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pico-second pulse

Fig. 1. Luminescence spectrum of a CdSe crystal
at 1.8 K under the picosecond light pulse ex
citation (slit width: 0.05 nm): from ref. 9.
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Bose-Einstein Condensation
of Excitons
Interest has been revived in high
density excitons in semiconductors
by some recent experiments that seem
to indicate the existence of a new
phase where excitons, or biexcitons
undergo Bose-Einstein condensation.
If light of photon energy larger than
the band gap is sent onto a semi
conductor, free electron-hole pairs are
formed. At low enough temperatures
the electron-hole Coulomb attraction
leads to a bound pair called exciton
similar to a hydrogen atom. Ex
citement about high density excitons
started in 1968, when V.M. Asnin and
A.A. Rogachev1) from the Ioffe Physico-Technical Instit., Leningrad, show
ed that when germanium was hit by
laser light of increasing intensity
— thus creating excitons in the sam
ple — a change of state of the ex
citon gas was taking place at some
critical exciton density. This was very
suggestive of a Mott-type insulatormetal transition of the exciton system
which is expected when the exciton
spacing is comparable with the ex
citon diameter. The idea that the low
est energy state of the exciton system
was in fact “metallic” droplets was
first suggested by L.V. Keldysh2) from
the Lebedev Physical Institute in Mos
cow. Subsequent luminescence and
light scattering experiments were
soon carried out by Ya. Pokrovskii3)
from the Institute of Radioengineering
and Electronics of the Academy of
Sciences in Moscow, and brought out
that in the high density phase the ex
citons had dissolved into free elec
trons and holes, indeed forming “me
tallic” droplets, with typical radii of
some microns, in thermal equilibrium
with the exciton gas. Very good agree
ment was obtained by subsequent
detailed work by Nozières and Combescot4) of Ecole Normale, Paris, and
W.F. Brinkman and T.M. Rice5) of
Bell Labs. Though this was quite
satisfactory, it has also been clear
that the free exciton gas and the elec
tron-hole plasma droplet are not the
only possible states for a collection
of excitons. In the first place, excitons
bear an extraordinary resemblance
with hydrogen atoms, and can bind
in pairs to form molecules, or “biex
citons”, analogous to H2 . Predicted
very long ago, biexcitons have been
observed in luminescence spectra of
many crystals. The energetic competi
tion between a biexciton gas and the
droplet state has also been investigat
ed by W.F. Brinkman and T.M. Rice5)

and the conclusion was that the de
tails of the band structure play a
crucial role.
Another possibility comes from
Bose-Einstein statistics, which both
excitons and biexcitons follow ap
proximately, being made up with
even numbers of fermions. The pheno
menon of Bose-Einstein condensation
(BEC), which occurs at a temperature
Tc = h2/12 k m (N/V)2/3 for N noninter
acting perfect bosons of mass m in a
volume V consists in a macroscopic
population of particles in the lowest
energy state. BEC might occur also
for excitons (and biexcitons), as has
been pointed out more than 10 years
ago by Moskalenko6) from the Institute
of Physics and Mathematics in Kishi
nev, Blatt and coworkers from New
York University and Casella from IBM
Watson Research Center, Yorktown
Heights. Other systems, in which BEC
is in discussion, are superfluids such
as 4He below the λ point and Cooper
pairs in a superconductor. The sig
nificance of experiments on exciton
BEC lies in the new approach to this
fundamental problem. One of the
obstacles in the way of a possible
condensation is the Pauli principle,
which, by requiring antisymmetry of
the total wave function to fermion ex
change, prevents macroscopic occu
pancy of the exciton states, and thus
removes that feature of Bose statistics
which is crucial to BEC. It is, how
ever, clear that this problem is not
necessarily a serious one, e.g., as
long as the exciton spacing is large
enough to allow for the neglect of the
exciton (or biexciton) size in com
parison. The low temperature state in
this case is only in principle distinct,
but thermodynamically indistinguish
able, from a Bose-Einstein con
densate.
A second obstacle is interaction be
tween the excitons, or biexcitons.
Even in the large distance limit speci
fied before, the net effect of the Pauli
principle is equivalent to a repulsive
exciton-exciton force. In addition to
this, theorists like P.W. Anderson, S.T.
Chui, and W.F. Brinkman7) of Bell Labs
envisage at least another force, due
to screening of the electron-ion po
tential, which seems to cancel the
Pauli repulsion and leads to a net at
tractive exciton-exciton force. At the
opposite limit of short distances, ex
citons, of course, attract each other,
in the attempt to bind and form a bi
exciton. This overall attraction is

generally believed to make BEC very
unlikely, and is held responsible for
the failure of observing It so far. If
one has biexcitons however, this force
Is probably reduced, and at short
distance is missing altogether, be
cause fermions are already paired. It
is thus somewhat more natural to ex
pect biexcitons to condense, at least
In some restricted density range.
Many of the properties to be expected
from such a condensate have been
investigated a few years ago by E.
Hanamura of Tokyo’s Institute for
Solid State Physics8).
First reports of what could be an
observation of biexciton BEC came in
spring 1973 also from this Institute,
by S. Shionoya9) and his group. By
sending ultrashort light pulses as in
tense as 50 MW/cm2 onto a crystal
of CdSe, they could observe radical
changes in the luminescence spectra.
Above some critical light intensity a
new sharp line appears that has been
associated with biexcitons condensed
in the K = 0 state as shown in Fig. 1.
The problem with these experiments
is that biexcitons in CdSe decay as
fast as 10-10sec after having formed.
This makes a high density of biex
citons, and the possible BEC, a tran
sient phenomenon in time, a very dif
ficult system to deal with if other ex
periments have to be made to test
Shionoya’s conclusions. CuCI crystals,
which suffer less from this problem
because biexcitons have a longer life
time, are now being tried in Shio
noya’s group, and the reported pre
liminary observations seem to be
once again in favour of biexciton BEC.
A more consistent step seems to be
the very recent observation by W.
Czaja and C.F. Schwerdtfeger of RCA
Labs, Zürich10) who report a new
sharp emission line for not too
strongly excited AgBr.

intensity but the magnitude of the
peak is reported first to increase and
then to decrease for increasing light
intensity. These circumstances, along
with the absence of ordinary biexciton
luminescence, led the RCA group to
conclude that single exciton BEC is
taking place in their samples. If Tc is
taken to be 3 K and the indirect ex
citon mass for AgBr as about one free
electron mass one arrives at a critical
exciton concentration of 3 X 1016 cm-3.
On his side, Hanamura wonders
whether biexcitons do not play any
role, as the biexciton binding energy
should not be too low in AgBr (about
10 K). Shionoya, on the other hand,
has strong doubts whether any con
densation can be observed with in
tensities as low as RCA’s — about
200 W continuous wave. Nothing de
finitive can be said until the actual
densities can be arrived at unambigu
ously.
Theoretically, one can at least argue
that polar semiconductors — of which
AgBr is an example — ought to be
the best bet for single exciton BEC
for not too high densities. This is so
because in this case strong exciton
-lattice coupling leads to latticeinduced exciton-exciton forces, whose
net sum amounts, for large spacings,
to a repulsion which has the right

magnitude to give, jointly with the
Pauli repulsion, a cancellation of the
otherwise attractive force. In that
regime, excitons would be essentially
free, In which case BEC follows ne
cessarily. This could, however, only
occur as a transient phenomenon,
since the biexciton binding is anyway
not suppressed by these lattice forces.
C. Benoit à la Guillaume, Paris
and E. Tosatti, Stuttgart
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On August 30, 1974, we learned of the unexpected and
sudden death of

Josef-Maria Jauch
Professor at the Department of Theoretical Physics, the University of
Geneva, Switzerland.
The very same day the book

Physical Reality and
Mathematical Description
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edited by Charles P. Enz and Jagdish Mehra, was published as a tribute to
Josef-Maria Jauch on the occasion of his sixtieth birthday, September 20,
1974.

Fig. 2. AgBr: Luminescence intensity as a
function of temperature for the sharp emission
line (see insert) occurring at the low energy
side of the free exciton TAL-assisted emission.

As shown in Fig. 2, the peak ap
pears at about 3 K, and grows rapidly
on cooling. The temperature, at which
the peak appears, increases with light

Through his scientific work Jauch has justly earned an honored name in
the community of theoretical physicists. Through his teaching and a long
line of distinguished collaborators he has put an imprint on modern
mathematical physics.
A number of Jauch’s scientific collaborators, friends and admirers have
contributed to this collection of 34 essays, which reflect to some extent
Jauch’sown wide interests in the vast domain of theoretical physics.
The book includes a personal introduction by the editors and a list of
principal publications of J. M. Jauch.
(xxiii + 552 pp„ Dfl. 125,- / US $39.50).
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