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We investigate photoluminescence from a high-density electron-hole plasma in semiconductor quantum
wells created via intense femtosecond excitation in a strong perpendicular magnetic field, a fully
quantized and tunable system. At a critical magnetic field strength and excitation fluence, we observe
a clear transition in the band-edge photoluminescence from omnidirectional output to a randomly directed
but highly collimated beam. In addition, changes in the linewidth, carrier density, and magnetic field
scaling of the photoluminescence spectral features correlate precisely with the onset of random direction-
ality, indicative of cooperative recombination from a high-density population of free carriers in a semi-
conductor environment.
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The spontaneous appearance of macroscopic coherence
is among the most dramatic cooperative phenomena in
condensed matter physics. Superconductivity [1] is the
most prominent example, and solid-state analogs of
Bose-Einstein condensation are actively being pursued
[2]. A related fundamental cooperative process exists in
quantum optics, superfluorescence (SF) [3–5], in which an
incoherently prepared system ofN inverted atoms develops
macroscopic coherence self-consistently from vacuum
fluctuations. The resultant macroscopic dipole decays
superradiantly [6,7], producing a burst of coherent radia-
tion. Superfluorescence has been observed in atomic gases
[8,9] and rarefied impurities in crystals [10–12].

The observation of cooperative recombination in semi-
conducting systems is significantly more challenging due
to ultrafast decoherence. Nevertheless, investigations of
such phenomena, especially in strong magnetic fields, are
important because they allow us to probe quantum coher-
ence in a previously inaccessible regime. Coherent carrier
dynamics in semiconductors has received much attention
in recent years owing to the development of ultrafast lasers,
but most of these investigations have focused on excitons
at relatively low densities [13]. Probing SF emission in
semiconductors provides insight into the cooperative be-
havior of dense electron-hole (e-h) plasmas in quantum-
engineered semiconductors. Potentially, they can lead to
novel sources of intense, tunable, and ultrashort pulses in
the near and midinfrared regions and possibly establish
new routes to controlling electronic interactions at high
densities using strong magnetic fields.

Pure SF [3,4] is characterized by several signatures that
uniquely distinguish it from other emission processes. A
06=96(23)=237401(4) 23740
SF pulse is bright, highly collimated, and of short duration
(less than the homogeneous dephasing time T2). SF is
inherently random: polarization fluctuations grow from
initially incoherent quantum noise and reach a macro-
scopic level. Thus, the emission direction varies from
shot to shot. In addition, a SF pulse appears after a delay
time during which mutual coherence between individual
dipoles is established. Note the principal difference be-
tween SF and superradiance [6,7,14,15]: the latter develops
in a system in which the macroscopic polarization has been
initially established by an external laser field. The key
parameter governing the growth rate of cooperative emis-
sion is the coupling strength between the electromagnetic
field and optical polarization, expressible as the coopera-
tive frequency, !c [4,16]. To observe SF from a system of
e-h pairs in a semiconductor quantum well (QW),
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must exceed 2=T2 [or 2=�T2T�2�
1=2 if the inhomogeneous

dephasing time T�2 < T2]. Here d is the transition dipole
moment; N, 2D e-h density; �, overlap of radiation with
the QWs; @, Planck’s constant; n, refractive index; �,
wavelength (in vacuum); c, speed of light; and LQW, total
width of the QWs. Under the optimal SF conditions, the
pulse duration scales as �SF � 1=!c � N�1=2 and thus the
peak intensity scales as ISF � @!N=�SF � N

3=2 � B3=2,
where B is a magnetic field applied perpendicular to the
QW[4,16]; see also Sec. XII in [5].

Here, we investigate light emission in an undoped QW
system in a strong perpendicular magnetic field. The field
1-1 © 2006 The American Physical Society
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FIG. 1 (color online). Emission spectra as a function of
(a) magnetic field for fixed fluence (0:62 mJ=cm2) and
(b) fluence for a fixed field (20 T). To compare the edge (red
line) to center (blue line) collection in the inset of Fig. 1(a), the
opposite face is multiplied by 5000. The inset in (b) shows how
the threshold magnetic field depends on temperature.
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fully quantizes the QW system into an atomiclike system
with a series of Landau levels (LLs) and thus strongly
increases the density of states (DOS) to accommodate a
high-density e-h plasma. We measure emission as a func-
tion of laser fluence (Flaser) and B. The emission character-
istics depend upon N (�Flaser) and B, evolving from
omnidirectional, inhomogeneously broadened photolumi-
nescence (PL) at low densities and fields through a nar-
rowly peaked but omnidirectional output �N to a
randomly directed but highly collimated output �N3=2 �

B3=2 as the field increases. The successive stages of emis-
sion progress from low-density PL through a regime where
amplified spontaneous emission (ASE) dominates into a
regime characterized by stochastically oriented but highly
directional emission.

Samples were grown by molecular-beam epitaxy on
GaAs, consisting of a GaAs buffer followed by 15 lay-
ers of 8-nm In0:2Ga0:8As QWs separated by 15-nm GaAs
barriers and a 10-nm GaAs cap layer. Their PL and ab-
sorption spectra at high magnetic fields are thoroughly
described in Ref. [17]. We used a 150 fs, 775 nm
Ti:sapphire regenerative amplifier system, and mea-
sured the PL as a function of Flaser, B, and pump spot
size and geometry, up to 9:7 mJ=cm2, 28 T, and 3�
3 mm2 (the sample size), respectively. Approxi-
mately 1012e-h pairs=cm2 were generated for Flaser �
0:01 mJ=cm2. The laser beam was delivered into a 31 T
Bitter-type magnet through free space and focused using a
spherical or cylindrical lens. The QW plane was perpen-
dicular to B. Emission was collected using optical fibers
from the opposite face and cleaved edges of the sample and
analyzed with a grating spectrometer equipped with a
charge-coupled device detector. Unless noted, each spec-
trum consisted of the emission from �1000 pulses. Two
right angle microprisms redirected the edge emission
from the sample to collection fibers. The collection area
of the prisms was 1� 1 mm2, and the computed accep-
tance angle based on geometry was �40�. Excitation at
775 nm creates carriers high in the bands with an excess
energy of 270 meV (the energy difference between the
initial carrier states and the 0-0 LL [18]), and thus a very
short T2 (a few fs). The carriers then thermalize, becoming
quantized with a longer T2. Thus, the resulting e-h plasma
is initially completely incoherent.

Figure 1 shows spectra collected at the sample edge
perpendicular to the excitation direction, i.e., emission in
the QW plane (a) versus B at a fixed Flaser and (b) versus
Flaser at a fixed B (20 T) at 10 K for an excitation spot size
of 0.5 mm. A threshold is observed in both cases; inhomo-
geneously broadened PL peaks (�9 meV) are seen at each
interband LL transition until Flaser and B exceed a thresh-
old value, whereupon a narrow peak (�2 meV) emerges
from the high-energy side of the broad feature and domi-
nates at high Flaser. Identical spectra are seen when collect-
ing from above the pump spot, i.e., out of plane (left inset),
although at a much lower efficiency. Increasing or decreas-
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ing the pump spot size resulted in the emergence of sharp
PL features in the spectra at a given fluence. Thus, the
observed behavior is not due to a spatially or spectrally
inhomogeneous distribution of carriers. Sharp emission
features are observed to 130 K (right inset), with the
threshold field for 0-0 LL increasing from 12 to 28 T as
the temperature increases from 10 to 110 K.

The integrated strength of the 0-0 LL emission versus B
[Fig. 2(a)] and Flaser [Fig. 2(b)] was obtained from a
Lorentzian line shape analysis of the narrow blueshifted
feature for a 0.5 mm excitation spot. Below 12 T (and
0:01 mJ=cm2), narrow emission is not observed. In the
range 12–14 T (0:01–0:03 mJ=cm2), the signal grows lin-
early (green lines) with both B and Flaser. Above 14 T
(0:03 mJ=cm2), the emission strength becomes superlinear
(blue lines) with the integrated signal S / B3=2. Above
0:2 mJ=cm2 in Fig. 2(b), the signal resumes a linear scal-
ing. The linewidths (red circles), also plotted in Figs. 2(a)
and 2(b) reveal a remarkable correlation with the emission
strength. In the linear regime, the linewidth decreases
monotonically both versus B and Flaser until the emission
becomes superlinear, where the linewidth begins to in-
crease. When the laser spot was increased (decreased) to
3 mm (0.1 mm) as shown in Figs. 2(c) and 2(d), narrow
emission was observed, but both the integrated signal S and
the linewidth exhibited qualitatively different scaling, and
in both of these cases, the linewidth monotonically de-
creased with increasing fluence.

Figure 3 presents the directionality of the emission for
single pulse excitation. Figure 3(b) illustrates a series of
spectra upon single pulse excitation at a fluence corre-
sponding to the superlinear emission regime in Fig. 1
(9:7 mJ=cm2, 25 T) for a 0.5 mm diameter spot size
collected through edge 1 (black) and edge 2 (red).
Figure 3(c) displays the maximum peak height from each
1-2
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FIG. 3 (color online). (a) Experimental schematic showing
single-shot excitation and collection. (b) Four representative
emission spectra from edge 1 (black) and edge 2 (red) fibers,
excited from single laser pulse and measured simultaneously.
Normalized emission strength from the 0th LL versus shot
number in the (c) SF regime and (d) ASE regime.
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FIG. 2 (color online). Emission strength and linewidth of the
narrow peak from the 0-0 LL versus (a) B and (b),(c),(d) Flaser

for different pump spot sizes. Both B and Flaser are on a
logarithmic scale. The inset of (a) shows the convolution method
using a Lorentzian for the sharp peak and a Gaussian for the
broader lower-energy peak. The blue (green) lines in (a)–
(d) indicate the superlinear (linear) regime.
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edge (normalized to 1.0) versus shot number for the pump-
ing conditions in Fig. 3(b). The maximum observed emis-
sion strength in Fig. 3(c) fluctuates as much as 8 times the
minimum value, far greater than the pump pulse fluctuation
(�2%). This strong anticorrelation between signals re-
ceived by different edges indicates a collimated but ran-
domly changing emission direction from pulse to pulse. At
a lower Flaser � 0:02 mJ=cm2 (obtained with a 3 mm spot),
qualitatively different behavior is seen; Fig. 3(d) shows
omnidirectional emission on every shot, as expected for
ASE or PL. We also probed the spatial and directional
characteristics of the emission process. Using a cylindrical
lens to generate a rodlike excitation region, we measured
the signal as a function of angle from 0� to 180� for
Flaser � 0:02 mJ=cm2 and B � 25 T (not shown). The
emission was highly directional with a 40� divergence,
comparable to the measurement acceptance angle. In ad-
dition, the measured amplitude ratio along the long axis
relative to the short axis was consistent with exponential
gain, as expected for a stimulated process.

The scaling of the LL peaks, the linewidth evolution,
and emission directionality point to the following evolu-
tion as Flaser and B are increased: (i) In the low-density
limit (B< 12 T, Flaser < 5 �J=cm2), excited e-h pairs
relax and radiate spontaneously through interband recom-
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bination. The emission is isotropic with an inhomogeneous
Gaussian width of �9 meV. (ii) At a critical fluence
�0:01 mJ=cm2 and B � 12 T, population inversion is es-
tablished and ASE develops, leading to the emission of
pulses. Figure 3(d) shows that ASE is simultaneously
emitted in all directions in the plane. The reduction in
linewidth with increasing fluence results from conven-
tional gain narrowing: spectral components near the maxi-
mum of the gain spectrum are preferentially amplified than
components with greater detuning [Figs. 2(a) and 2(b)
below 17 T and 0:03 mJ=cm2]. In the high-gain regime,
the spectral width reduces to 2 meV FWHM but is still
larger than 2=T2. (iii) When the DOS and physical den-
sity are sufficiently high, the cooperative frequency !c

[Eq. (1)] exceeds 2=�T2T
�
2�

1=2. The e-h pairs establish a
macroscopic dipole after a short delay time and emit a
pulse through cooperative recombination (or a sequence of
pulses, depending on the pump fluence and the size of the
pumped area). Because of inhomogeneous broadening, the
pulse spectral width (inverse duration) can be smaller than
the total width of the radiation, so there is no strong broad-
ening of the line, as shown in Fig. 2(a). Only at very high
pump powers the line broadens due to the reduced pulse
duration, until eventually saturation (due to the filling of
all available states) halts the further decrease in pulse
duration. The transition from ASE to cooperative emission
at 0:03 mJ=cm2 is consistent with this observation. Sig-
nificantly, we find that unlike ASE, which should be emit-
ted in all directions with the same intensity [Fig. 3(d)], in
this regime the initial quantum fluctuations grow to a
macroscopic level to establish coherence and lead to strong
directional fluctuations from shot to shot [Fig. 3(c)]. The
return to linear scaling above 0:1 mJ=cm2 is a combined
result of absorption saturation of the pump and saturation
of SF emission.
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Since the data was collected in a time-integrated fashion,
we cannot directly probe the peak SF intensity scaling
mentioned after Eq. (1). There are two lines of evidence
indicating that the observed superlinear scaling is due to
the formation of multiple SF pulses from the 0-0 LL. The
superlinear increase for the 0-0 emission is accompanied
by an emission decrease from higher LLs, implying a fast
depletion of the 0-0 level through SF followed by a rapid
relaxation of e-h pairs from higher LLs and subsequent
reemission. Also, the single pulse data shows that the two
fiber outputs are either correlated or anticorrelated in
roughly equal proportion. Fast relaxation from higher
LLs replenishes the 0-0 LL, resulting in a second pulse
of SF emission in a random direction. On average, in 50%
shots both edges receive a SF pulse, and in the other 50%
shots, only one edge will receive both pulses, in qualitative
agreement with observations.

It could be argued that the observed emission character-
istics are consistent with pure ASE (‘‘lasing’’), but this can
be ruled out as follows. Collimated, randomly directed
emission, and superlinear scaling are observed only when
the pumped spot is 0.5 mm, approximately equal to the
theoretically predicted coherence length for SF emission in
QWs, Lc � c�SF ln�ISF=ISE�. They are not observed for
0.1 and 3 mm spot sizes. Furthermore, feedback from facet
reflection is naturally suppressed in our structures: propa-
gation modeling indicates that the emission is guided in the
pumped region due to polariton dispersion. Optically ex-
cited e-h pairs create a Lorentzian-type dispersion of the
refractive index n� N�=��2 	 �2� near the central fre-
quency of each interband LL transition, where � is the
detuning from the transition frequency and � is the line-
width. The enhancement of n on the high-energy side of
the inverted interband LL transition in the pumped region,
added to the background index contrast between the MQW
and substrate, is able to support guided modes confined
only in the pumped region. Such modes will be blueshifted
by �� � with respect to the peak of the spontaneous PL
line, in agreement with Fig. 1. Once the radiation leaves the
pumped region, it diverges such that �5� 10�4 gets
coupled back into the guided mode. Self-guiding in the
pumped region is essential for achieving high-gain ASE
and then SF. Additional suppression comes from the area
outside the pump region, since it acts as a high loss ab-
sorber comprised of an ensemble of two-level systems in
the ground state. Finally, pure SF does not require a rodlike
geometry. As shown in Refs. [4,19], cooperative recombi-
nation is not constrained by the geometry of the excitation
region. Omnidirectional superfluorescent emission has
been observed in cesium [19]. Moreover, the disklike ge-
ometry of the pumped active region allows us to observe
the key evidence for SF, namely, strong shot-to-shot fluc-
tuations in the emission direction. Previous experiments
almost exclusively employed a rodlike geometry, in which
the only direct signature of SF is the macroscopic fluctua-
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tions of the delay time of the SF pulse. In a semiconductor
system they would be manifested on the sub-ps scale and
very hard to observe.

In conclusion, we have observed cooperative emission in
a highly photoexcited, strongly coupled semiconductor
system. Using intense ultrafast excitation and strong mag-
netic fields, the resulting density and energy confinement is
sufficient to generate a spontaneous macroscopic polariza-
tion that decays through the emission of SF pulses. Our
experiments observe this phenomenon by exploiting its
quantum-stochastic nature and demonstrate that photon-
mediated quantum coherence can develop spontaneously
even in strongly interacting semiconductor systems.
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