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• An indirect exciton is 
composed of an electron 
and hole in separate 
quantum wells

An Introduction to Indirect Excitons

Characteristics of indirect excitons
•bosons•long lifetime

model system for studies of physics of 
ultracold bosons in CM materials
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﹚
• “Quantum gas” when thermal de Broglie wavelength 

comparable to separation between excitons

• Excitons in GaAs CQW: n = 1010 cm-2, mexciton = 0.2 m0

Onset of Quantum Degeneracy

TdB ~ 3 K
TX

Time (ns)

• Excitons can cool to 
100mK within lifetime

L.V. Butov, A.L. Ivanov, A. Imamoglu, P.B. Littlewood, A.A. Shashkin, V.T. Dolgopolov, K.L. Campman, and A.C. Gossard, 
Phys. Rev. Lett. 86, 5608 (2001)

λdB = n-1/2 TdB = mkB

2πħ2
n

λdB = mkBT
2πħ2﹙ 1/2



Prior Evidence for Exciton Condensation

Bilayer Quantum Hall Layers

Coupled Quantum Wells

I. B. Spielman, J. P. Eisenstein, L. N. Pfeiffer, and K. W. West, 
Phys. Rev. Lett. 84, 5808 (2000).

• enhancement of tunneling rate with 
decreasing temperature

L.V. Butov, A.L. Ivanov, A. Imamoglu, P.B. Littlewood, A.A. Shashkin, V.T. 
Dolgopolov, K.L. Campman, and A.C. Gossard Phys. Rev. Lett. 86, 5608 (2001).

• enhancement of scattering rate with 
increasing density
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because Mx is 5–6 orders of magnitude smaller than typi-
cal atomic masses, the degeneracy temperature T0 for ex-
citons is much larger than that for Bose atoms and reaches
1 K at experimentally accessible densities of indirect ex-
citons in CQWs.

In this Letter, we report an observation of a strong en-
hancement of the exciton scattering rate to the low-energy
exciton states as the concentration r2D of the indirect ex-
citons is increased. This finding reveals the stimulated ex-
citon scattering which, in turn, directly points out quantum
degeneracy of the exciton gas.

An n1 2 i 2 n1 GaAs!AlGaAs CQW structure was
grown by molecular-beam epitaxy. The i region consists
of a single pair of 8 nm GaAs QWs separated by a 4 nm
Al0.33Ga0.67As barrier and surrounded by 200 nm
Al0.33Ga0.67As barrier layers. The n1 layers are Si-doped
GaAs with NSi ! 5 3 1017 cm23. The electric field in
the z direction is monitored by the external gate voltage
Vg applied between n1 layers (Vg ! 1 V throughout the
paper). The small in-plane disorder in the CQW is indi-
cated by the photoluminescence (PL) linewidth "1 meV.
The 50 ns laser excitation pulse has a rectangular shape
with the edge sharpness "0.5 ns (h̄v ! 1.85 eV and
the repetition frequency is 1 MHz). The experiments
were performed in a He3!He4 dilution refrigerator or He4

cryostat. Excitation and PL collection were performed
normal to the CQW plane by means of a 100 mm optical
fiber positioned "300 mm above 350 3 350 mm mesa
(the total sample area was "4 mm2).

The ground state of an optically pumped CQW at Vg !
1 V refers to indirect excitons constructed from electrons
and holes in different layers (Fig. 1a). Unlike the direct
exciton, the energy of the indirect exciton increases with
r2D, due to the net repulsive interaction between indirect
excitons dipole oriented in the z direction. The energy shift
allows us to estimate the concentration r2D of the indirect
excitons using the formula dE ! 4pr2De2d!´b (d is the
effective separation between the electron and hole layers):
The strongest optical excitations W ! 10 W!cm2 (during
the excitation pulse) used in our experiments yield the
maximum rmax

2D # 2 3 1010 cm22.
The PL kinetics of indirect excitons are shown in

Fig. 1b. At low optical excitations, after a rectangular ex-
citation pulse is switched off, the PL intensity of indirect
excitons decays nearly monoexponentially (Fig. 1b). In
contrast, at high excitations, right after the excitation pulse
is switched off, the PL intensity first jumps up and starts
to decay only in a few nanoseconds (Fig. 1b). The rate,
t21

rise, of the PL intensity enhancement after the excitation
pulse is switched off increases strongly with increasing
exciton density (Figs. 1d and 1e), lowering temperature
(Fig. 1f), and reducing magnetic field (Fig. 1g).

The time-integrated PL intensity remains almost con-
stant with Vg variation, while the decay time changes by
several orders of magnitude [11]. Hence, radiative recom-
bination is the dominant mechanism of the decay of
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FIG. 1. (a) Energy band diagram of CQWs. (b) PL kinetics of
indirect excitons at high and low excitations. The laser excitation
pulse and the time intervals for spectrum integration are shown
schematically above. (c) The PL spectra of indirect excitons
at W ! 10 W!cm2 measured in 5 ns time intervals just before
and after the end of the excitation pulse shown in (b). The
spectral resolution is shown on the left. (d) PL kinetics of
indirect excitons near the end of the excitation pulse at different
excitations. The rate 1!trise of the PL rise right after the end
of the excitation pulse is presented in (e), (f), and (g) vs W
at Tb ! 50 mK and B ! 0, Tb at W ! 10 W!cm2 and B ! 0,
and B at W ! 10 W!cm2 and Tb ! 50 mK, respectively. The
fast enhancement of the PL intensity is observable only for
high-quality CQWs and only at high excitations, low magnetic
fields, and low temperatures.

indirect excitons in the high-quality samples studied. For
delocalized, in-plane free, 2D excitons only the states with
small center-of-mass momenta jpkj # p0 # Eg

p
´b!c

(Eg is the band gap and ´b is the background dielectric
constant) can decay radiatively by resonant emission of
bulk photons [12] (see Fig. 2a). Thus the PL dynamics is
determined by the occupation kinetics of the optically ac-
tive low-energy states E # Ep0 (Ep0 !kB ! p2

0!2MxkB #
1.2 K at B ! 0). The LA-phonon-assisted relaxation of
hot photoexcited indirect excitons into the optically ac-
tive low-energy states results in a rise of the PL signal,
while optical recombination of the low-energy indirect
excitons results in a decay of the PL intensity. The end
of the excitation pulse is accompanied by a sharp drop in
the exciton temperature as caused by switching off the
generation of hot indirect excitons and, as a result, the
PL intensity and the occupation numbers NE#Ep0

abruptly
rise within a few nanoseconds right after the trailing edge
of the excitation pulse. The changes of the rate t21

rise of the
PL intensity enhancement with varying exciton density,
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• enhancement of coherence length with 
decreasing temperature

Sen Yang, A.T. Hammack, M.M. Fogler, L.V. Butov, and A.C. Gossard, 
Phys. Rev. Lett. 97, 187402 (2006)

The intensity of the CCD image averaged over a large
time Tim is a result of interaction of the original PL signal
E!t; y" with two linear devices, the MZ interferometer and
the spectrometer. It is convenient to do the calculation of
their combined effect in the frequency domain. We define
the Fourier amplitudes ~E!!j; y" # hE!t; y" exp!i!jt"i, for a
set of frequencies !j # 2!j=Tim. A straightforward deri-
vation leads to
 

I!x" #
Z Ds=2

$Ds=2

Z Ds=2

$Ds=2
dy1dy2

X
!j

j1% exp!i!""j2 ~E!!j; y1"

& ~E!$!j; y2"fs!x;!j; y1"fs!x;!j; y2"; (4)

where

 fs!x;!; y" #
sin!!Nz"
!z

; z # #!$ By
!0

% #x
x0

(5)

is the response function of the spectrometer, which is
obtained from the standard formula for the diffraction
grating of N grooves by expansion in #! and #x.
Parameter B is determined by the linear dispersion of the
spectrometer A # 1:55 nm=mm, via the relation B #
2!cA=$2

0. After algebraic manipulations with Eqs. (1),
(2), (4), and (5), we get the following expression for the
case of practical interest, jtj< 2!N=!0:
 

~I!t" /
Z Ds

0

dy
yt

sin
!

1
2
!Ds $ jyj"Bt

"
sin
!#

2!N
!0
$ jtj

$
B
2
y
"

&
!
g!t; y" % 1

2
g!t$ "; y" % 1

2
g!t% "; y"

"
: (6)

The three-peak structure of ~I!t" described above stems
from the three terms on the last line of Eq. (6). The width
of each peak is exactly the coherence time "c. The peaks
are well separated at "' "c and their shape is nearly
identical if "c is sufficiently small. The heights ~I!0" and
~I!"" of the peaks are determined by the first and the second
terms on the last line of Eq. (6), and so
 

V # !1$!"R1
0 z
$1 sin(F!1$!"z) sin(F!!1$ z")~g!z"dz

F!
R

1
0 z
$1 sin!Fz" sin!1$ z"~g!z"dz ;

F*!NADs

$0
; ~g!z" * g

#
0;
zD
M1

$
; !* #l

N$0
: (7)

To understand the implications of this formula, consider
first the case of an infinite diffraction grating, N ! 1.
Here !! 0, F ! 1 but the product F! # !ADs#l=$2

0
remains finite. For the visibility we get

 V # j sin!F!"j=F!; (8)

so that function V!#l" has a periodic sequence of nodes at
#l # n$2

0=!ADs", where n # 1; 2; . . . , and does not depend
on %. Equation (8) is reminiscent of the Fraunhofer formula
for diffraction through a slit of width Ds.

In reality, N is large but finite. In this case, the depen-
dence on % does show up. Thus, for M%+ $0=AN, where
M # M1M2, Eq. (7) reduces to

 V # 1$ !
f!

j sin!f!"j; f # !NA
$0
!M2D$M%": (9)

To understand the origin of Eqs. (8) and (9), consider the
signal at the center of the CCD image, at point x0. It is
created by interference between all pairs of elementary
input sources whose coordinates y1 # y% #y and y2 #
y$ #y differ by no more than minfM%;$0=ANg. What
contributes to the image is the Fourier harmonic of such
sources shifted by #! # By with respect to the central
frequency !0, cf. Equation (5). The spread of y across the
pinhole results into the spread of j#!j & B!Ds $ #y". If
M%+ $0=AN, then Ds $ #y # M2D$M% plays the
role of the effective pinhole diameter in this measurement.
The resultant formula for visibility, Eq. (9), is therefore
similar to the Fraunhofer formula for diffraction through a
slit of this effective width.

We compared experimental V!#l" with the above theory
treating % and M2 as adjustable parameters. Instead of

FIG. 3. (a) Variations of the indirect exciton PL intensity along
the external ring at T # 2:2, 3.8, and 9.1 K. (b) Interference
profiles at T # 2:2, 3.8, and 9.1 K. (c) Visibility of the interfer-
ence fringes vs T. (d) Calculated visibility as a function of the
coherence length forM2 # 1:7. (e) The exciton coherence length
(squares) and contrast of the spatial intensity modulation along
the ring (circles) vs T. The shaded area is beyond experimental
accuracy. Vg # 1:24 V, Pex # 0:7 mW for all the data; D #
50 &m, and #l # 4:2 mm for the data in (b)–(e).

PRL 97, 187402 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
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187402-3

L.V. Butov and A.I. Filin, Phys. Rev. B 58, 1980 (1998)

like those illustrated schematically in Fig. 1. Importantly, the
excitons in this system are present in equilibrium, waiting patiently
for experimenters to reveal their properties.
The techniques required to grow high-quality single and bilayer

electron systems are now well established and have been vital in a
great many important physics discoveries, notably the famous
fractional quantum Hall effect9. At first sight it seems impossible
to achieve BEC of excitons in electron–electron bilayers, because all
the fermions have repulsive interactions. Quantum well electrons
are, however, able to perform remarkable tricks when placed in a
strong perpendicular magnetic field.
The Lorentz force bends classical electron trajectories into cir-

cles—cyclotron orbits. In a 2D quantum system the kinetic energy of
these orbits is quantized into discrete units. The set of orbits with a
particular energy, a ‘Landau level’, is, however, highly degenerate
because the tiny cyclotron orbits can be positioned all across the 2D
plane. It turns out that the number of degenerate states in the
lowest-energy Landau level is equal to the number of quanta of
magnetic flux that pass through the electron layer. At high magnetic
field it is easy to enter a regime in which the total number of
electrons is less than the number of states in the lowest Landau level.
In Fig. 1, for example, we illustrate the circumstance in which the
number of electrons in each layer is one-third of the number of
available states; this is referred to as filling factor n ¼ 1/3.
BEC at strong magnetic fields in electron–electron bilayers is

most easily understood bymaking a particle–hole transformation in
one of the two layers; we have chosen the bottom layer for this in
Fig. 1. The particle–hole transformation10,11 is one in which we
simply keep track of the empty states in the Landau level rather than
the full ones. It is mathematically exact, changes the filling factor of
the transformed layer from n to 1 2 n, and changes the sign of
the carrier charge from negative to positive. The interaction of
holes with electrons in the untransformed layer is thus attractive.

Particle–hole transformations also change the sign of the kinetic
energy, from negative to positive for valence-band holes at zero
magnetic field for example. Because the kinetic energy is the same
for all electrons and holes in the lowest Landau level, BEC at strong
fields is just as likely to occur in electron–electron bilayers as in
electron–hole bilayers.

This last point is a subtle one; indeed, spontaneous coherence12

and superfluidity13 were predicted in electron–electron bilayers
without explicitly recognizing their equivalence to earlier predic-
tions14 for electron–hole bilayers. We emphasize, however, that
particle–hole transformation of a conduction-band Landau level
is completely equivalent to the much more familiar transformation
used to map unoccupied valence-band electron states into holes.

In Fig. 1 the number of holes in the bottom layer exceeds the
number of electrons in the top layer. To create an exciton BEC, these
populations should be nearly equal; one should therefore beginwith
half-filled Landau levels in each layer. Early experiments proved that
in this 1/2 þ 1/2 situation a bilayer electron system can exhibit a
quantized Hall effect15. In other words, its Hall resistance, measured
with electrical currents flowing in parallel through the two layers, is
precisely equal to h/e2, Planck’s constant divided by the square of
the electron charge. This remarkable effect results from a complex
interplay of Landau quantization, Coulomb interaction effects, and
imperfections in the 2D plane. Although observation of a quantized
Hall effect in the bilayer system at this filling factor demonstrates the
importance of interlayer Coulomb interactions, it does not on its
own suggest the existence of an exciton BEC. The hunt for BEC
requires different experimental tools.

Experimental evidence for exciton formation
In a bilayer 2D electron system the two quantumwells are separated
by a thin barrier layer. By adjusting the thickness and composition
of this barrier, it is possible for electrons in one layer to interact
strongly, via the Coulomb interaction, with the electrons in the

Figure 2 Tunnelling rate versus interlayer voltage in a bilayer electron system.
These traces are actual data, and are taken at magnetic fields where exciton
condensation is most expected (that is, one half-filling of the lowest Landau level per
layer). In the blue trace the layers are relatively far apart, whereas in the red trace
they are closer together. The dramatic difference between them is a direct indication
that a phase transition in the bilayer system occurs when the layer separation is
reduced below a critical value. The huge enhancement of the tunnelling rate at zero
energy in the red trace points to interlayer electron–hole correlations: that is, it
suggests that every electron is positioned opposite a hole into which it can easily
tunnel.

Figure 1 An electron–electron bilayer system in a strong magnetic field is equivalent
to an electron–hole bilayer. a, Cartoon depiction of two parallel layers of electrons.
b, In a magnetic field the kinetic energy of 2D electrons is quantized into discrete
Landau energy levels. Each such Landau level contains a huge number of
degenerate orbitals, here depicted schematically as a checkerboard of sites. If the
field is strong enough, all electrons reside in the lowest Landau level, and only
occupy a fraction (here one-third) of the available sites. c, A particle–hole
transformation applied to the lower electron layer places the emphasis on the
unoccupied sites—that is, the holes (coloured green) in that layer. This
transformation, which is formally exact and completely equivalent to the more
familiar transformation used to describe empty valence-band states in a
semiconductor as holes, changes the sign of the Coulomb interactions between
layers from repulsive to attractive. Exciton BEC occurs when holes in the lower layer
bind to electrons in the upper layer. This is most likely to occur when the number of
electrons and holes are equal, that is, when each layer is half-filled (this is not the
case in this figure).
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• enhancement of radiative decay rate with 
decreasing temperature
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Shift-Interferometry with M-Z interferometer

Shift interferometry directly measures the first order spatial coherence function g1(x)
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Exciton Pattern Formation

External Ring

ring 
fragmentation localized bright spots (LBS)

inner ring

LBS ring is close to 
model radial source of 
cold excitons

L.V. Butov, A.C. Gossard, & D.S. Chemla, Nature 418, 751(2002)

holeselectrons excitons

LBS ringExternal ring
Sources of cold excitons:

410 μm



Observation of Spontaneous Coherence
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• Spontaneous coherence in regions of LBS and external ring 
• Phase jumps, forks
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Temperature Dependence of Coherence
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Coherence emerges at low temperature



Phase Singularities in Interference Pattern
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• Fork separation varies 
with density and ≠offset

➡ not a simple vortex

• If vortex, then separation 
of forks = offset dx

• Phase singularities appear at low 
temperature in a coherent exciton gas
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Polarization of emission ➔ Imaging of Spin Distribution
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Linear Polarization ➔ In-Plane Spin Pattern
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• Polarization ring

• Polarization vortex

• Spin pattern emerges with 
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• Close to source, hot → no long-range coherence, polarization ring

• Away from source, cold→ exciton condensate, polarization vortex



Long Range Spin Pattern  ➔ Imaging of Spin Currents

spin-orbit coupling anisotropy

= polarization vortex+
coherent transport

spin precession
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Control of spin current by magnetic field
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Imaging and control of spin currents in a 
coherent exciton gas:

• Detection by polarization 
resolved imaging

• Control by magnetic field

Conclusions

• Extended coherence ξ >> ξclassical 

in polarization vortex and MOES
• Spin textures
• Phase singularities in interference 

A.A. High, J.R. Leonard, A.T. Hammack, M.M. Fogler, L.V. Butov, A.V. Kavokin, K.L. Campman & A.C. Gossard, 
Spontaneous coherence in a cold exciton gas, Nature 483, 584–588 (29 March 2012)

Observation of spontaneous exciton coherence:
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Modeling
Ballistic exciton transport 
and spin precession → 
vortex of linear polarization

Fork-like dislocations in interference pattern
Ring-shaped source → interference 
pattern with left- and right-facing 
fork-like dislocations 
with distance between them >> 
shift

•both vortex, point source are 
characterized by spreading of particle 
velocities over all directions

Spin polarization texture
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First order coherence function g1(δx)

Classical gas:    ●  narrow g1(r) and broad n(k) 
                      ●  ξclassical ~ λdB ~ 0.5 μm at 0.1 K 
                      ● n(0) ≪ 1

Quantum gas:  ● extended g1(r) and narrow n(k)
                      ● ξ >> ξclassical 

                      ● δk << δkclassical 
                      ● n(0) ≈ 5000
                          →characteristic of a condensate

Distribution in k-space, n(k)

with  and  without 
optics PSF 
deconvolution
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• measured g1 is convolution of 
real g1 with the point spread 
function (PSF) of the optics

• deconvolution gives more 
accurate g1

• momentum distribution n(k) is 
fourier transform of g1
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Condensate Properties


