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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 & @u2 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

It is well known that half-integer spin particles (fermi- to their energy relaxation and to the establishment of
ons) obey the Pauli exclusion principle, which preventsa quasithermodynamic equilibrium among the particles.
multiple occupancy of a given quantum state. On theSince we deal with a three body elementary process,
other hand, particles with integer spin (bosons) obey dhe initial exciton(E;, K;) is coupled to a continuum of
reverse rule. Their scattering probability towards a statéinal state§E, K¢; iw,, q), defined by the set of vectors
already occupied by other bosons is enhanced by a factdK r, q) which satisfy energy and momentum conservation
n + 1, wherenis the occupation number of the final state. laws:
Under favorable conditions, this quantum “attraction” can
become precipitous. Light amglification by stimulated Ei=Ep = hog, K =Ky =g, (@
emission of radiation (LASER) provides a unique exam-with the additional constraints
ple of this effect for massless Bose particles, the photons. ﬁZK,-%f
However, amplification by stimulated emission is a much Eip = 2ml

mor?ngenisral g:t?clt app!%/rllngrtocarq%/ bt?ssorr\'/'ctiﬁild :cngugé\fvherev is the longitudinal sound velocity in the crystal
g SSIve particies. € recent observation ot BOS€s 4, the exciton effective mass. From the point of view

Ein_s,tein condensation (BE.C) of cold atoms has trigger_e f excitonic motion, the succession of such spontaneous
an intense search for the discovery of stimulated eMISSION, i< leads to a di,ffusive exciton transport

of atoms [1-3]. Stimulated emission of atoms could thus In the stimulated version of the process, exciton scat-

lead to an “atomic field laser.” L o : :

: . . tering is induced by an incident exciton figldl., E., K.),
e e e o et Spoyiheren: 5> 11 he occupaion umoerof moda Tne

. X X . . . __directions and magnitudes &, andq are prescribed by

case of massive Bose particles, optically inactive excitong supplementary conditions
in a semiconductor. In its spontaneous form, the basic
exciton scattering process consists in the annihilation Ef =E.,
of an exciton of energyE; and wave vectorK;, the K, = K
creation of an excitonEs, Ky), and the simultaneous Y €
emission (or absorption) of an acoustic phortémw,,q).  The growth of the bosonic wave is obtained from the time
It represents one step in a chain of scattering events afteate of change of the average number of bosons in nsode

injection of hot excitons in an insulating crystal Ieadir;g [4],

, hw,="hq v, 2

3)

O = 2_77 Z 72(6]) [”c+q(1 + I’lc){(l + fq)a(hwq + E;. — Ec+q) + fqa(hwq - E. + Ec+q)}
q

ot h
= ne(l + nc+q){(1 + fq)a(ﬁwq —E. + Ec+q) + fqa(ﬁwq + E. — Ec+q)}]s (4)

where n; = n.+, and f; are, respectively, the occupa{- ing can occur even below Bose condensation threshold
tion probabilities of excitons and acoustic phonons withsince in the quantum-degenerate statistical regime several
energyE; and/Ziwy, andy(q) = yo.,/q is the matrix el-  exciton modes neak = 0 have already a large occu-
ement of the exciton-phonon interaction. An excitonicpation number. The first term in Eq. (4) expresses an
Bose condensate with, > 1 on the right-hand side of amplification process; the second term a loss process in
Eq. (4) can provide the triggering term for the stimulatedwhich an exciton is scattered out of modg by the cre-
excitonic transition. However, stimulated exciton scatter-ation of an exciton of wave vectd, * q. [f stimulated
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exciton emission overcomes induced exciton absorptionfA = 532 nm) are absorbed within 1@m from the
a net gain is achieved for the excitonic field. In the con-sample surface and converted into electron-hole pairs
text of excitonic transport, stimulated excit@gattering which themselves quickly form a mixture of hat= 1
induced by a traveling excitonic field., E., K.) leads to  orthoexcitons and paraexcitons. The hot excitons reach a
its amplification. temperature close to the lattice temperature within a few
Experimental evidence for exciton amplification by nanoseconds after the end of the optical pulse by cascade
stimulated exciton scattering is shown in Figs. 1(a) andemission of optical and acoustic phonons. Orthoexcitons
1(b). Consider first the lower traces. They display theare known to down-convert into paraexcitons within tens
time-resolved excitonic flux reaching the back surfaceof nanoseconds so that only “cold” paraexcitons survive
of the sample immersed in superfluid He at 2 K afterat later times [5]. A pair of metallic films in the form
irradiation of the front surface with a laser pulse. Theof concentric rings (Au and Cu) deposited on the back
laser pulse has a duration of 10 ns and a peak intensityurface acts as a local excitonic detector, via the exciton-
of 631, where I, = 103 W/cn?; the incident photons mediated voltaic effect [6—8]. The built-in electric field
at the copper-cuprous oxide interface is strong enough to
25 dissociate excitons reaching the immediate vicinity of the
a)  2665mm back crystal surface. The liberated free holes are swept
across the contact, while the corresponding electrons are
collected through the gold Ohmic contact. It gives rise
to an external voltaic signal in the absence of applied
electric field which is measured across an externa{)50
load resistance. This method of detecting excitons is well
adapted to CyO, because the excitons of lowest energy
(n = 1 paraexcitons) are not coupled to the radiation field
and therefore are difficult to observe by optical means
such as photoluminescence.
51 The voltaic responses shown in Fig. 1 correspond to a
“packet” of excitons traveling together at a speed close to
0 , : the sound velocity of the crysté; = 4.5 X 10° cm/s).
This peculiar mode of excitonic propagation is observed in
b) 22mm Cu,0 instead of the normal diffusive behavior at high par-
ticle densities and sufficiently low crystal temperatures. It
< has been interpreted as evidence for an excitonic Bose con-
densate flowing ballistically through the crystal (excitonic
T superfluid) [7,8]. The slightly shorter transit time of the
packet in Fig. 1(b) is accounted for by the smaller sample

thicknessd = 2.2 mm.

4] The upper traces in Figs. 1(a) and 1(b) are obtained
with the same pulsed excitation but now the sample
is also illuminated with a cw dye laser tuned at=

21 605.4 nm. The cw laser intensity ist W/cn?. In

/‘K Fig. 1(a), both lasers impinge on the front surface through
0
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o N soem an aperture 2 mm in diameter. In Fig. 1(b), the cw source
0.0 5 1:o 15 illuminates a lateral sample surface through a diaphragm
of 1 mm diameter. Absorption of the cw laser light occurs
over a deptha! = 0.3 mm wherea is the absorption
FIG. 1. (a) Collinear geometry: Voltaic signal obtained at thecoefficient atA = 605.4 nm; for each absorbed photon
back surface of a 2.65 mm thick single crystal ofOtheld at  one orthoexciton is created with an initial kinetic energy
T =2K. The lower trace is obtained when the front sample 5t 3hout 1.1 meV. The excitonic packet is now clearly

surface is illuminated with a laser pulsg € 532 nm; duration e . . . . i )
10 ns) of peak intensity = 6.3 MWp/cmz.(:The upper trace is amplified: While propagating, it has “attracted” excitons

the voltaic signal obtained under the same pulsed illuminatiorfl€posited deeper in the crystal by the cw laser beam.
while the sample front surface is illuminated with a cw laser of The excitonic gain coefficient has been measured in
wavelengthh = 605.4 nm and intensity ~ 4 W/cnrv. (Inset:  the perpendicular geometry as a function of the cw laser
solid arrow = cw laser; dashed arrow pulsed laser; curved jniangity for two amplifier lengths. The amplifier length

lines = wires to the oscilloscope.) (b) Orthogonal geometry: . S .
Same as (a) except that the pu?se?j Izgszar inten%iig Is\/%//cn? Y"was changed by the use of a variable slit intercepting

and the cw laser is incident on a lateral face of a 2.2 mm thickhe path of the cw laser close to the sample. The
sample. results shown in Fig. 2 indicate an approximate linear
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FIG. 3. S, — Six = G — 1 as a function of cw laser inten-
\ sity in the collinear geometry.S,,. and S;, are defined in the
0.2 1 L caption of Fig. 2. The cw laser wavelengthis= 605.4 nm;
4 the pulsed laser has a peak intensity0df3/,. The solid line
is a fit to the data with Eg. (5) introducing the following pa-
rameters: C = 0.2, I,; = 1.8 W/cn?. The sample thickness
u— | — .
is 2.2 mm.
011 T
expressing again the presence of saturation as the signal
becomes amplified. Similar saturation curves have been
00 measured for larger input signal, but with a larger initial
"o 1 2 3 slope and a smaller value &f;.

CW laser intensity (W/cm?)

We attribute the observed amplification of the excitonic
packet to the stimulated emission of excitons into the

packet. What is the origin of the macroscopic excitonic
intensity (orthogonal geometry).So.. is the integral of the field (n., E.,K.) inducing the exciton transition? Since
time-resolved voltaic signal between 0.4 and Ogec. S;,  the pulsed laser creates hot free carriers which rapidly
(the same integral for pulsed laser illumination alone) is keptpair into excitons, a random distribution of particles
constant. The empty circles are for a slit width of 26f";  jn phase space exists initially near the sample front

the filled circles for a 15Q.m slit. Inset: the bottom trace is -
obtained with pulsed laser illumination alofle= 201,), while surface. The subsequent accumulation of a large number

the top trace is the result of the same pulsed plus cw lase?f particles in a single phase mo#le. implies therefore a
illumination (., = 2 W/cn? through a 250um slit). The self-organization process. As discussed in recent papers
sample (thickness 2.2 mm) is held at 2 K. [8,9], the onset conditions for ballistic propagation are
in good agreement with the threshold conditions for a
Bose-Einstein condensation of excitons. We believe this
dependence of the gai@ = S,./Si» With cw intensity — process provides the incident excitonic waue, E., K.)
and amplifier path length. Expressing the amplificationstimulating the transition. There is natural explanation
as G = e%* with g = al.,, wherel,, is the cw laser to the fact that the excitonic amplifier operates in the
intensity andz the slit width, we obtain a gain coefficient saturation limit: Above threshold for BEC, a substantial
a = 15 cm/W for a large pulsed input = 20/y. Similar  fraction of the total number of particles collect into one
measurements performed with small inplt= 21,) yield state, providing thereby a coherent bosonic field with a
a larger gain coefficient = 80 cm/W. It indicates the very large amplitude. One has therefore the situation
presence of a saturation of the amplification. of an amplifier with a large input signal where the
The saturation of the gain is also seen in the collinearate of depletion of the pump exciton population by
geometry. In Fig. 3, the difference between output andtimulated emission is significant compared to the rate of
input signalsSeu; — Sin = Sin(G — 1) is plotted as a spontaneous emission.
function of cw laser intensity for a small input signal As for a laser amplifier, system inversion must be real-
1 = 0.631,. The full line is a fit of the data with the ized in order to obtain excitonic gain. System inversion
following equation: implies an irreversibility in the transfer of the excitons
G- 1 (5) injected by the cw laser to the incident excitonic packet
which in turn implies that these “pump” excitons are not

FIG. 2. AmplificationG = S,.,/S;, as a function of cw laser

. cl.y
(1 + ICW/IS?.lt)l/2 ’
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in thermal equilibrium with respect to the phonon ther-is very small. The transition from diffusive to coherent
mal distribution [see Eq. (4)]. An off-equilibrium situation transport occurs over a small increase of the number of
is realized in the present experiments because the pungxcitons. This is best seen by plotting the rise time of the
orthoexcitons have an excess energy of at ld&#stwith  voltaic signal as a function of cw laser intensity (inset of
respect to the condensed state, the paraexciton stKig at Fig. 4). The steep rise time of the voltaic response heralds
whereAE = 12 meV is the orthoexciton and paraexciton the grouped arrival of the particles.
splitting. The results of Fig. 4 are particular in the sense that
Evidence for excitonic amplification is even more the excitons produced by each laser source separately
striking if the pulsed laser intensity is set below thresholdare incoherent. The change from spontaneous (incoherent
for ballistic transport (see Fig. 4). The weak signal ofexcitons with diffusive transport) to stimulated emission
long duration shown in the lower trace of the figure (coherent exciton field with collective ballistic transport)
is characteristic of a diffusive transport regime with which takes place over an abrupt thresholdlike range of
a large spread of particle transit times. This type ofcombined pumping conditions represents the excitonic
response can be well reproduced quantitatively with thenalog of a single pass laser without external cavity. With
continuity equation, using exciton diffusion constantsan appropriate resonance cavity, a genuine radiationless
from the literature [6,8]. The voltaic response obtained inmultiple pass “excitonic laser” or excitoner with reduced
the presence of both cw and pulsed laser in the collinegsumping threshold should be realizable.
geometry displays the dramatic appearance of the ballistic A question which has not been addressed here relates
packet (upper trace of Fig. 4). The amplificati®ns now to the origin of the increased voltaic signal observed
orders of magnitude larger than in the case of Fig. 1, sincen Figs. 1, 2, and 4 after the passage of the amplified
the input signal §i, at the time of arrival of the packet) ballistic pulse. Under certain conditions of pump and
input signals, this increased excitonic flux is followed at
later times by an abrupt decrease below the steady-state
4 level of excitonic current. This excitonic depletion is
itself succeeded by a gradual recovery to the steady-state
value. This points out a rich excitonic hydrodynamics,
' which will be reported in an upcoming presentation.
® In conclusion, we have shown that amplification of a
directed excitonic beam can be achieved by stimulated
exciton scattering. The experimental observation of such
o 1 2z 3 a4 an effect could lead to the better understanding of
CW laser intensity (Wicm”) coherent transfer of energy or current in several physical
systems.
We acknowledge the support of a NATO grant (CRG
940549) and a very useful discussion with Y. Castin,
G. Grynberg, and C. Salomon.
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