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EXCITONS AS A NEW QUANTUM SYSTEM 

A. Elysyrowicz 

Groupe de Physique des Solides de Z'EcoZe NormaZe Supe'rieure, Tour 23, 2 Place Jussieu 
75221 Paris, France 

Resume.- Un exciton e tant  compose d'un nombre pair de fermions appartient a l a  classe de part icules 
obgissant ?i l a  s t a t i s t ique  de Bose-Einstein. On s 'at tend donc a l 'appari t ion de phenomenes quanti- 
ques, l i e s  a l a  s t a t i s t ique ,  dans un  gaz d'excitons a densite &levee, e t  en part iculier  .?i l 'appari-  
t ion d'une condensation dans l 'espace des moments d'une fraction des particules (condensation de 
Bose-Einstein) . Dans une premiere par t ie ,  l e  concept d'exci ton e s t  rapidement introdui t ,  l e s  avan- 
tages d'un t e l  systeme pour l ' e tude  des e f fe t s  de s t a t i s t ique  quantique sont Gvoques ; on montre 
ensuite l e s  d i f f icul  tes  qui emptichent 1 'observation d 'une condensation dUEinstein d'excitons dans 
l a  plupart des cristaux. Dans une seconde par t ie ,  on presente des resul ta ts  experimentaux qui con- 
firment l e s  prediction du modele de Bose-Einstein. Dans Cu20, on montre qu'un gaz d'excitons s u i t  
un  comportement classique a fa ib le  densite, mais q u ' i l  e s t  necessaire d ' introduire une fonction de 
distr ibution des vitesses des particules t r e s  fortement degeneree a basse tempgrature e t  aux den- 
s i t e s  elev@es pour expliquer l e  spectre de recombinaison excitonique observe. Le potentiel chimique 
du gaz a t t e i n t  des valeurs proches de zero. Dans CuC1, les  excitons sont instables par rapport .a l a  
formation de mol&cules (biexcitons). I1 e s t  possible de creer  directement une densite @levee de 
biexcitons ayant un  moment d'impulsion k = 0 par absorption non-lineaire d'un faisceau laser.  L.?i 
encore,de for tes  deviations par rapport 3 l a  s t a t i s t ique  classique sont observ6es. En par t icul ier ,  
l 'appari t jon d'une ra ie  dl@mission f ine  e s t  at tr ibuge l a  presence d ' u n  condensat de Bose-Einstein 
dans l e  systPme. 

Abstract.- In a f i r s t  part ,  a brief review of some excitonic properties i s  presented, with the 
accent put on the i r  relevance with respect to  the poss ib i l i ty  of Bose-Einstein condensation. In a 
second part ,  recent experimental evidence i s  described, which supports the idea that  excitonic par- 
t i c l e s  may form a highly quantum f lu id .  In Cu20, the analysis of the exciton decay spectrum shows 
a gradual evolution of the gas from a classical  regime a t  low densit ies up t o  a strongly degenerate 
one a t  high densit ies,  with a chemical potential v % O .  In CuCl excitons are unstable against forma- 
t ion of molecules (biexcitons). I t  i s  possible to generate d i rec t ly  a high density gas of biexci- 
tons with momentum K % 0 by giant two-photon absorption. A t  low excitation, the observed molecular 
emission i s  in agreement with Maxwell -Boltzmann s t a t i s t i c s .  A t  high densi t ies ,  strong deviations 
occur. In part icular,  the appearance o'f a sharp emission l ine  i s  at tr ibuted to  the presence of a 
Bose-Ei nstei n condensate of exci toni c molecules . 

1. Introduction. - As i t  i s  well-known an ensemble be treated as a small perturbation, as i t  i s  assu- 

of ideal (non-interacting) part icles with integer med in the nearly ideal Bose gas model of 

spin i s  expected to undergo a phase transit ion a t  Bogoliubov /?/ 

sufficiently low temperature, in which a fraction Recently there has been a strong revival of 

of the par t ic les  condensesin momentum space into in teres t  in the study of BEC, when i t  was realized 

the same quantum s t a t e ,  of lowest energy. For a that  other, much more d i lu te  systems might be ex- 

long period of time, the only system in which perimentaily accessible, in which the purely 

Einstein condensation of Bose par t ic les  (BEC) was quantum s t a t i s t i ca l  effects would be predominant. 

thought to occur consisted of liquid 4 ~ e  below the One such system concerns an ensemble of spin a l i -  

h point. Although the ideal Bose gas/]/  model pre- gned hydrogen atoms, which has been predicted to 

diets a transit ion temperature close to that  obser- remain in the gas phase even a t  T = 0./3/ Another 

ved fo r  the onset of superfluidity, serious d i f f i -  system i s  given by excitonic part icles i n  non- 

cul t ies  are  encountered in the physical descrip- metallic crystals .  The aim of th i s  paper i s  to des- 

tion of th i s  system, because of the strong par t ic le  cribe recent experimental evidence showing that  

par t ic le  interactions in the l iquid,  which cannot excitons may indeed form a highly quantum f lu id  of 
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Bose p a r t i c l e s .  I n  a  f i r s t  p a r t  the  concept of 

exc i  tons i s  in t roduced ;advantages and d i f f i c u l t i e s  

i n  dea l ing  w i t h  such a  system are  considered. The 

cases o f  Cu20 and CuCl a re  described i n  the  second 

p a r t .  

The concept o f  exc i ton  : 

Consider an idea l  c r y s t a l ,  w i t h  a band s t r u c t u r e  

as shown i n  f i g u r e  1. The valence (VB) and conduc- 

t i o n  band (CB) have extrema located a t  the  centre o f  

the B r i l l o u i n  zone, a t  5 = 0. We assume i s o t r o p i c  

bands, w i t h  no degeneracy except f o r  sp in  and a  

parabo l i c  energy versus &dependence. The c r y s t a l  

i s  kept  a t  s u f f i c i e n t l y  low temperature, kT << E  
g' 

so t h a t  the  valence band i s  completely f i l l e d  w i t h  

e lect rons and the conduct ion band i s  empty. 

Fig. 1 .  - Schematic band structure of idea2 crys ta l .  

E is the width of the forbidden gap, a t  K = 0 .  
g 

Suppose l i g h t  i s  i r r a d i a t e d  upon such a  c r y s t a l ,  

w i t h  4 w  > E where w i s  the i n p u t  l i g h t  frequency. 
g '  

There i s  a  c e r t a i n  p r o b a b i l i t y  t h a t  a  photon i s  

absorbed i n  the medium, w i t h  a  corresponding promo- 

t i o n  of an e lec t ron  t o  the  conduct ion band. The 

e lec t ron  i n  the CB i n t e r a c t s ,  v i a  Coulomb a t t r a c -  

t i o n ,  w i t h  the  f p o s i t i v e l y  charged) "hole" o f  e lec-  

t rons i t  leaves i n  the  VB. To descr ibe the  exc i ta -  

t i o n  s t a t e  o f  t h e  system, i t i s  poss ib le  t o  w r i t e  

an e f f e c t i v e  two-par t i c le  Schradinger equation, w i t h  

the Coulomb term d iv ided  by E,, t h e  s t a t i c  

d i e l e c t r i c  constant  o f  the  c r y s t a l ,  t o  take i n t o  

account the  res idua l  i n t e r a c t i o n s  o f  the  e lec t ron-  

ho le  p a i r  w i t h  the  l a t t i c e  141. The s o l u t i o n s  o f  

the Schradinger equation a re  well-known from the 

hydrogen atom case, they lead i n  p a r t i c u l a r  t o  a  

se r ies  o f  d i s c r e t e  resonances below the  energy 

gap Eg, the  so-ca l led e x c i t o n i c  ser ies,  w i t h  

energies 

n  i s  the  p r i n c i p a l  quantum number, M i s  t h e  t o t a l  

mass me + mh, where me and mh a re  the  e f f e c t i v e  

masses o f  the  e lec t ron  and hole, Rx i s  the exc i ton  

Rydberg, expressed i n  terms o f  the  hydrogen 

Rydberg by the  r e l a t i o n  Rx = RH/so 2  

(Here the  reduced mass u = memh/me+mh must rep lace 

the  e lec t ron  mass mo i n s i d e  R,,) 

Thus, one may t h i n k  o f  the e l e c t r o n i c  

e x c i t a t i o n  s ta tes  o f  the  c r y s t a l  i n  terms o f  crea- 

t i o n  of quas i -par t i c les ,  the  excitons, which a r e  

s i m i l a r  t o  pos i t ron ium atoms if me = mh o r  resem- 

b l e  hydrogen atoms i n  t h e  l i m i t  me << mh. Excitons 

represent s o l u t i o n  o f  the e n t i r e  c r y s t a l ,  there- 

fore,  they can propagate f r e e l y  i n s i d e  t h e  system ; 

hence the quadrat ic  term i n  equation (1) represen- 

t i n g  the  k i n e t i c  energy associated w i t h  the centre- 

of-mass motion o f  the p a r t i c l e .  Typica l  values o f  

Rx range from a  few meV t o  several hundred n:eV, the 

exc i  ton rad ius ax = a. E~ = 4'1' c o / ~ e 2  i s  o f  the 

order  of a  few ~n~str ;ms up t o  a  few pm. 



EXCITON 
LEVELS 

Fig. 2 .  - ~o-par t i cZeexc i ta t ion  diagram of an 

ideal crystal .  

The concept o f  exc i ton  has proved t o  be f r u i t f u l  

t o  exp la in  many p roper t ies  o f  i n s u l a t o r s  o r  semi- 

conductors p a r t i c u l a r l y  o p t i c a l  p roper t ies  near 

t h e  band edge, al though a p rec ise  ana lys is  o f  r e a l  

s i t u a t i o n s  requ i res  a much more invo lved  t r e a t -  

ment, which inc ludes the  p a r t i c u l a r  nature o f  the  

wave func t ions  f o r  the  d i f f e r e n t  bands. I t  i s  a l s o  

a very rough approximation t o  assume t h a t  a l l  

res idua l  i n t e r a c t i o n s  w i t h  the  l a t t i c e  may be 

expressed by a constant E,. Nevertheless, some 

cases e x i s t  which come c lose  t o  the simple descr ip-  

t i o n  g iven above. A well-known example i s  Cu20. 

I n  f i g .  3, the absorpt ion spectrum o f  t h i s  com- 

pound i s  shown near the gap energy. As can be 

seen, a  hydrogen-1 i ke ser ies  ( t h e  ye1 low exc i  to -  

n i c  se r ies )  i s  observed w i t h  up t o  8 terms /5/ .  

I t  must be stressed here t h a t  the  sharp resonances 

do n o t  correspond t o  i n t e r l e v e l  t r a n s i t i o n s ,  as 

i t  i s  the  case i n  atomic systems, b u t  r a t h e r  t o  

t h e  c r e a t i o n  of exc i  tons, by a t r a n s i t i o n  s t a r -  

t i n g  from the  ground s t a t e  o f  the  c r y s t a l .  

Fig. 3. - Absorption spectrum of  CugO near the 

band gap. The hydrogen-like series of l ines 

(yellow series) correspund t o  the creation of 

p-like exei tons. 

Excitons as a Bose quantum system : 

Almost twenty years ago, several authors /6/ ,  / 7 / ,  

/8/ have po in ted  o u t  t h a t  excitons, c o n s i s t i n g  o f  

an even number o f  fermions, should obey Bose- 

E i n s t e i n  s t a t i s t i c s  and consequent1 y might  f u r n i s h  

a new system t o  observe BEC. I t  may be worthwhi le 

ment ion ing severa l  a t t r a c t i v e  c h a r a c t e r i s t i c s  i n  

t h i s  case. 

A f i r s t  fea tu re  i s  r e l a t e d  t o  the l i g h t  e f fec -  

t i v e  mass o f  the  p a r t i c l e s .  Typica l  e x c i t o n  masses 

a r e  o f  the  o rder  o f  t h e  f r e e  e l e c t r o n  mass, o r  

even less.  The i d e a l  Bose gas model p r e d i c t s  a 

c r i t i c a l  dens i t y  nc f o r  condensation 

and thus we expect f o r  instance Tc 'L 100 K f o r  

n  r 10'' i f  m = mo and g, the degeneracy fac -  

t o r  i s  un i t y .  This represents by f a r  the h ighest  

c r i t i c a l  temperature f o r  BEC expected from any 

system. 

Further, the  system appears t o  be very simple 

and w e l l  s u i t e d  f o r  an experimental study. 

19 
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As we have seen before, the number of p a r t i c l e s  

i s  determined by some external  means of e x c i t a -  

t i on ,  - o p t i c a l  e x c i t a t i o n  i s  p a r t i c u l a r l y  conve- 

n i e n t  - and can there fo re  be e a s i l y  va r ied  over a  

very la rge  range by changing the i n p u t  i n t e n s i t y .  

The requ i red  dens i t i es  seem t o  be f u l l y  w i t h i n  

accessible range o f  p resen t l y  ava i lab le  l a s e r  

sources. For instance, assuming an exc i ton  l i f e -  

-9 t ime T = 10 sec ( i n  several cases i t  i s  s i g n i -  

f i c a n t l y  longer),  an e x c i t o n i c  absorpt ion c o e f f i -  

c i e n t  a Q, 1 0 ~ - ~  cm-' as measured i n  many instances, 

i t  i s  s u f f i c i e n t  t o  have a  few Watts i n p u t  power, 

2 focused on a  cm sur face t o  achieve the  

needed dens i t i es .  Such requirements are obta ined 

even w i t h  cw l i g h t  sources, pulsed lasers  w i t h  

tunable frequency g ive  photon f l u x e s  higher by 

orders o f  magnitude. 

The f a c t  thatexcitonshave a  f i n i t e  l i f e t i m e -  

the exc i ted  e l e c t r o n  has a  given p r o b a b i l i t y  t o  

f a l l  back i n t o  i t s  hole, e m i t t i n g  a  photon i n  the  

process-may a lso  offer an i n t e r e s t i n g  fea tu re  : 

the emi t ted r a d i a t i o n  gives d i r e c t  i n fo rmat ion  

upon the condensate,in con t ras t  t o  the case o f  

4 l i q u i d  He, where access t o  the f r a c t i o n  o f  the 

condensate, o f  i n f i n i t e  l i f e t i m e ,  i s  d i f f i c u l t  

and i n d i r e c t .  

One may a lso  p o i n t  ou t  t o  the very l a r g e  

v a r i e t y  of c r y s t a l  parameters encountered i n  r e a l  

systems, leading t o  a  wealth o f  d i f f e r e n t  s i t u a -  

t i o n s  : exc i tons may have mass r a t i o s  u = me/mh 

ranging from 11 0 t o  1 1, a n i s o t r o p i c  e f f e c -  

t i v e  mass i s  a  commonly used concept i n  s o l i d  

s t a t e  physics,the t o t a l  angular momentum o f  the  

exc i tons may have values J = 0, d = 1, etc . .  . , 
r a i s i n g  the  p o s s i b i l i t y  o f  i n t e r e s t i n g  phases 

f o r  t h e  condensate ( e x c i t o n i c  ferromagnetism ?)  

F i n a l l y  the dynamical aspect o f  the problem 

should be mentioned . Excitons, being neu t ra l  

e n t i t i e s ,  do n o t  ca r ry  any cur ren t  i n  t h e i r  d i sp la -  

cement. However, they t r a n s p o r t  considerable i n t e r -  

na l  energy, o f  the  order of t h e  energy gap, which 

can reach several eV per p a r t i c l e .  If an exc i ton  

condensate takes place a t  # 0, i t  w i l l  corres-  

pond t o  a  superconductor w i t h  a  l o s s l e s s  t rans -  

p o r t  over la rge  distances o f  an i r b p o r t a n t  energy 

cu r ren t  /9/. 

The d e s c r i p t i o n  so f a r  i s  somewhat i d y l l i c .  

The present  s t a t e  o f  the experimental s i t u a t i o n  

shows very l i t t l e  evidence o f  quantum s t a t i s t i c s ,  

a  s ign  t h a t  ser ious d i f f i c u l t i e s  are a t  hand. i n  

f a c t ,  a  number o f  p re requ is i tes  must be met i n  

order t o  reach the  des i red exc i  ton d e n s i t i e s  ; 

as w i l l  be shown these requirements are n o t  s a t i s -  

f i e d  i n  most s tud ied inorganic  c r y s t a l s .  

A f i r s t  d i f f i c u l t y  concerns the  f i n i t e  l i f e -  

t ime o f  the p a r t i c l e s .  Clear ly ,  i n  order  t o  d e f i n e  

such concepts as temperature o r  chemical p o t e n t i a l  

o f  t h e  gas, i t  i s  necessary t o  have a  p a r t i c l e  

1  i f e t i m e  much longer than a  c h a r a c t e r i s t i c  re laxa-  

t i o n  t ime necessary t o  achieve thermodynamical 

equ i l i b r ium.  I f  a  p a i r  o f  h o t  c a r r i e r s  i s  genera- 

ted, by absorpt ion o f  a  photon w i t h  hw > E i t  
9' 

w i l l  q u i c k l y  form a  bound s t a t e  and r e l a x  down 

t o  the  lowest, n  = 1 exc i ton  band, by i n t e r a c t i o n  

w i t h  the l a t t i c e .  This r e l a x a t i o n  w i l l  occur on a  

very f a s t  timescale, o f  the  order  o f  picoseconds, 

as long  as the  excess energy o f  the p a i r  AE, w i t h  

respect  t o  the bottom o f  the  n  = 1 exc i ton  band 

exceeds hwo, the energy o f  an o p t i c a l  phonon o f  

t h e  c r y s t a l  /TO/. By contrast ,  i f  AE < boo, the 

fu r ther  r e l a x a t i o n  invo lves  i n t e r a c t i o n  w i t h  

acous t i c  phonons. Here, each s c a t t e r i n g  event 

d iss ipa tes  much less  energy, due t o  the low 

frequency o f  acous t i c  phonons f u r t h e r ;  the  



accessib le  exc i ton  dens i t y  o f  s ta tes  and the 

exc i ton-acoust ic  phonon mat r i x  element tend t o  zero 

as the exc i ton  momentum diminishes /lo'. AS a  

r e s u l t ,  the  r e l a x a t i o n  i s  much longer, i n  the 

nanosecond range. 

The measured exc i ton  l i f e t i m e s  do n o t  corres-  

pond t o  r a d i a t i v e  l i f e t i m e s  i n  most s i tua t ions ,  

b u t  are l i m i t e d  by the presence o f  res idua l  impu- 

r i t i e s ,  which a c t  as very e f f i c i e n t  recombination 

centers, l ead ing  t o  values i n  t h e  subnanosecond 

range. Even i n  very pure c rys ta ls ,  r a d i a t i v e  exc i -  

ton  recombinations a r e  expected t o  occur w i t h i n  

nanoseconds i f  the in terband o p t i c a l  t r a n s i t i o n  

i s  d ipo le  al lowed a t  K = 0, so t h a t  a  l a r g e  cate- 

gory o f  systems appears t o  be excluded from the  

s t a r t .  

The s i t u a t i o n  i s  n o t  q u i t e  so bad, if one 

considers an ensemble o f  excitons, because another 

thermal i z a t i o n  mecanism i s  ava i lab le ,  from p a r t i -  

c l e - p a r t i c l e  c o l l i s i o n s .  A  simple c l a s s i c a l  c o l l  i- 

sion  model shows t h a t  a t  dens i t i es  n  % 1017 c m ~ ~  

and T  10K a  quasi-thermodynamical e q u i l i b r i u m  

i s  reached w i t h i n  10-l1 sec, so t h a t  an e f f e c t i v e  

temperature f o r  the e l e c t r o n i c  system may be d e f i -  

ned. However the re  i s  a  p r i c e  t o  pay ; the e l e c t r o -  

n i c  system i s  on ly  weakly coupled t o  the l a t t i c e  

through i n t e r a c t i o n  w i t h  acoust ic  phonons, so t h a t  

i t  i s  n o t  poss ib le  t o  reach a r b i t r a r i l y  low exc i -  

ton  temperature by coo l ing  the c r y s t a l  i t s e t f  /11/. 

Another d i f f i c u l t y  r e l a t e s  t o  the exc i ton-  

photon i n t e r a c t i o n .  I n  f i g .  4a), the  e x c i t a t i o n  

diagram of the  n  = 1 exc i ton  i s  shown, together 

w i t h  the d ispers ion  curve o f  l i g h t  i n  the  medium. 

If a coupl ing between both systems i s  turned on, 

no l e v e l  cross ing can occur, instead the t r u e  

eigenmodes o f  the  system are  described i n  terms 

o f  mixed exciton-photon modes, c a l l e d  p o l a r i t o n s  

/lz/.The d ispers ion  curve o f  a  p o l a r i t o n  i s  shown 

i n  f i g .  4b. A t  low Ij .L wc, the p o l a r i t o n  i s  essen- 

t i a l l y  a  photon, a t  l a r g e  i t  i s  exc i ton - l i ke ,  w i t h  

an in termediate reg ion  where the e x c i t a t i o n  wave i n  

the  medium has both electromagnetic and mechanical 

p o l a r i z a t i o n  character.  Note the  presence o f  a  lon -  

g i t u d i n a l  p o l a r i z a t i o n  mode ( l o n g i t u d i n a l  exc i ton  

w i t h  a  d ipo le  moment p a r a l l e l  t o  Ij, which consequen- 

t l y  does n o t  i n t e r a c t  w i t h  a  pure ly  transverse mode- 

the  photon) ; there  i s  a  complete analogy w i t h  po la r  

o p t i c a l  phonons. 

Fig. 4 - k k - 
a )  exeiton and photon dispersion curves, i n  

absence of interaction. 

b)  with interaction ; LE = ZongitudinaZ elzi ton,  

UTP(LTP) = upper (Zowerl trunsverse poZeriton. 

The p o l a r i t o n  e f f e c t  has d r a s t i c  consequences upon 

t h e  p o s s i b i l i t y  of achiev ing BEC o f  exc i tons : as 

we f o l l o w  a  hot  exc i ton  r e l a x i n g  down i t s  k i n e t i c  

energy band, i t  wi 11 acqui re more and more photon 

character  as i t  loses k i n e t i c  energy, u n t i  1  i t  even- 

t u a l l y  leaks ou t  o f  the  c r y s t a l  i n  the form of 

r a d i a t i o n .  The c r y s t a l  does n o t  form a  conta iner  for  

the  s tored exc i ta t ion ,  the number o f  exc i tons i s  

n o t  conserved and condensation i s  n o t  poss ib le .  I t  

i s  the re fo re  e s s w t i a l  t o  consider systems i n  which 

the  coupl ing t o  the electromagnetic f i e l d  represents 
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o n l y  a small pe r tu rba t ion ,  which can be s a f e l y  

ignored . 
Other requirements r e f e r  t o  an ensemble o f  

exc i tons : 

There i s  an upper l i m i t  t o  the  dens i t y  o f  

exc i tons which can be reached, due t o  the f a c t  t h a t  

they a r e  n o t  i d e a l  Bose p a r t i c l e s ,  b u t  c o n s i s t  o f  

fermions. I f  the average d is tance between p a r t i c l e s  

becomes comparable t o  the  exc i ton  rad ius,  then a 

d i s s s o c i a t i o n  o f  the p a r t i c l e s  i n t o  t h e i r  c o n s t i t u -  

ants  i s  expected (Mot t  d i ssoc ia t ion ) ,  s ince there  

i s  no reason f o r  p r e f e r e n t i a l  p a i r i n g  o f  a  given 

e l e c t r o n  w i t h  a p a r t i c u l a r  hole. This  co l lapse  i n t o  

a two-component plasma occurs i n  t h e  dens i t y  range 

naz s 1 . It i s  usefu l  t o  compare the dens i t y  a t  

which Mot t  d i s s o c i a t i o n  occurs w i t h  the  dens i t y  f o r  

Bose-Einstein condensation. It can be expressed i n  

the fo l low ing  form /8/, which gives a measure o f  the 

dev ia t ion  from i d e a l i t y  a t  the  c r i t i c a l  dens i t y  nc : 

where 4arJC/3 i s  the  volume associated w i t h  each 

p a r t i c l e  a t  nc. 

Thus from (3)  i t  appears necessary t o  consider 

exc i  tons w i t h  as l a r g e  a b ind ing energy as poss ib le .  

F i n a l l y ,  a  l a s t  c r i t e r i o n  concerns t h e  form o f  

exc i ton-exc i ton i n t e r a c t i o n s .  I n  the  weakly i n t e r -  

a c t i n g  Bose gas model of Bogoliubov, i t  i s  assumed 

t h a t  the  p a i r  p o t e n t i a l  i s  repu ls i ve .  Otherwise t h e  

system i s  u r s t a b l e  against  the  format ion o f  new 

elementary e x c i t a t i o n s  i n  the system w i t h  a lower 

energy per  e lect ron-hole p a i r .  There i s  no general 

answer t o  the  problem o f  the exc i ton-exc i ton poten- 

t i a l .  Ins tead  the p a r t i c u l a r  band s t r u c t u r e  must be 

analysed i n  each case. There a re  p resen t l y  two w e l l  

establ ished examples o f  format ion o f  new elementary 

e x c i t a t i o n s  a t  i nc reas ing  exc i ton  dens i t i es .  One 

case i s  the  l i q u e f a c t i o n  o f  exc i tons,  f i r s t  reco- 

gnized by Keldysh/ l3/.  ~ a l c u l a t i o n s / l 4 /  /15/ show 

and experiments confirm/i6//:7/ t h a t  i t  may be 

e n e r g e t i c a l l y  favourable f o r  the system t o  separate 

i n t o  a low dens i t y  gas phase o f  excitons, coexis- 

t i n g  w i t h  reg ions o f  a  h igh  dens i t y  phase o f  a  

degenerate plasma o f  e lec t rons  and holes. This 

e f f e c t  i s  favoured by complex band s t r u c t u r e s  such 

as i n d i r e c t  gap and a n i s o t r o p i c  e f f e c t i v e  masses, 

bu t  should n o t  occur i n  the  i d e a l  c r y s t a l  o f  

f i g  1. /18/. The most re1 i a b l e  experimental evidence 

f o r  t h e  ex is tence o f  e-h drops i s  found i n  Ge, S i ,  

AgBr, Gap, SIC, a l l  i n d i r e c t  band gap s t ruc tu res .  

The second case r e f e n t o  the format ion o f  

exc i  t o n i c  molecules. I n  f i g  5., the  b ind ing  energy 

o f  a  molecule (b iexc i ton )  expressed i n  u n i t s  o f  

Rx  i s  shown i n  f u n c t i o n  of u = me/mn, the  r a t i o  o f  

masses o f  t h e  const i tuants ,  as ca lcu la ted  by a 

v a r i a t i o n a l  method i n  a two-band model/ lg/.  It 

p r e d i c t s  t h a t  molecule formation should always 

occur ; however the re  i s  s t i l l  some uncer ta in ty  

f o r  the value i n  the  l i m i t  o = 1 due t o  the  l a c k  o f  

experimental evidence of t h e  pos i t ron ium molecule. 

A b i e x c i t o n  belongs t o  the  c lass  obeying Bose- 

E i n s t e i n  s t a t i s t i c s  so t h a t  a  gas o f  these p a r t i -  

c les  may a l s o  undergo BEC. This  system i s  l e s s  

advantageous than exc i tons i n  some respects, s ince 

here the  mass i s  l a r g e r  and the  b ind ing  energy 

smal ler ,  thus inc reas ing  nc and lower ing the l i m i t  

f o r  Mot t  d i ssoc ia t ion .  On the  o ther  hand, an exc i -  

t o n i c  molecule formed w i t h  d ipo le -ac t i ve  exc i tons 

has a quadrupole moment, s o t h a t  i t  aoes n o t  s u f f e r  

the  compl icat ions due t o  the p o l a r i  ton  e f f e c t .  Also 

a h igh  dens i t y  gas o f  b iexc i tons  i n  a c r y s t a l  w i t h  

simple band gap s t r u c t u r e  i s  n o t  expected t o  form 

a d i e l e c t r i c  1  iqu id ,  because o f  the l a r g e  zero- 



p o i n t  motion o f  the  p a r t i c l e s  : app ly ing  the quan- 

tum theorem of corresponding s tates,  one f inds,  

f o r  b iexc i tons  w i t h  mass m = 4 mo and assuming an 

in te rmo lecu la r  p o t e n t i a l  s i m i l a r  t o  t h a t  o f  H2, a  

value o f  the quantum parameter much higher t h a t  

the  c r i t i c a l  one f o r  l i q u e f a c t i o n  /20/. 

Fig. 5 .  - Binding energy of excitonic molecuZe 

expressed i n  exciton Rydberg uni ts ,  i n  function of 

a = m /mh (a f ter  Akimoto and Hanamural. 

Experimental r e s u l t s  

Cu,g : It' i s  a  fo r tuna te  set  o f  circumstances 

t h a t  the c r i t e r i a  f o r  BEC o f  exc i  tons presented 

i n  the prev ious paragraph are f u l f i l l e d  i n  Cu20. 

The band s t r u c t u r e  o f  cuprous ox ide i s  schemati- 

c a l l y  shown i n  f i g .  6. 

Both bands have p o s i t i v e  p a r i t y  a t  K = 0 ( t h e  crys-  

t a l  belongs t o  the O h  group, cubic w i t h  an inver -  

s ion  cen te r  s o t h a t  p a r i t y  i s  a  good quantum number). 

The energy dependence o f  the  bands i s  parabo l i c  

w i t h  near l y  equal e f f e c t i v e  masses a = me/mh /2:/ 

and M = me+ mh = 3 mo /22/. 

As a consequence o f  the p o s i t i v e  p a r i t y  

Fig. 6 .  - Schematic b a d  structure of CuZO 

(a f t e r  FZZiott) 

o f  the  bands, the d i r e c t  o p t i c a l  c rea t ion  o f  an 

exc i ton  w i t h  S - l i k e  symmetry i s  forbidden i n  dipo- 

l e  approximation a t  4 = 0. The ye l low ser ies  s t a r -  

t i n g  w i t h  the  n = 2 term shown i n  f i g .  2  corres-  

ponds t o  the c rea t ion  of p - l i k e  excitons, a  t ran -  

s i t i o n  process weakly al lowed i n  d ipo le  approxima- 

t i o n  /4/. The n = 1 term of the  ye l low ser ies  can 

be seen, as a very weak o p t i c a l  quadrupole t r a n s i -  

t i o n ,  see f i g .  7. 

There i s  n e g l i g i b l e  p o l a r i t o n  e f f e c t  i n  t h i s  case 

due t o  the  small exciton-photon coupl ing. The crea- 

t i o n  ( o r  a n n i h i l a t i o n )  o f  a  S - l i k e  exc i ton may a lso  

occur w i t h  the cooperat ion o f  a  p a r i t y  and momentum 

conserving o p t i c a l  phonon o f  negat ive p a r i t y .  This  

process i s  the  o r i g i n  o f  t h e  two absorpt ion edges 

seen i n  f i g .  7. The low energy shoulder corresponds 

t o  the c r e a t i o n  o f  the n = 1 ye l low exc i ton  w i t h  

simultaneous absorpt ion o f  a  phonon o f  symmetry 
- 

r12 - i t  disappears a t  very low temperature where 

the  phonon populat ion i s  n e g l i g i b l e  - the  h igher  

energy shoulder corresponds t o  t h e  c rea t ion  o f  a  
- 

r12 phonon and an n = 1 exc i ton  /5/ .  
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Fig. 7 .  - Absorption spectrwn of CuZO near the 

n = 1 exciton o f  the yeZZoz~ ser ies  a t  T = 77 K.  

( a f t e r  Nik i t ine)  

The exc i ton  Rydberg deduced from the  absorp- 

t i o n  data i s  l a r g e  Rx = 0.149 eV. Applying the  

c r i t e r i o n  f o r  Mot t  d i ssoc ia t ion ,  i t  means t h a t  

dens i t i es  i n  excess o f  lo2' should be a t t a i -  

nable. Fur ther ,  the s imple band s t r u c t u r e  w i t h  on ly  

two f o l d  degeneracy o f  both valence and conduct ion 

band prevents l i q u e f a c t i o n  o f  the  exc i tons.  The 

value o = 0.73 minimizes t h e  a t t r a c t i v e  p a r t  o f  

the  exc i ton-exc i ton p o t e n t i a l .  In terband e lec t ron-  

ho le exchange i n t e r a c t i o n  leads t o  a s p l i t t i n g  o f  

the n = 1 exc i ton  s t a t e  i n t o  a t r i p l y  degenerate 

r;5 or thoexc i ton  ( a t  16403 cm-I f o r  T = 2K) and a 
+ 

lower l y i n g  paraexc i ton r2 a t  16307 cm-' cm-I /23/. 

I n c l u s i o n  o f  t h i s  e lect ron-hole exchange i n t e r a c -  

t i o n  i n  the  c a l c u l a t i o n  o f  the b ind ing  energy f o r  

t h e  molecule has been performed by Bassani e t  

Rovere and leads t o  the  conclusion t h a t  the  b iex-  

c i  t o n  i s  n o t  bound /24/. 

The l i f e t i m e  o f  the exc i tons i n  Cu20 has been 

r e c e n t l y  measured i n  h igh p u r i t y  s i n g l e  c r y s t a l s  

of na tu ra l  growth /25/. I t  was found t h a t  the 

lower l y i n g  paraerc i ton  has a long  l i f e t i m e  

T s sec. This  value s t i l l  does n o t  corres-  
P - 

pond t o  the  t r u e  r a d i a t i v e  l i f e t i m e  which should 

be i n  excess o f  seconds, b u t  i s  l i m i t e d  by non- 

r a d i a t i v e  processes. The d i r e c t  r a d i a t i v e  decay 

o f  the  paraexciton i s  forb idden t o  a l l  orders - 

i t  corresponds t o  a t r a n s i t i o n  : 

J = O -  J = O  

The o n l y  poss ib le  

luminescence channel here i s  by simultaneous 

emission o f  a r; phonon, which g ives r i s e  t o  a 

very weak emission l i n e .  

The or thoexc i ton l i f e t i m e  T~ i s  s t r o n g l y  

temperature dependent. A t  low T 2 K i t  i s  o f  

the order 30 ns. With increasing T, T, f i r s t  de- 

creases then increases t o  values i n  the vsec 

range. This  behaviour i s  explained by a tempera- 

t u r e  dependent ortho-para t r a n s f e r  r a t e  : the  

ortho-para coupl ing increases w i t h  T, thereby 

reducing the o r thoexc i ton  l i f e t i m e  i n  t h e  range 

T 20 K. I n  the regime kT ; A E  where A E  = 96cm-I 

i s  the ortho-para s p l i t t i n g  energy, thermal a c t i -  

v a t i o n  from the  paraexc i ton band leads t o  the  

observed long l i f e t i m e .  T, x sec /25/ .  

The r a d i a t i v e  recombinat ion o f  the  n = 1 

exc i tons provides a very convenient measure o f  the  

ye loc i  t y  d i s t r i b u t i o n  o f  the  p a r t i c l e s .  Indeed, 

consider the  r a d i a t i v e  decay o f  or thoexc i tons,  

which occurs predominantly through simultaneous 

emission o f  a photon and a r i2  o p t i c a l  phonon, 

the  reverse process o f  t h a t  responsib le  f o r  the 

shoulder i n  f i g .  7. 

Since the involved phonon i s  non-polar the 

exciton-phonon i n t e r a c t i o n  occurs v i a  the  deforma- 

t i o n  p o t e n t i a l  and i s  the re fo re  independent o f  the  

phonon wave vector  q. /26/. As a consequence, the  

l ineshape o f  the  recombinat ion i s  expressed i n  t h e  

f o l l o w i n g  form /27/ : 

wherep(E)  = c . E ' / ~  i s  the exc i ton  dens i t y  o f  

s ta tes,  and f ( E )  i s  the  d i s t r i b u t i o n  f u n c t i o n  



which takes the we l l  known form f o r  bosons : 

l / f ( E )  = explE - u l / kT  - 1 

where p i s  the  chemical p o t e n t i a l  of the gas. 

This law i s  very w e l l  obeyed over a l a r g e  

temperature range, a t  l e a s t  up t o  T = 120 K, i f  a 

c l a s s i c a l  Maxwell-Bol tzmann d i s t r i b u t i o n  f o r  t h e  

p a r t i c l e s  i s  in t roduced i n  formula 4 w i t h  T g iven 

by the  l a t t i c e  temperature /25/. Here the  exc i ta -  

t i o n  o f  the  system occurs through o p t i c a l  pumping 

w i t h  a cw l a s e r  o f  low i n t e n s i t y ,  tuned w i t h i n  the  

phonon-assisted absorpt ion band o f  the  n = 1 or tho-  

exc i ton s o t h a t  a  low dens i t y  o f  p a r t i c l e s  i s  pre-  

sent. I f  the  generated exc i ton  dens i t y  i s  increa-  

sed, w i t h  the  c r y s t a l  kept  a t  1.6K, by increasing 

t h e  i n p u t  i n t e n s i t y ,  a  gradual change o f  the  emis- 

s ion l ineshape i s  observed, which cannot be repro- 

duced any more by assuming c l a s s i c a l  s t a t i s t i c s , f i g .  

On the o ther  hand, by in t roduc ing  the c o r r e c t  

d i s t r i b u t i o n  func t ion  v a l i d  f o r  a  degenerate Bose 

system D. Hu l in ,  A. Mysyrowicz and C. Benoi t  ?I l a  

Guillaume f i n d  a good agreement between experiment 

and t h e o r e t i c a l  l ineshape see f i g .  8  /28/. From a 

best f i t  a t  d i f f e r e n t  e x c i t a t i o n  i n t e n s i t i e s ,  they 

e x t r a c t  values o f  u and T. A temperature increase 

o f  the  exc i ton  system i s  observed w i t h  a law 

AT = C 101/2. I t  ind ica tes  t h a t  the  exc i ton  gas i s  

heated by the  excess energy furnished t o  the sys- 

tem i n  the pumping process and does n o t  reach com- 

p l e t e  thermal equi 1 ib r ium w i t h  the l a t t i c e  dur ing  

the p a r t i c l e  l i f e t i m e  as discussed i n  paragraph 2. 

Knowing u and T i t  i s  a l s o  poss ib le  t o  deduce a 

p a r t i c l e  densi ty ,  by i n t e g r a t i o n  o f  4 ; on ly  fun-  

damental constants a re  requ i red  as w e l l  as the 

t o t a l  mass of the  p a r t i c l e ,  M = 3 mo which i s  w e l l -  

known from resonant Raman measurement /22/. A good 

agreement i s  found between d e n s i t i e s  obtained i n  

t h i s  way and those evaluated from the experimental 

condi t ions.  The dens i t y  o f  p a r t i c l e s  i s  found t o  

8 
Fig. 8.  - Lineshape of phonon-assisted decay of the 

T: exciton i n  CuZO immersed i n  He a t  1.6K. 

++ 
a )  low intensi ty  Ar cw excitation 

b )  same as a)  except for an increase of exci- 

ta t ion by factor 24. 

inse t  : pulsed dye laser excitation. 

Crossesgive a best  f i t  with MmeZZ function;circZes 

with a Bose function with p a r m e t e ~ a s  show. 

f o l l o w  a l i n e a r  law dependence upon i n p u t  l i g h t  

i n t e n s i t y  over a t l e a s t  two orders o f  magnitudes 

1016 - 1018 ~ m - ~ ,  i n d i c a t i n g  t h a t  the re  i s  no 

subs tan t ia l  increase o f  the volume o f  the  exc i ton  

gas a t  h igh  dens i t i es ,  a  f a c t  expected from p a r t i -  

c l e s  w i t h  weak i n t e r a c t i o n s .  

I n  f i g .  9 the ex t rac ted  o r thoexc i ton  densi- 

t i e s  obtained w i t h  cw and pulsed e x c i t a t i o n  i s  

shown i n  f u n c t i o n  o f  the exci ton  temperature, toge- 

the r  w i t h  the v a r i a t i o n  o f  the c r i t i c a l  dens i t y  f o r  

Bose-Einstein condensation o f  the i d e a l  gas. As can 

be seen, the  subs tan t ia l  heat ing o f  the gas makes 

i t  d i f f i c u l t  t o  reach nc. Nevertheless, a  h i g h l y  
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Fig. 9 .  - Densities o f  orthoexeitons obtained 

with d i f f e ren t  exc i ta t ion  conditions, as deduced 

from a Zineshape analysis .  The s t ra ight  Zine gives 

the eri t icaZ dens i ty  for BEC i n  t he  idea2 Bose gas. 

degenerate systen:,well described i n  the framework 

o f  the  i d e a l  Bose gas i s  obtained,with a value o f  

the chemical p o t e n t i a l  c lose t o  zero a t  T = 20K. 

There are many aspects o f  the  problem o f  quan- 

tum s t a t i s t i c s  o f  exc i tons i n  Cu20 which need f u r -  

the r  explorat ion.  I n  p a r t i c u l a r ,  t h e  quest ion 

wether i t  i s  poss ib le  t o  reach d e n s i t i e s  we l l  bey- 

ond nc requ i res  more experimental work. I n  t h i s  res-  

pect, the p r e c i s e  mechanism r e s p o n s i b l e f o r t h e t e m -  

perature increase o f  t h e  e l e c t r o n i c  system i s  impor- 

t a n t  and must be e luc ida ted  i n  d e t a i l .  

Another problem concerns the  populat ion o f  

paraexcitons which should i n  p r i n c i p l e  reach even 

h igher  dens i t i es  t h a t  those repor ted here f o r  

or thoexc i ton,  s ince  t h e  most impor tant  decay channel 

f o r  o r thoexc i ton  i s  due t o  ortho-para conversion. 

Experimental work along these l i n e s  i s  i n  progress. 

CuCl : The band s t r u c t u r e  of CuCl i s  very s i m i l a r  - 
t o  t h a t  o f  Cu20, except f o r  two features : there  i s  

no p a r i t y  assignment t o  the bands ( t h e  c r y s t a l ,  

0 k 
Fig. 10. - Schematic bmzd structure of CuCZ. 

although w i t h  cubic  s t ruc tu re ,  has no invers ion  

centre)  and the mass r a t i o  o = me/mh i s  smaller,  of 

the order 0.2 o r  less /29/. 

The l i n e a r  absorpt ion spectrum of CuCl below the  

band gap shows very s t rong  l i nes ,  corresponding t o  

the c r e a t i o n  o f  exc i tons w i t h  S - l i k e  symmetry /5/ .  

The o s c i l l a t o r  s t reng th  f o r  the t r a n s i t i o n  t o  the  

n = 1 1 i n e  i s  f % s i x  orders o f  magnitude 

h igher  than f o r  the  quadrupole l i n e  o f  Cu20 shown 

i n  f i g .  7. A d e s c r i p t i o n  o f  t h i s  resonance i n  terms 

o f  p o l a r i t o n  i s  necessary and has been successful l  i n  

exp la in ing  many o f  i t s  c h a r a c t e r i s t i c s  .Thus, the re  

i s  a t  l e a s t  one good reason t o  prevent BEC o f  exc i -  

tons here. Another reason i s  the format ion o f  exc i -  

t o n i c  molecules occur r ing  a t  h igh exc i  ton  dens i t i es ,  

which i s  favoured by t h e  heavy ho le  e f f e c t i v e  mass. 

I f  the  c r y s t a l  i s  i r r a d i a t e d  w i t h  in tense  l i g h t  of 

frequency corresponding t o  in terband t r a n s i t i o n  

above the  gap, a new emission, loca ted  below t h e  

n = 1 f r e e  exc i ton  becomes apparent, w i t h  a quadra- 

t i c  i n t e n s i t y  dependence upon i n p u t  e x c i t a t i o n .  

Th is  new emission has been a t t r i b u t e d  t o  the pre-  

sence o f  exc i  t o n i c  molecules, which decay by emit-  

t i n g  photons, r e s t i t u t i n g  f r e e  exc i tons i n  t h e  

process /30/. The decay t ime T i s  o f  t h e  order  lo-'- 

10-lo sec and the d i s s o c i a t i o n  energy o f  the mole- 



cu le  i s  B = 27 meV, a  r a t h e r  l a r g e  value compara- 

b l e  t o  the  b ind ing energy o f  exc i tons i n  many II- 

V I  compounds. There has been a  considerable amount 

o f  work devoted t o  the study o f  b iexc i tons  i n  CuC1. 

I n  p a r t i c u l a r ,  i t  i s  poss ib le  t o  observe the  

absorpt ion l i n e  corresponding t o  the  d i r e c t  crea- 

t i o n  o f  e x c i t o n i c  molecules from the  c r y s t a l  ground 

state,  v i a  a  two-photon process. As shown by 

Hanamura /31/ t h i s  should occur w i t h  a  g i a n t  cross- 

sec t ion  f o r  two reasons : f i r s t ,  because o f  the  

p rox im i ty  o f  t h e  exc i ton  t o  the energy o f  the 

i n c i d e n t  photons a c t i n g  as a  near l y  resonant i n t e r -  

mediate s t a t e  ; secondly, because o f  the  p a r t i c u l a r  

type o f  t r a n s i t i o n ,  i n  which two e lect rons,  sepa- 

ra ted  by a  d is tance o f  the order o f  the  b i e x c i t o n  
0 

rad ius  ax, 10 A a re  simultaneously promoted t o  

the  conduct ion band. This p r e d i c t i o n  has been con- 

f i rmed experimental l y  /32/, w i t h  measured cross- 

sect ions 4-5 orders o f  magnitude h igher  than t y p i -  

c a l  values f o r  al lowed two-photon in terband t ran-  

s i t i o n s  i n  semiconductors, making i t  poss ib le  t o  

ob ta in  b i e x c i t o n  dens i t i es  i n  excess o f  1019 

w i t h  i n p u t  l i g h t  i n t e n s i t i e s  i n  the  megawatt range 

/33/. 

K s O  EXCITATION 

I 1 

3.170 3.165 (ev)  
PHOTON ENERGY 

2Ko EXCITATION 

PHOTON ENERGY 

Fig. I I .  - Biexciton emission spectrum of CuCZ 

t h i n  films held a t  4K.  Le f t  curves are obtained by 

two-photon exc i ta t ion  wi th  two counterpropagating 

laser beams ; Right curves with a single beam. 

Black circles r e s u l t  from a caZcuZated lineshape 

assuming n idea2 Bose gas wi th  chemicaZ potentiaZ0 
y-0 

Fig.  11 shows t h e  subsequent molecular recom- 

b i n a t i o n  spectrum, obtained i n  t h i n  p o l y c r y s t a l -  

l i n e  f i l m s  o f  h igh  p u r i t y ,  he ld a t  T  = 4  K, w i t h  

two d i f f e r e n t  e x c i t a t i o n  geometries /34/. 

On the l e f t  o f  f i g .  11, two l a s e r  beams of 

same frequency u ( w i t h  2 &U = Exx, where 

Ex, = 2Ex - B i s  the  i n t e r n a l  energy o f  the  b i e x c i -  

ton) ,  b u t  opposite propagation d i r e c t i o n s  a re  used. 

Each beam i s  r i g h t  ( o r  l e f t )  c i r c u l a r l y  po lar ized,  

so t h a t  b i e x c i t o n  product ion by non- l inear  s e l f  

a t tenua t ion  o f  each beam alone i s  forbidden by 

s e l e c t i o n  r u l e s  ; on the o ther  hand, c r e a t i o n  o f  

a  b i e x c i t o n  by removal o f  one photon from each 

beam i s  possible, w i t h  the r e s u l t i n g  e x c i t o n i c  

molecule a t K x x  = 0  because o f  momentum conserva- 

t i o n .  

On the  r i g h t  s i d e  o f  f i g u r e  11, t h e  e x c i t a t i o n  

i s  performed w i t h  a  s i n g l e  l i n e a r l y  p o l a r i z e d  beam, 

w i t h  a  corresponding c rea t ion  o f  molecules a t  

K = 2 $ where $ i s  the  i n p u t  photon wave vec- 
-XX 

t o r .  

If the  i n p u t  l i g h t  i n t e n s i t y  i s  s u f f i c i e n t l y  

low, the  r e s u l t i n g  luminescence i s  i d e n t i c a l  i n  

both cases, (bottom curves). I t  means t h a t  the  

system has l o s t  a l l  memory o f  the  p a r t i c u l a r  exc i -  

t a t i o n  mecanism, due t o  t h e  presence o f  an e f f i -  

c i e n t  the rma l i za t ion  process /35/. The observed 

spectrum i s  r e a d i l y  explained by assuming a  c l a s s i -  

ca l  d i s t r i b u t i o n  o f  the decaying molecules i n s i d e  

t h e i r  k i n e t i c  energy band ; since the d ispers ion  

curve of the b i e x c i t o n  li2 ~ ~ ~ ~ / 2  Mxx (where 

Mxx = 2 Mx, the  exc i ton  mass) i s  h a l f  t h a t  o f  the 

exc i ton,  the l ineshape corresponds t o  an inver ted  

Maxwell -Bol tzmann func t ion ,  w i t h  a  doublet  s t ruc -  

t u r e  because the  f i n a l  s t a t e  reached i n  the t r a n s i -  

20 
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t i o n  i s  e i t h e r  a  two-fold degenerate transverse ex- 

c i t o n  (MT l i n e )  o r  a  l o n g i t u d i n a l  exc i ton  (ML l i n e )  

/36/ ; an e f f e c t i v e  temperature f o r  the p a r t i c l e s  

Teff 2 15 - 25K i s  found. I n  t h i s  temperature ran- 

ge, o n l y  a  small f r a c t i o n  o f  t h e  molecules are d i s -  

t r i b u t e d  near sxx = 0, t h a t  the  p o l a r i t o n  aspect 

o f  the f i n a l  exc i ton does n o t  a f f e c t  MT l ineshape 

s i g n i f i c a n t l y .  

The spectra observed a t  h igher  inpu t  i n t e n s i -  

t i e s  d i f f e r  considerably from the shape correspon- 

d ing t o  a  c l a s s i c a l  s t a t i s t i c a l  d i s t r i b u t i o n  o f  the  

e x c i t o n i c  molecules ; they have been i n t e r p r e t e d  

as an evidence f o r  the occurrence o f  a  Bose-Einstein 

of the  b iexc i tons,  w i t h  the condensate e i t h e r  a t  

K = 0 ( l e f t  s ide o f  f i g .  11) o r  a t  Zx = 2% -x X 

( r i g h t  s ide  o f  f i g .  11 and f i g .  13) /34/. 

I n  o rder  t o  discuss the luminescence spectrum 

expected from a condensate o f  b iexc i tons  near 

K = 0, the p o l a r i t o n  curve o f  the exc i ton reso- -xx 

nance must be examined i n  d e t a i l s  s ince i t  i s  pre-  

c i s e l y  i n  the  reg ion o f  K space where i t  shows a  

s t rong d ispers ion  t h a t  t h e  t r a n s i t i o n  w i l l  now 

terminate : i n  f a c t ,  the  decay process i s  b e t t e r  

described i n  term o f  f i s s i o n  o f  the  molecules i n  

two po la r i tons ,  w i t h  both momentum and energy con- 

se rva t ion  law ~ i r n ~ l t a n e o u ~ l y  s a t i s f i e d .  F igure 12, 

shows the  p o l a r i t o n  d ispers ion curve i n  CuC1, as 

determined experimental l y  /37/. The wavevector 

diagram corresponding t o  th ree  d i f f e r e n t  geometri- 

ca l  conf igurat ions,  w i t h  respect  t o  an i n i t i a l  b i -  

exc i ton  wavector Ex, = 2 K i s  shown i n  f i g .  12, 
-0 

Fig. 12. - Polariton dispersion of the  n = 1 

exciton i n  CuCl. Points A, B, C correspond t o  the 

f inal  s ta t e  reached i n  the  decay of a moleeule 

having i n i t i a l  momentum 2 I$ i n  a forward ( A ) ,  

backwards IBI and non-collinear ICI detect ion geo- 

me t r y .  

together  w i t h  the corresponding po in ts  on the energy 

diagram. For instance, i n  the backwards geometry 

(case B), t h e  two f i s s i o n  fragments cons is t  o f  an 

e x c i t o n - l i k e  p o l a r i t o n  w i t h  wavevector 3% and a  

photon- l ike p o l a r i t o n  - s, which i s  detected ou t -  

s i d e  the  c r y s t a l  as r a d i a t i o n  a t  a  frequency corres-  

ponding t o  the h igh  energy edge o f  the  MT band. L i k e  

wise, i n  a  forward de tec t ion  geometry (A), two equal 

photon l i k e  p o l a r i t o n s  w i t h  wavevector - KO are  

generated, which cannot be d is t ingu ished  e x t e r n a l l y  

from the incoming photons used f o r  the e x c i t a t i o n  

o f  the  system. Note t h a t  i n  the  c o l l i n e a r  de tec t ion  

geometries A  and B, the decay process c r e a t i n g  a  

photon and a  l o n g i t u d i n a l  exc i ton  i s  forbidden, 

because se lec t ion  r u l e s  d i c t a t e  t h a t  the  f i n a l  pro- 

ducts must have p a r a l l e l  d i p o l e  moments. By con t ras t  

i n  a  non c o l l i n e a r  geometry, case C, one may con- 

v ince onesel f  t h a t  a  t r a n s i t i o n  towards t h e  l o n g i t u -  



d i n a l  exc i ton  branch i s  poss ib le ,  bu t  on ly  i f  the  

external  photon has i t s  p o l a r i z a t i o n  vector  l y i n g  

i n  the  p lane con ta in ing  Kxx and &. 
S i m i l a r  considerat ions show t h a t  the  on ly  pos- 

s i b l e  r a d i a t i v e  decay channel o f  a  b iexc i ton  

K = 0 i s  by emission of two counterpr0,pagating -xx 

photon- l ike p o l a r i t o n s  (case A ' )  which again cannot 

be d is t ingu ished  e n e r g e t i c a l l y  from the  i n c i d e n t  

photons used f o r  the  e x c i t a t i o n .  

Thus, the  features observed i n  f i g .  11 and 13 

may be c o n s i s t e n t l y  expla ined by the  presence o f  

a  condensate o f  b i  exc i  tons, the r a d i a  t i ve decay o f  

which gives r i s e  t o  the  sharp l i n e  NT observed a t  

h igh  dens i t i es .  Fur ther  support f o r  t h i s  i n t e r p r e -  

t a t i o n  i s  given by the  presence o f  a  threshold f o r  

t h e  appearance o f  NT, which i s  temperature depen- 

dent  i n  the  manner shown i n  the i n s e t  o f  f i g .  13. 

However, a  model of non- in te rac t ing  p a r t i c l e s  

i s  i n s u f f i c i e n t  i n  several respects. F i r s t ,  i n  the 

i d e a l  Bose gas, condensation i s  on ly  expected t o  

occur a t  - K = 0. Also, i t  does n o t  reproduce ade- 

q u a t l y  the  luminescence spectrum obtained w i t h  

K = 0 e x c i t a t i o n  (see f i g .  11 upper l e f t ) .  The -xx 

assumption of p a r t i a l  dep le t ion  o f  the condensate 

due t o  repu ls i ve  i n t e r a c t i o n s  would lead t o  a  

b e t t e r  agreement f o r  l i n e  ML, b u t  no q u a n t i t a t i v e  

ana lys is  has been performed so far .  I n  t h i s  respect, 

Chase e t  a1 /33/ have observed a broadening of the  

b i e x c i t o n  resonance a t  h igh dens i t i es ,  which they 

a t t r i b u t e  t o  c o l l i s i o n s  amongst the p a r t i c l e s .  A 

cage model, c h a r a c t e r i s t i c  o f  a  dense, l i q u i d -  

l i k e  f l u i d ,  must be in t roduced i n  order t o  exp la in  

the  observed behaviour /33/. 

I t  i s  a  g rea t  pleasure t o  thank L.L. Chase 

G. Grynberg and D. H u l i n  f o r  innumerable discus- 

s i  ons. 

PHOTON ENERGY ( e V  

Fig. 13. - Luminescence of a high density of 

biexcitons i n  &CZ created a t  % for dif ferent 

detection geometries (see fig. 11). Inset  shows 

the  temperature threshold for appearance of narrow 

NT Zine with Zaser in tensi ty  P/Po. 
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