by
G. Landwehr (Springer-Verlag, New York, 1987), p. 202.

' F. M. Peeters and J. T. Devreese, Phys. Rev. B 31, 3689
(1985); W. Becker, B. Gerlach, T. Hornung, and R. G. Ul-
brich, in Proceedings of the Eighteenth International Confer
ence on the Physics of Semiconductors, Stockholm, Sweden,
1986, edited by O. Engstrom (World Scientific, Singapore,
1987), p. 1713.

'4S. Das Sarma, Solid State Commun. 36, 357 (1980), and
Phys. Rev. B 23, 4592 (1981); T. Ando and Y. Murayama, J.
Phys. Soc. Jpn. 54, 1519 (1985).

' G. S. Boebinger, A. M. Chang, H. L. Stormer, and D. C.
Tsui, Phys. Rev. B 36, 7919 (1987).

' Y. C. Chang and G. D. Sanders, Phys. Rev. B 32, 5521
(1985); A. E. Ruckenstein, S. Schmitt-Rink, and R. C. Miller,
Phys. Rev. Lett. 56, 504 (1986); M. S. Skolnick, J. M. Rorison,
K. J. Nash, D. J. Mowbraz, P. R. Tapster, S. J. Bass, and
A. D. Pitt, Phys. Rev. Lett. 58, 2130 (1987); A. E. Rucken-
stein and S. Schmitt-Rink, Phys. Rev. B 35, 7551 (1987).

'7C. Kallin and B. I. Halperin, Phys. Rev. B 30, 5655 (1984);
S.-R. Eric Yang and L. J. Sham, Phys. Rev. Lett. 58, 2598
(1987).

' E. H. Rezayi and F. D. M. Haldane, Phys. Rev. B 32, 6924
(1985); F. C. Zhang, V. Z. Vulovic, Y. Guo, and S. Das Sar-
ma, Phys. Rev. B 32, 6920 (1985); A. H. MacDonald, K. L.
Liu, S. M. Girvin, and P. M. Platzman, Phys. Rev. B 33, 4014
(1986).

608


