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Directed Beam of Excitons Produced by Stimulated Scattering
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Amplification of a directed beam of excitons by stimulated scattering is observed in Cu2O at 2 K.
It indicates that an excitoner, the radiationless excitonic counterpart of a laser, can be realized in
semiconductors. [S0031-9007(96)00733-8]

PACS numbers: 71.35.Lk
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It is well known that half-integer spin particles (ferm
ons) obey the Pauli exclusion principle, which preve
multiple occupancy of a given quantum state. On
other hand, particles with integer spin (bosons) obe
reverse rule. Their scattering probability towards a st
already occupied by other bosons is enhanced by a fa
n 1 1, wheren is the occupation number of the final stat
Under favorable conditions, this quantum “attraction” c
become precipitous. Light amplification by stimulat
emission of radiation (LASER) provides a unique exa
ple of this effect for massless Bose particles, the photo
However, amplification by stimulated emission is a mu
more general effect applying to any bosonic field inclu
ing massive particles. The recent observation of Bo
Einstein condensation (BEC) of cold atoms has trigge
an intense search for the discovery of stimulated emiss
of atoms [1–3]. Stimulated emission of atoms could th
lead to an “atomic field laser.”

In this Letter, we report evidence for the stimulat
emission (without participation of radiation) in a special
case of massive Bose particles, optically inactive excit
in a semiconductor. In its spontaneous form, the ba
exciton scattering process consists in the annihilat
of an exciton of energyEi and wave vectorKi , the
creation of an excitonsEf , Kf d, and the simultaneou
emission (or absorption) of an acoustic phononsh̄vq, qd.
It represents one step in a chain of scattering events a
injection of hot excitons in an insulating crystal leadin
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to their energy relaxation and to the establishment
a quasithermodynamic equilibrium among the particle
Since we deal with a three body elementary proce
the initial excitonsEi , Kid is coupled to a continuum of
final statessEf , Kf ; h̄vq, qd, defined by the set of vectors
sKf , qd which satisfy energy and momentum conservati
laws:

Ei ­ Ef 6 h̄vq, Ki ­ Kf 6 q , (1)

with the additional constraints

Ei,f ­
h̄2K2

i,f

2m
, h̄vq ­ h̄q ? v , (2)

wherey is the longitudinal sound velocity in the crysta
andm the exciton effective mass. From the point of vie
of excitonic motion, the succession of such spontane
events leads to a diffusive exciton transport.

In the stimulated version of the process, exciton sc
tering is induced by an incident exciton fieldsnc, Ec, Kcd,
wherenc ¿ 1 is the occupation number of modec. The
directions and magnitudes ofKf andq are prescribed by
the supplementary conditions

Ef ­ Ec ,

Kf ­ Kc .
(3)

The growth of the bosonic wave is obtained from the tim
rate of change of the average number of bosons in modc
[4],
≠nc

≠t
­

2p

h̄

X
q

g2sqd fnc1qs1 1 ncd hs1 1 fqddsh̄vq 1 Ec 2 Ec1qd 1 fqdsh̄vq 2 Ec 1 Ec1qdj

2 ncs1 1 nc1qd hs1 1 fqddsh̄vq 2 Ec 1 Ec1qd 1 fqdsh̄vq 1 Ec 2 Ec1qdjg , (4)
old
eral
-
an
s in
where ni ­ nc1q and fk are, respectively, the occupa
tion probabilities of excitons and acoustic phonons w
energyEk and h̄vk , andgsqd ­ g0

p
q is the matrix el-

ement of the exciton-phonon interaction. An exciton
Bose condensate withnc ¿ 1 on the right-hand side o
Eq. (4) can provide the triggering term for the stimulat
excitonic transition. However, stimulated exciton scatt
h

c

d
r-

ing can occur even below Bose condensation thresh
since in the quantum-degenerate statistical regime sev
exciton modes nearK ­ 0 have already a large occu
pation number. The first term in Eq. (4) expresses
amplification process; the second term a loss proces
which an exciton is scattered out of modenc by the cre-
ation of an exciton of wave vectorKc 6 q. If stimulated
© 1996 The American Physical Society
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exciton emission overcomes induced exciton absorpt
a net gain is achieved for the excitonic field. In the co
text of excitonic transport, stimulated excitonscattering
induced by a traveling excitonic fieldsnc, Ec, Kcd leads to
its amplification.

Experimental evidence for exciton amplification b
stimulated exciton scattering is shown in Figs. 1(a) a
1(b). Consider first the lower traces. They display t
time-resolved excitonic flux reaching the back surfa
of the sample immersed in superfluid He at 2 K af
irradiation of the front surface with a laser pulse. T
laser pulse has a duration of 10 ns and a peak inten
of 63I0 where I0 ­ 105 Wycm2; the incident photons

FIG. 1. (a) Collinear geometry: Voltaic signal obtained at t
back surface of a 2.65 mm thick single crystal of Cu2O held at
T ­ 2 K. The lower trace is obtained when the front samp
surface is illuminated with a laser pulse (l ­ 532 nm; duration
10 ns) of peak intensityI ø 6.3 MWycm2. The upper trace is
the voltaic signal obtained under the same pulsed illumina
while the sample front surface is illuminated with a cw laser
wavelengthl ­ 605.4 nm and intensityI ø 4 Wycm2. (Inset:
solid arrow ­ cw laser; dashed arrow­ pulsed laser; curved
lines ­ wires to the oscilloscope.) (b) Orthogonal geomet
Same as (a) except that the pulsed laser intensity is50 kWycm2

and the cw laser is incident on a lateral face of a 2.2 mm th
sample.
n,
-

d
e
e
r
e
ity

e

e

n
f

:

k

sl ­ 532 nmd are absorbed within 10mm from the
sample surface and converted into electron-hole p
which themselves quickly form a mixture of hotn ­ 1
orthoexcitons and paraexcitons. The hot excitons reac
temperature close to the lattice temperature within a f
nanoseconds after the end of the optical pulse by casc
emission of optical and acoustic phonons. Orthoexcito
are known to down-convert into paraexcitons within te
of nanoseconds so that only “cold” paraexcitons surv
at later times [5]. A pair of metallic films in the form
of concentric rings (Au and Cu) deposited on the ba
surface acts as a local excitonic detector, via the excit
mediated voltaic effect [6–8]. The built-in electric fiel
at the copper-cuprous oxide interface is strong enough
dissociate excitons reaching the immediate vicinity of t
back crystal surface. The liberated free holes are sw
across the contact, while the corresponding electrons
collected through the gold Ohmic contact. It gives ri
to an external voltaic signal in the absence of appl
electric field which is measured across an external 50V

load resistance. This method of detecting excitons is w
adapted to Cu2O, because the excitons of lowest ener
(n ­ 1 paraexcitons) are not coupled to the radiation fie
and therefore are difficult to observe by optical mea
such as photoluminescence.

The voltaic responses shown in Fig. 1 correspond t
“packet” of excitons traveling together at a speed close
the sound velocity of the crystalsy1 ­ 4.5 3 105 cmysd.
This peculiar mode of excitonic propagation is observed
Cu2O instead of the normal diffusive behavior at high pa
ticle densities and sufficiently low crystal temperatures.
has been interpreted as evidence for an excitonic Bose
densate flowing ballistically through the crystal (exciton
superfluid) [7,8]. The slightly shorter transit time of th
packet in Fig. 1(b) is accounted for by the smaller sam
thicknessd ­ 2.2 mm.

The upper traces in Figs. 1(a) and 1(b) are obtain
with the same pulsed excitation but now the sam
is also illuminated with a cw dye laser tuned atl ­
605.4 nm. The cw laser intensity is4 Wycm2. In
Fig. 1(a), both lasers impinge on the front surface throu
an aperture 2 mm in diameter. In Fig. 1(b), the cw sou
illuminates a lateral sample surface through a diaphra
of 1 mm diameter. Absorption of the cw laser light occu
over a deptha21 ø 0.3 mm wherea is the absorption
coefficient atl ­ 605.4 nm; for each absorbed photo
one orthoexciton is created with an initial kinetic ener
of about 1.1 meV. The excitonic packet is now clear
amplified: While propagating, it has “attracted” exciton
deposited deeper in the crystal by the cw laser beam.

The excitonic gain coefficient has been measured
the perpendicular geometry as a function of the cw la
intensity for two amplifier lengths. The amplifier lengt
was changed by the use of a variable slit intercept
the path of the cw laser close to the sample. T
results shown in Fig. 2 indicate an approximate line
897
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FIG. 2. AmplificationG ­ SoutySin as a function of cw laser
intensity (orthogonal geometry).Sout is the integral of the
time-resolved voltaic signal between 0.4 and 0.56msec. Sin
(the same integral for pulsed laser illumination alone) is k
constant. The empty circles are for a slit width of 250mm;
the filled circles for a 150mm slit. Inset: the bottom trace is
obtained with pulsed laser illumination alonesI ­ 20I0d, while
the top trace is the result of the same pulsed plus cw la
illumination (Icw ­ 2 Wycm2 through a 250mm slit). The
sample (thickness 2.2 mm) is held at 2 K.

dependence of the gainG ­ SoutySin with cw intensity
and amplifier path length. Expressing the amplificat
as G ­ egz with g ø aIcw , where Icw is the cw laser
intensity andz the slit width, we obtain a gain coefficien
a ­ 15 cmyW for a large pulsed inputI ­ 20I0. Similar
measurements performed with small inputsI ­ 2I0d yield
a larger gain coefficienta ­ 80 cmyW. It indicates the
presence of a saturation of the amplification.

The saturation of the gain is also seen in the collin
geometry. In Fig. 3, the difference between output a
input signalsSout 2 Sin ­ SinsG 2 1d is plotted as a
function of cw laser intensity for a small input sign
I ­ 0.63I0. The full line is a fit of the data with the
following equation:

G 2 1 ­
cIcw

s1 1 IcwyIsatd1y2
, (5)
898
pt

er

n

ar
d

l

FIG. 3. Sout 2 Sin ­ G 2 1 as a function of cw laser inten
sity in the collinear geometry.Sout and Sin are defined in the
caption of Fig. 2. The cw laser wavelength isl ­ 605.4 nm;
the pulsed laser has a peak intensity of0.63I0. The solid line
is a fit to the data with Eq. (5) introducing the following pa
rameters: C ­ 0.2, Isat ­ 1.8 Wycm2. The sample thickness
is 2.2 mm.

expressing again the presence of saturation as the si
becomes amplified. Similar saturation curves have b
measured for larger input signal, but with a larger init
slope and a smaller value ofIsat.

We attribute the observed amplification of the exciton
packet to the stimulated emission of excitons into t
packet. What is the origin of the macroscopic exciton
field snc, Ec, Kcd inducing the exciton transition? Sinc
the pulsed laser creates hot free carriers which rap
pair into excitons, a random distribution of particle
in phase space exists initially near the sample fro
surface. The subsequent accumulation of a large num
of particles in a single phase modeKc implies therefore a
self-organization process. As discussed in recent pa
[8,9], the onset conditions for ballistic propagation a
in good agreement with the threshold conditions for
Bose-Einstein condensation of excitons. We believe t
process provides the incident excitonic wavesnc, Ec, Kcd
stimulating the transition. There is natural explanati
to the fact that the excitonic amplifier operates in t
saturation limit: Above threshold for BEC, a substant
fraction of the total number of particles collect into on
state, providing thereby a coherent bosonic field with
very large amplitude. One has therefore the situat
of an amplifier with a large input signal where th
rate of depletion of the pump exciton population b
stimulated emission is significant compared to the rate
spontaneous emission.

As for a laser amplifier, system inversion must be re
ized in order to obtain excitonic gain. System inversi
implies an irreversibility in the transfer of the exciton
injected by the cw laser to the incident excitonic pack
which in turn implies that these “pump” excitons are n
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in thermal equilibrium with respect to the phonon the
mal distribution [see Eq. (4)]. An off-equilibrium situatio
is realized in the present experiments because the p
orthoexcitons have an excess energy of at leastDE with
respect to the condensed state, the paraexciton state aKc,
whereDE ­ 12 meV is the orthoexciton and paraexcito
splitting.

Evidence for excitonic amplification is even mor
striking if the pulsed laser intensity is set below thresho
for ballistic transport (see Fig. 4). The weak signal
long duration shown in the lower trace of the figu
is characteristic of a diffusive transport regime wi
a large spread of particle transit times. This type
response can be well reproduced quantitatively with
continuity equation, using exciton diffusion constan
from the literature [6,8]. The voltaic response obtained
the presence of both cw and pulsed laser in the collin
geometry displays the dramatic appearance of the balli
packet (upper trace of Fig. 4). The amplificationG is now
orders of magnitude larger than in the case of Fig. 1, si
the input signal (Sin at the time of arrival of the packet

FIG. 4. Trace (a) shows the time-resolved signal obtain
from pulsed illumination only with peak intensityI ­ 0.63I0.
Trace (b) is obtained by illumination with a cw laser o
wavelength l ­ 605.4 nm and intensity I ø 4 Wycm2 in
addition to the same pulsed laser. In the inset twice the h
width at half maximum of the leading edge of the signal
plotted as a function of cw laser intensity.
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is very small. The transition from diffusive to cohere
transport occurs over a small increase of the numbe
excitons. This is best seen by plotting the rise time of
voltaic signal as a function of cw laser intensity (inset
Fig. 4). The steep rise time of the voltaic response hera
the grouped arrival of the particles.

The results of Fig. 4 are particular in the sense t
the excitons produced by each laser source separa
are incoherent. The change from spontaneous (incohe
excitons with diffusive transport) to stimulated emissio
(coherent exciton field with collective ballistic transpor
which takes place over an abrupt thresholdlike range
combined pumping conditions represents the excito
analog of a single pass laser without external cavity. W
an appropriate resonance cavity, a genuine radiation
multiple pass “excitonic laser” or excitoner with reduce
pumping threshold should be realizable.

A question which has not been addressed here rel
to the origin of the increased voltaic signal observ
in Figs. 1, 2, and 4 after the passage of the amplifi
ballistic pulse. Under certain conditions of pump a
input signals, this increased excitonic flux is followed
later times by an abrupt decrease below the steady-s
level of excitonic current. This excitonic depletion
itself succeeded by a gradual recovery to the steady-s
value. This points out a rich excitonic hydrodynamic
which will be reported in an upcoming presentation.

In conclusion, we have shown that amplification of
directed excitonic beam can be achieved by stimula
exciton scattering. The experimental observation of su
an effect could lead to the better understanding
coherent transfer of energy or current in several phys
systems.
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