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Abstract We descr ibe the a p p l i c a t i o n  o f  the nonequi l ibr ium s t a t i s t i c a l  
operator  (NSO) method t o  the study o f  the i r r e v e r s i b l e  thermodynamics 
and opt  i c a l  responses o f  semiconductors probed by u 1 t r a f  a s t 1 a s e  r 
spectroscopy . 

1. INTRODUCTION 

Present ly two important new problems i n  the physics o f  semi- 

conductors can be recognized: they ar.e the questions r e  1 a t e d  t o  t h e  

behaviour o f  semiconductors (a) on very shor t  s p a t i a l  and tempora  1 

scales (sub-micrometer and sub-picosecond), and, (b) on the presence 

o f  la rge e l e c t r i c  f i e l d s  o r  intense electromagnetic rad ia t i on .  Under 

these cond i t ions  the f a m i l i a r  concepts o f  semiconductor physics are  no 

longer app l icab le  and improvements i n  theory and experimentation a re  

necessary. The po ten t i a l  payof f  o f  these k ind  o f  studies i s  h igh  not  

o n l y  f o r  t h e i r  relevance t o  the  understanding and development o f  semi- 

conductor devices, bu t  a l s o  f o r  t h e i r  bear ing upon other areas o fphys-  

i cs ,  chemistry, and b io logy .  

I n  the f i r s t  case, u l t r asma l l  e l e c t r o n i c  research requires t o  

deal w i t h  s i ze- re la ted  e f f e c t s  i n  t ranspor t  and op toe lec t ron i c  proper- 

t i e s .  The new problems t h a t  a r i s e  a re  those re la ted  t o  the phys ica l ,  

chemical, and me ta l l u rg i ca l  p rope r t i es  i n  these h i g h l  y c o n s t r a i n e d  

geometrical s t ruc tures  i n  simple o r  layered semiconductors s y s t e m s .  

Further,  besides the i n t e r e s t  i n  the  reduct ion  o f  s i ze  and weight,high 

opera t iona l  speeds are  seeked. Hence, the study o f  t ranspor t  and o ther  
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tems i s  based on experiments whose i n t e r p r e t a t i o n  depends 

func t i on  theory2.  For systems s l i g h t l y  deviated from equ 

c losed expressions f o r  the response func t ions  t o  externa1 

t ranspor t  c o e f f i c i e n t s  can be obtained i n  the form o f  cor 

t i o n s  i n  equ i l i b r i um.  Th is  i s  Kubo's t r anspo r t  theory and 

nonl inear response func t  ion  theor ies  around equi 1 i brium3. 

p roper t ies  on smal ler  and smal ler  time-scales become q u i t e  re levant  and, 

f o r  t h i s  purpose, u l t r a f a s t  laser  spectroscopy (UFLS) i s  a p o w e r f u l  

t o o l .  F i n a l l y ,  f unc t i on ing  o f  semiconductor devices o f t e n  occur i n  f a r -  

-from-equi 1 ib r ium condi t i ons .  Th is  i s  case (b) , the ob jec t  o f  d iscussion 

i n  the present a r t i c l e ,  which belongs t o  the  sub jec t  o f  nonequ i l ib r ium 

s t a t i s t i c a l  mechanics and thermodynamics, a d i s c i p l i n e  whose g e n e r a l  

aspects have been discussed i n  a previous a r t i c l e l .  

The s tud ies  o f  the physical  p rope r t i es  o f  condensed matter  sys- 

on a I-esponse 

i l i b r i u r i  exact 

s t i m u l i  and 

r e l a t i o n  func- 

the  1 i near and 

For systems 

s t rong l y  departed from e q u i l i b r i u m  theory i s  no t  so w e l l  developsd as i t  

i s  f o r  systems near equ i l i b r i um.  Pump-probe experiments i n  opticc, i s  an 

instance where fa r- f rom- equ i l ib r ium s i t u a t i o n s  a r i s e .  Th is  area o f  re-  

search has shown rap id  and notab le  improvements as a r e s u l t  o f  tétchnical 

advances which a l l o w  t o  produce h igh  l eve l s  o f  photoexc i ta t ion  ir1 matter  

and t o  ob ta in  u l t r a - f a s t  t ime-resolved spectra. These e x p e r i m e n t s  a r e  

p rov id ing  a b e t t e r  understanding o f  nonequ i l ib r ium processes i n  physical, 

chemical, and b i o l o g i c a l  systems'. 

U l t r a f a s t  t ime-resolved laser  spectroscopy i s  a technique suf-  

f i c i e n t l y  r e f i n e d  today t o  be used w i t h  confidence f o r  the i nves t i ga t i on  

o f  very rap id  microscopic mechanisms i n  the b i o l o g i c a l  and  p k y s  i c a l  

realms. Picosecond and femtosecond laser  spectroscopy c o n s t i t u t e  an ex- 

tremely usefu l  experimental t oo l  t o  probe nonl inear i r r e v e r s  i b l  e p r o -  

cesses i n  matter ,  a l l ow ing  f o r  the  study o f  the  s t a t i s t i c a l  thermodyn- 

amic evo lu t i on  o f  many-part ic le systems i n  the t r i l l i o n t h  o f  second t ime 

-scale.  C lear ly ,  t h i s  ca l1  f o r  a p a r a l l e l  development o f  t h e o r i e s  ap -  

p r o p r i a t e  f o r  the treatment o f  many-body systems f a r  from equ i l i b r i um.  

Such theor ies  should make i t  poss ib le  t o  determine the d e t a i l e d  time- 

r r e v e r s i b l e  processes t h a t  take p lace i n  the  system 

This i s  a q u i t e  a t t r a c t i v e  and ac tua l  problem connec- 

i l i b r i u m  nonl inear s t a t i s t i c a l  mechanics and thermo- 

-evo lu t i on  o f  the  i 

w h i l e  i t  i s  probed. 

ted w i t h  the nonequ 
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dynamics o f  dynamic processes5. A1 so, s tud ies  i n  u l  t r a f a s t  1 a s e r  spec- 

troscopy seem t o  appropr ia te ly  f i t  w i t h  Kubo's statement t h a t  " s t a t i s t i -  

ca l  mechanics o f  nonl inear nonequ i l ib r ium phenomena i s  j u s t  i n  i t s  in -  

fancy Iandl f u r t h e r  progress can on ly  be hoped by c lose cooperat ion wi t h  

exper iment'16. 

An scheme t o  deal w i t h  response func t ions  i n  far- from-  e q u i l i b -  

rium systems can be b u i l t  on the bas is  o f  the nonequ i l ib r ium s t a t i s t i c a l  

operator  (NSO) method described i n  a  previous a r t i c l e ' ,  here to fore  re-  

fer red t o  as I .  I n  next sec t ion  we b r i e f l y  o u t l i n e  t h a t  scheme, which 

res t s  on the c a l c u l a t i o n  o f  c o r r e l a t i o n  func t ions  o f  dynamical operators 

w i t h  averages taken over the nonequi l ibr ium s t a t i s t i c a l  e n s e m b l e .  The 

ca l cu la t i ons  can a l s o  be performed i n  terms o f  appropr ia te  nonequi l ib-  

r ium thermodynamic Green func t ions .  However, because  t h e  sys tem i s  

s t rong ly  departed from equ i l i b r i um the c a l c u l a t i o n  i s  not  closed a t  t h i s  

l eve l :  the equation f o r  the response func t i on  i s  coupled t o  the se t  o f  

nonl inear t ranspor t  equafions which descr ibe the evo lu t i on  o f  the macro- 

scopic s t a t e  o f  the system. The t ime-resolved response func t i on  theory 

we ob ta in  a l lows t o  i n t e r p r e t  experimental data and der ive  informat ion 

on the nonequi l ibr ium macroscopic s t a t e  o f  the system on the t ime scale 

l i m i t e d  by the t ime- reso lu t ion  o f  the detec t ion  equipment i n  a  g iven ex- 

periment. We a l so  descr ibe the a p p l i c a t i o n  o f  the theo re t i ca l  technique 

t o  the study o f  u l t r a f a s t  re laxa t i on  processes i n  h igh l y  p h o t o e x c i  t e d  

semiconductors probed by u l t r a f a s t  laser  spectroscopy, and we summarize 

some resul  t s  . 

2. ULTRAFAST RELAXATION KINETICS IN SEMICONDUCTORS 

For systems s l i g h t l y  deviated from equ i l i b r i um exact closed ex- 

pressions f o r  t h e i r  response func t i on  t o  mechanical per turbat ions  can be 

obtained i n  the form o f  c o r r e l a t i o n  func t ions  i n  equi 1 ibr ium2.  A prac- 

t i c a l  way t o  ca l cu la te  them i s  the double-time thermodynamic Green func- 

t i o n  formalism o f  Bogoliubov and Tyabl ikov,  d e s c r i b e d  i n  a n  a l r e a d y  

c l a s s i c  paper by Zubarev 7. The ac tua l  c a l c u l a t i o n  may be d i f f  i c u l t  f o r  

the case o f  i n t e r a c t i n g  many-body systems but  i t  i s  f o rma l l y  c losed a t  

t h i s  l e v e l .  However, measurements can be performed on systems s t r o n g l y  
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d e p a r t e d  from equ i l i b r i um,  when the responses o f  the system depend on 

t h e i r  instantaneous and l oca l  nonequi l ibr ium s ta te .  Tti is i s  the case o f  

h i g h l y  exc i t ed  semiconductors when spectra obtained by means o f u l t r a f a s t  

laser  spectroscopy (UFLS) depend on the cha rac te r i s t  i cs  o f  the nonequi- 

l i b r i u m  d i s t r i b u t i o n s  o f  elementary exc i t a t i ons  dur ing  the lapse o f  ins-  

trumental t ime reso lu t i on .  

Hence, the usual response func t i on  theory needs be replaced by 

another capable t o  incorporate these features.  A na tu ra l  genera l iza t ion  

res ts  on the use o f  the usual sca t te r i ng  theory i n  con junc t ion  w i t h  the 

nonequi l ibr iurn s t a t i s t i c a l  operator  rnethod described i n  I. 

The c a l c u l a t i o n  i s  no t  d i f f i c u l t 8 ,  and f o r  an sca t te r i ng  event, 

i nvo l v ing  the  energy t rans fe r  h, the r a t e  o f  t r a n s i t i o n  p r o b a b i l i t y  a t  

t ime t i s  g iven by 

where we have assumed ad iaba t i c  a p p l i c a t i o n  o f  the pe r tu rba t i on  i n  the 

remote past  and Zuba 

condi t ions,  when p, 
( 1 )  goes over the  we 

o f  t r a n s i t i o n  probab 

R ( t )  

ev 's  NSO has been used (Cf.  I ) .  Near equ i l i b r  i um, 

t )  can be taken as the canonical d i s t r i b u t i o n ,  eq. 

1 known r e s u l t s  f o r  the temperature-dependent r a t e  

l i t y  '. R ( t )  i s  the sca t te r i ng  operator  def ined by 

where the i n t e r a c t i o n  p o t e n t i a l  between the  system and the probe i s  v ( t )  

exp(-iwt) , and a1 1 operators a re  given i n  the Heisenberg representa t ion  

o f  the unperturbed system. 

To c a l c u l a t e  the c o r r e l a t i o n  func t i on  i n  eq. ( I )  one may r e s o r t  

t o  the use o f  nonequ i l ib r ium thermodynamic retarded Green func t ionss,  

where O i s  Heavis ide's s tep  func t i on  and i1 = + o r  - stands f o r  anticom- 

mutator o r  commutator o f  operators X and B respect ive ly .  

Using the Four ie r  t ransform i n  T o f  the Green func t ions ,  eq . ( l )  

can be r e w r i t t e n  as 
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27T 
w(wl t )  = - - lm{G+(w+islt) + G-(w+islt)) , 

A 

where (s -+ +O) 

eq. (4) i s  a form o f  the  f l u c t u a t l o n - d i s s i p a t i o n  theorem i n  the f ramework 

o f  the NSO-method f o r  systems not  necessar i 1 y nea r equ i 1 i b r i um. The 

equation o f  motion f o r  the Green func t i on  G i s  

where we have introduced the  no ta t íon  

D i f f e r e n t l y  t o  the case o f  experiments performed near e q u i l i b -  

rium, the equat ion o f  m t i o n  f o r  the  Green func t i on  i s  n o t  c losed i n  

i t s e l f  bu t  i t  i s  coupled t o  the  se t  o f  non l inear  t r a n s p o r t  e q u a t  i o n s  

which descr ibe the  nonequ i l ib r ium macroscopic s t a t e  o f  the  system, i . e .  

eqs. (39) i n  1,  

Here ~ i ( t ) ,  Q z ( t )  ,.. ., Q,(t) a re  the  se t  o f  n var iab les  which d e s c r i  b e  

the macroscopic s t a t e  o f  the  system on the t ime-scale determined by the  

experimental cond i t ions .  On the  r i g h t  hand s ide  o f  eq. (8) we have the 

ser ies  expansion i n  c o l l i s i o n  operators o f  increasing order i n  the i n -  

t e r a c t i o n  strengths described i n  I. 

A l t e r n a t i v e l y  i t  i s  poss ib le  t o  w r i t e  equations o f  e v o l u t  i o n  

f o r  the  se t  o f  i n tens i ve  var iab les  ~ . ( t ) ,  j=1,2,. . .,n, thermodynamically 
J 

conjugated t o  the  Q ' s  i n  the sense o f  eqs. (36) i n  I : 
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where 

and p i s  the coarse-grained s t a t i s t i c a l  operator  (eq. (12) i n  I ) ,  S 
c9 

i s  the coarse-grained entropy operator  (eq. (13) i n  I ) ,  and P. are  the 
3 

set  o f  dynamical q u a n t i t i e s  whose average values over the  nonequi l ibr ium 

ensemble a re  the  macrovariables &j(t) (eq. ( 3 )  i n  I ) .  Thus, using eqs. 

(8) and (9) we f i nd 

d n m 

F j ( T )  = - 1 1 C:' ( t ) i i k )  ( t )  
,c!,=] k=O J Q  

The advantage o f  w r i t t i n g  equations f o r  the i n t e n s  i v e  non -  

e q u i l i b r i u m v a r i a b l e s  F j ( t )  i s  t h a t  the NSO and p depend e x p l i c i t l y  
cg 

on them and on ly  impl i c i  t l y  on macrovariables Q 2 ( t )  through the non- 

i s  the f 

ion  o r  

a re  qu 

t e r e s t i n g  physical  systems, arnong o ther  reasons, because o f  the 

b i l  i t y  i n  the choice o f  a number o f  parameters s u c h  as  F e r m i  

cl 
equi 1 ib r ium equations o f  s t a t e  [eqs. (36) i n  11. 

Let us now consider e x p l i c i t l y  the case o f  h igh  

mas i n  semiconductors (HEPS). Plasma i n  a semiconductor 

conduction e lec t rons  and/or holes generated by i l l u m i n a t  

moving i n  the p o s i t i v e  background o f  the  l a t t i c e .  There 

l y  exc i t ed  plas-  

l u i d  o f  

doping, 

i t e  i n -  

f l e x i -  

energy, 

plasma frequency, energy d ispers ion  re la t i ons ,  cyc lo t ron  frequency, d i f -  

f e ren t  types o f  c a r r i e r s  and e f f e c t i v e  masses, e t c . I 0 .  I n  t h i s  plasma 

i n  s o l i d  s t a t e  the presence oP the l a t t i c e  int roduce notable d i f f e rences  

i n  comparison w i t h  a gaseous plasma. T y p i c a l l y  i t  produces a background 
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d i e l e c t r i c  constant  o f  the order o f  10, and exc i ton  e f f e c t i v e  masses one 

ten th  the value of the f ree  e lec t ron  mass. Thus, the c h a r a c t e r i s t i c s  

u n i t s  f o r  length and energy, the Bohr rad ius  and the Rydberg, becomes 

the e x c i t o n i c  radius,  r and exc i t on i c  Rydberg, R ~ ~ ,  which are  roughly 
2% 

100 times l a r g e r  and a  hundreth t ime smal ler  than the c o r r e s p o n d i n g  

atomic u n i t s  respect ive ly .  Hence, m e t a l l i c  dens i t i es ,  i . e .  i n t e r c a r r i e r  

spacing, r measured i n  u n i t s  o f  r i n  the  range 1 t o  5 a r i ses  a t  
s' 2' 

q u i t e  access i b l e  labora tory  condi t ions f o r  concentrat  ions o f  roughly 10" 

c a r r i e r s  per cm3 
l l .  

I n  f i g .  1 we dep ic t  the s i t u a t i o n  t o  be expected i n  a  t y p i c a l  

pump-probe experiment. I t  describes a  sample cons i s t i ng  o f  a  d i r e c t -  gap 

po la r  semiconductor where a concentrat ion n o f  e lec t ron- ho le  p a i r s  i s  

generated by a  pulse of intense laser  l i g h t .  D i rec t  absorpt ion o f  one 

photon occurs i f  EuL > EG' wiiere oL i s  the l ase r  frequency and EG the 

semiconductor energy gap. E x c i t a t i o n  by means o f  non l inear  e f f e c t s  such 

as two-photon absorpt ion o r  second harmonic generation, ( EuL < EG but  

2h > E )  al lows f o r  bulk e x c i t a t i o n  w i t h  a good degree o f  homogeneity. L G 
The sample i s  i l l um ina ted  by a  second laser  (probe) o f  weak i n tens i t y ,  so 

as t o  avoid not iceab le  mod i f i ca t i on  o f  the nonequi l ibr ium s t a t e  o f  the 

system produced by the  intense pu lse  from the pumping laser ,  and an op- 

t i c a l  response i s  recorded. Measurements o f  luminescence do not  requ i re  

a l aser  probe. 

On absorpt ion o f  the  pumping laser  l i g h t  e lec t rons  rnake t ran- 

s i t i o n s  from the valence band t o  the  conduction band. These  c a r r i e r s  

(e lec t rons  and holes) w i t h  a  concentrat ion n are  i n i t i a l l y  narrowly d i s -  

t r i b u t e d  around the energy l eve l s  centered on, say, ce i n  the  conduction 
e h  band and sh i o the va l ence band, w i t h  E -E EuL (o' 2aL) . Nexf they 

are  r a p i d l y  r e d i s t r i b u t e d  i n  energy space due t o  the s t rong l o n g - r a n g e  

Coulomb i n t e r a c t i o n  among them12. 

The subsequent s t a t e  o f  t h i s  double Fermi l i q u i d  depends on the 

values o f  the concentrat ion n and i t s  instantaneous e f f e c t i v e  temperature 
* 

T (t). The l a t t e r  i s  a  measure o f  the k i n e t i c  energy o f  the c a r r i e r s ,  i .e .  
C 

a t  each t ime t the d i f f e rence  between the excess energy per p a i r  received 

from the taser pump and the energy l o s t  i n  r e l a x a t i o n  processes. Le t  us 

assume t h a t  the cond i t ions  a re  such t h a t  a  f l u i d  o f  e lec t rons  and holes 
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3- FROHLICH INTERACT ION 7-NON- R ADIATIVE RECOMBINATION 

4-DEFORMATION POTENTIAL 8-COUPLING TO PROBE AND DETECTOI? 

Fig.1 - Schernatic desc r i p t i on  o f  a pump-probe o p t i c a l  experiment per- 
formed on a semiconductor sample. The d i f f e r e n t  channels i nvo l v ing  en- 
ergy t rans fe r  a re  ind ica ted.  

i s  formed instead o f  the exc i t on  gas, i .e. t h a t  the system i s  on the  

m e t a l l i c  s i de  o f  Mott t r a n s i t i o n  (n > n (T*)). This occurs t y p i c a l l y  

1016 znd la rger13.  f o r  values o f  n o f  the  order  o f  

A HEPS has been created 

i t  i s  a p r e r e q u i s i t e  t o  def ine  a 

discussed t h i s  quest ion i n  I and 

and t o  descr ibe i t s  macroscopic s t a t e  

basis se t  o f  macrovariables. We have 

we choose a s e t  o f  var iab les  t o  which 

we have a d i r e c t  o r  i n d i r e c t  access i n  the measurement procedure res- 

t r i c t e d  by the experimental s e t  up. I n  f i g u r e  1 the  main energy re lax -  

a t i o n  channels between the  sample subsystems and between these and ex- 

terna1 reservo i  r s  ( thermostat  and pumping laser )  are indicated.  Since 

the recorded spectra i s  averaged over the f i n i t e  volume observed by the 

spectrograph there  i s  no experimental access t o  the l oca l  hydrodynamic 

p rope r t i es  o f  the  HEPS. Thus, inspect ion  o f  f i g u r e  1 suggests t l i a t  t o  
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describe the nonequilibrium thermodynamic state of the HEPS an appro- 

priate set of macrovariables is 

&i: The energy of carriers, Ec(t) = ~r{H~p&(t) 1 ,  

92: The energy of L0 phonons, ~ ~ ~ ( t )  = T ~ { H ~ ~ P ~ ( ~ )  1 ,  

Q3: The energy of TO phonons, ETO (t) = ~ r { H ~ ~ p ~ ( t )  1 ,  

&,: The energy of A (acoustic) phonons, ~ ~ ( t )  = ~r{H~p~(t)), 

Qs: The concentrat ion of electrons, n(t) = ~ r { ~ ~ p ~ ( t )  1 ,  

Q,: The concentration nf holes, n(t) = T t - 1 ~ ~  pE(t)), 

The different dynamical quantities whose average over the non- 

equilibrium ensemble define variables Q are 

P ,  : The carriers hamiltonian, Hc, 

PZ : The LO-phonons hamiltonian, HLO, 

P3 : The TO-phonons hamiltonian, HTO, 

P, : The A-phonons hami l tonian, HA, 

P,  : The number operator for electrons, Ne, 

P, : 'The number operator for holes, Nh. 

Finally the set of intensive variables thermodynamically con- 

jugated to the macrovariables above in the sence of eqs. (27) in i is 

F, : The reciprocal effective temperature of carriers, Bc(t) = l/k~z(t), 

FZ : The reciprocal effective temperature of L 0  phonons, BLO(t) = 

= l/k ~;~(t), 

FI : The reciprocal effective temperature of TO phonons, BTO(t)= 

= l/k TTO(t), 

Fi, : The reciprocal effective temperature of A phonons, BA(t)=l/k TÂ(t), 

ia1 of electrons, - Bc(t)pe(t), 
ia1 of holes, - Bc(t)uh(t). 

F 5  : The quasi-chemical potent 

F ,  : The quasi-chemical potent 
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Concentration n ( t )  and quasi-chemical potent ia1  s a re  connected, 

once the i n te rna l  thermal iza t ion  o f  c a r r i e r s  has occurred, by the re- 

l a t i o n s  

whe're 

a n d F  a reFerm i  f u n c t i o n s o f  indexha l f l ' ;  a i s e o r h .  

We r e c a l l  t h a t  eq. (11) remains v a l i d  as long as the instrumen- 

t a l  r eso lu t i on  t ime i s  l a rge r  than the re laxa t i on  t i m e  o f  c a r r  i e r s  

towards a s t a t e  o f  i n t e r n a l  thermal iza t ion ,  which i s  t y p i c a l l y  a f r ac -  

t i  on o f  ps i c o ~ e c o n d ' ~ .  

The semiconducting sample i s  an open system i n  contac t  w i t h t h e  

externa1 rese rvo i r s  composed o f  the laser  and the thermal bath. We as- 

sume t h a t  they are  idea l  reservo i rs ,  ;.e. t h e i r  macroscopic s ta tes  do 

not  change as a r e s u l t  o f  the i n te rac t i ons  w i t h  the sample. The laser  

i s  charac ter ized by the  i n t e n s i t y  and frequency o f  the r a d i a t i o n  f i e l d  

and the  thermal ba th  by a constant temperature To. Then, we w r i t e  

where P i s  the coarse-grained s t a t i s t i c a l  operator  o f  the c losed 
c,cg 

system o f  sample and reservoi  r s ,  
p ~ ,  cs 

( O )  i s  the steady- state 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 reservo i rs ,  and P (t) t h e  c o a r s e - g r a i n e d  
c g  

s t a t i s t i c a l  operator  o f  the open system under experimentation.According 

t o  the formalism o f  I , and f o r  the s e t  o f  macrovariables we have chosen 

f o r  the  desc r i p t i on  o f  the  macrostate o f  the HESP, p c g ( t )  i s  g iven by 
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The nonequilibrium thermodynamic evolution of the HEPS can now 

be obtained by solving the nonlinear transport equations ( 8 )  for the 

macrovariables or the corresponding equations (9) for the thermodynamic 

Lagrange parameters. We solve them, in the quasi-linear relaxation ap- 

proximation ( C f  . I ) ,  for s i  tuations encountered in severa1 experiments 

reported in the 1 iterature15. In the quasi-1 inear relaxation approx i -  

mation the scattering operators are cast in the form of instantaneous 

Boltzmann-like collision terms. They have the form that would be ob- 

tained using Born-approximation in perturbation theory but with the 

equilibrium distributions replaced by those characterized bythe thermo- 

dynamic parameters F a1 ready 1 isted16. The approximate nonl i near trans- 

port equations: 

where the different terms on the right hand side are the contributions 

to the rate of variation of the carrier energy due to interactions with 

the laser source, radiative recombination, and interactions with longi- 

tud i na1 -opt i cal (LO) , t ransverse-opt i cal (TO), and acoust i c (A) phonon 

fields, respectively. The five terms are 

In above equations a = e or h, y = LO, TO, or A, 
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and the  m a t r i x  elements are 

where we have used the  RPA d i e l e c t r i c  f unc t i on  

The t ime dependence o f  the d i e l e c t r i c  f unc t i on  i s  a r e s u l t  o f  i t s  de- 

pendente on the  instantaneous macroscopic s t a t e  o f  the çystem. EG i s  

the forbidden energy gap, E. and Em the s t a t i c  and h igh  frequency d i -  

e l e c t r i c  constants, WLO the d ispers ion less  frequency of L0 phonons, 
e h - and V the a c t i v e  volume o f  the sample. Ek = EG + ( E 2 k 2 / 2 m e ) ,  

Ek - 
= h2 k 2 / 2 m h  are  the energy d ispers ion  r e l a t i o n s  f o r  e l e c t r o n s  and 

holes w i t h  e f f e c t i v e  masses me and mh respect ive ly .  

Moreover , 

where P i s  the dens i ty  o f  the ma te r i a l ,  s the speed o f  sound, a Debye 

model was used t o  dercr ibe  the A phonons (then 2 = sq) , wm i r the 
4 

d ispers ion less  frequency o f  TO phonons, and E the strengt:hs o f  
Yla 
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the deformation p o t e n t i a l  i n te rac t i ons .  

The r a t e  o f  c a r r i e r s  energy v a r i a t i o n  due t o  i n  

a  laser  source o f  frequency wL and f l ux  i n t e n s i  t y  I L ( t )  

w r i t t e n  i n  the form 

t e r a c t i o n  w i t h  

, eq. (16a), i s  

where ai and a:! are  the absorp t ion  c o e f f i c i e n t s  o f  one and two photons 

respect ive ly ;  fiL i n  eq. (16a) i s  wL o r  2uL f o r  the two cases (20a) and 

(20b), and 8 i s  the  corresponding m a t r i x  element. I n  the ca l cu la t i ons  

we use the experimental values o f  the absorpt ion c o e f f i c i e n t s .  F i n a l l y ,  

and f are  Fermi d i s t r i b u t i o n s  w i t h  energies E e s h  = (mx/me,h)(hfEG) 
- 1  - 1  - 1  

where mx = me + mh , and f o r  temperature Tz ( t )  and chernical po ten t i a l s  

V, ( t )  and Vh( t ) .  

We a l s o  have 

i s  the r a t e  o f  energy t rans fe r  o f  L0 t o  A  phonons due t o  anharmonic 

processes: r i s  a  phenomenological r e laxa t i on  f i me, and vL0 ( t , 5 )  = 

= {exp[8,(t)ho"_0] - I } - ' .  
4 

For the r a t e  o f  v a r i a t i o n  o f  energy o f  TO andA phononswef ind 
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where B re fe rs  t o  the thermal bath a t  temperature To. Eq.(26) accounts 

f o r  heat d i f f u s i o n  from the A-phonon system t o  the thermal bath, and we 

have introduced i n  i t  a phenomenological re laxa t i on  t ime f o r  heat d i f -  

f us ion  which depends on the d i f f u s i o n  c o e f f i c i e n t  and the dirnen,ãions o f  

the surface o f  the a c t i v e  volume o f  the  sample, and i t  should ba e s t i -  

mated f o r  each case when performing s p e c i f i c  numerical calculations.The 

o ther  phenomenological re laxa t i on  times, T L0 ,A 
and T TO ,A' 

can be evalu- 

ated from l ine-wid ths  o f  Raman l i nes .  

The r a t e  o f  change o f  the c a r r i e r s  dens i ty  í s  

d d 

where 

To ob ta in  the i,ntensive nonequi l ibr ium thermodynarnic parameters P., eqs. 
3 

(15), (21), (23), (25) and (27) must be complemented w i t h  eq. (111, and 
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d - E ( t )  = - (H .H t )JA dt A A' A 

d C1 0.. - n ( t )  = - ( N ~ ; C ~ ~ ) B ~  + (N ;N 1t)(ii,BC) , dt 
(29e) 

where we have introduced the c o r r e l a t i o n  m a t r i x  ~ ( t )  w i t h  elements 

(H~ ;C  1 t) = 1 (E:) P ( t )  [ i -$( t )J 
75 

(30a) 

.l: k 

and a l l  cross c o r r e l a t i c n  func t ions  o ther  than (30f )  are n u l l .  

We apply next these resu! ts t o  the case o f  GaAs samples rece iv -  

ing a laser  pulse w i t h  a gaussian t i m e- p r o f i l e  o f  length tL, peak f l u x  

i n t e n s i t y  IL and frequency uL. The system o f  equations f o r  the f i v e  

thermodynamic var iab les ,  
'c' 'LO' 'TO' eA, and n, given by eqs. (29) 

together w i  t h  equatíons (15) , (21) , (23) , (25), and (27) are  solveti  com- 

p u t a t i o n a l l y .  This can be done once i n i t i a l  cond i t ions  a re  ae f i ned .F i r s t  

we choose an i n i t i a l  time, t = to, taken such tha t  the laser  i l l u m i -  

na t i on  has produced a concentrat ion o f  c a r r i e r s  o f  roughly 5 x 1 0 ' ~  p a i r s  

per cubic cent imeter,  thus ensur ing tha t  the system i s  on the m e t a l i i c  

s i de  o f  Mott t r a n s i t i o n .  The i n i t i a l  value o f  the e f f e c t i v e  temperature 

of A phonons i s  taken equal t o  the bath ternperature s ince t rançference 
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o f  energy from the overheated c a r r i e r s  and o p t i c a l  phonons begins t o  be 

re levant  i n  the scale o f  tens o f  picosecond t o  nanosecond. To presentno 

experiment has been performed g i v i n g  the i n i t i a l  values o f  thc e f f ec -  

t i v e  temperatures i n  the e a r l y  stages of t h e  r e l a x a t i o n  p r o c e s s e s .  

Therefore we have proceeded making a rough es t imat ive  o f  the number o f  

o p t i c a l  phonons fLo and fTO produced by c o l l i s i o n  w i t h  c a r r i e r s  up t o  

the i n i t i a l  time to. Next TC(t,) i s  def ined by 

where on the l e f t  s i de  we wrote the average c l a s s i c  thermal energy per 

e lec t ron- ho le  p a i r ,  and on the r i g h t  s i de  we wrote the  d i f f e rence  be- 

tween the  energy pumped by the l ase r  and the energy l o s t  t o  the o p t i c a l  

-phonon system. T1;*O,TO(tO) f o l l ow  from the r e l a t i o n  

v (T* ( t o ) )  - vequi1
'  

LO,TO LO,TO LO ,TO = ~ L O  ,TO n(to) 'cei I 

which i s  the number o f  L0  o r  TO phonons i n  excess o f  e q u i l i b r i u r r i a t t = t o .  

The value o f  n(t,) i s  g iven by 

where TL i s  the in tegra ted f l u x  i n t e n s i t y  o f  the Gaussian pu lse  up t o  to. 

The values o f  the parameters and o f  the i n i t i a l  cond i t ions  used 

i n  the c a l c u l a t i o n  f o r  two d i f f e r e n t  cases, a re  given i n  t ab le  1. 

The two cases roughly correspond t o  the experimental cond i t ions  

of the  experiments o f  references (15 a and b) respect ive l  y. I n  f i gu res  

2 and 3 we show the evo lu t i on  o f  the e f f e c t i v e  temperatures o f  t i i r r i e r s ,  

and L0 and TO phonons. Figures 4 and 5 show the evo lu t i on  o f  the quasi- 

-chemical p o t e n t i a l s  f o r  e lec t rons .and f o r  holes. The zero i n  the scale 

of t ime ind ica tes  the t ime a t  which the pulse i n t e n s i t y  i s  e-' the peak 

value. 

Inspect ion o f  these curves and o f  the values o f  the ra ies  o f  

r e l a x a t i o n  energies between subsystems (not  shown here) lead us t o  sum- 

marize the behaviour o f  h igh l y  photoexci ted semiconductors as fo l l ows :  
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Table 1 - l n i t i a l  Condi t ions and Parameters Used i n  the Numerical Cal- 

cu la t i ons  

Case 1 Case 2 

1 .  Phere occurs a very rap id  decrease o f  the c a r r i e r s  e f f e c t i v e  tempera- 

t u r e  u c t i l  i t  nea r l y  equals the e f f e c t i v e  temperature o f  the o p t i c a l  

phonons . 
2. At  intermedi+te t o  h igh  reservo is  temperatures ( T ~  S 77'~) the e f -  

f e c t i v e  temperature o f  the o p t i c a i  phonons i n c r e a s e s  on 1 y s i  i g h t l y  

above To. At low temperatures (To $ 2 0 ' ~ )  TLo and TTo increase r a p i d l y  

from the equ i l  ib r ium value To. 

3. A f t e r  roughly f i v e  picoseconds the LO-phonons, TO-phonons and car-  

r i e r s  systems are nea r l y  mutua l ly  thermalized. From then on the th ree 

subsystems proceed t o  f ina1 thermal equ i i i b r i um w i t h  the thermal bath 
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TIME ( P S )  

Fig.4 - Time-evolution of the quasi-chemical potentials in 
case 1 .  

F i y . 5  - Time-evolution of the quasi- 
-chemical potentials in Case 2 .  
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at a much slower pace, governed by the mechanism described in S below 

together with heat diffusion. 

4. The rate of energy relaxation of carriers to the optical-phonon sys- 
tem is, during and immediately after the application of the laser pulse, 

roughly a factor 100 larger than the rate of relaxation to A phonons, 

5. The rate of energy transfer from optical phonons to A phonons via 

anharmonic interaction is roughly one order of magnitude greater than 

the one resulting from collisions of carriers and A phonons. Thus,this 

mechanism ís the relevant one to lead the system towards final equilib- 

,rium in a nanosecond time scale. 

6. The acoustic-phonons effective temperature remains practícally equal 

to the thermal bath temperature. The A,phonons are slightly heated in 

case 1 when the excitation of the laser l ight i s high (providing an ex- 

cess of 2.5 eV per electron-hole pair). 

7. ' ~ h e  curves for the quas i-chemical potent ia l s show the expected be- 

haviour: they begin with values characteristic of a classical systemand 

then, as Tz decreases tend to the expected quantum values for given n. 

8. The long near plateaux ín the graph of T* vs t experimentally ob- 
C 

served can then be adscribed to the interplay of the effects described 

in 3 and 5. 
These conclusíons apply to any polar direct-gap semiconductors 

under excitations of picosecond duration and energy t ransfer of the 

order of up to a few joules per cubic centimeter. Optical saturation 

does not allow to pump larger amounts of energy to obtain carrier con- 

centrations above roughly carriers/cm3. This situation is altered 

in the case of indirect-gap semiconductors, e.g. Si, Ge, when carrier 
- 3 

concentration of 102' cm and up can result. Then l aser-anneal i ng 

processes are possible and an intense heating of the whole latt ice 

occurs17. This may also be the case in polar direct-gap semiconductors 

under continuous i 1 lumination or under the action of long pulses (nano- 

second duration). In such conditions the steady-state ef fect i ve tem- 

perature of A phonons increases smoothly with increasing laser power, 

but a pronounced enhancement is expected near a critica1 value of the 

intensity of the laser radiation leading the system to mel t ing con- 

dit ions18. 
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I t i s  wor th  mentioning t h a t  i t  has been suggested the p o s s i -  

b i l  i t y  t ha t  a k i n d  o f  condensation phenomena may t a k e  p l a c e  b e f o r e  

mel t i ng19 .  Such t ransformat ion o f  the excess energy i n t o  an ordered  

structure may occur i n  fa r- f rom- equ i l ib r ium cond i t ions  governed by non- 

1 inear t ranspor t  equat ions l i ke eqs. (29) . A few theoret  i c a l  examples o f  

these k i n d  i n  semiconductor physics are found i n  the l i t e r a t u r e :  forma- 

t ion  o f  super l a t t  ice20a, Bose-l i ke condensat ion  o f  L0 phonons20b, Bose- 
20d - 1  i ke  condensation o f  exci  tons20c, and s p a t i a l  o rder ing  i n  HEPS . At 

t h i s  p o i n t  the method o f  I makes contact  w i t h  Pr igog inei s  c o n c e p t  o f  

d i s s i p a t i v e  s t ruc tu res  i n  far- from-equi l  ib r ium ~ ~ s t e m s ~ ~ .  

I n  conclusion we may say t h a t  techniques o f  u l  t r a f a s t  l a s e r  

l i g h t  spectroscopy i n  con junc t ion  w i t h  s t a t i s t i c a l  mechanics me thods ,  

which y i e l d  nont inear t ranspor t  equations fo r  the desc r i p t i on  c i f  t h e  

k i n e t i c  and re laxa t i on  processes i n  nonequi l ibr ium phys  i c a l  sy!;tems, 

provide a powerful to01 f o r  the study o f  picosecond responses i n  semi- 

conductor systems. 

The si tuat ion a t  present caZZs for add-itionat concerted exper- 

imental and theoretical work t o  obtain a more general and comprehensiva 

picture of the behaviour o f  semiconductor systems dwring ul t ra-nshor t  

time interuaks. For t h a t  purpose i t  would be o f  i n t e r e s t  t o  h a v e  

measurements o f  o p t i c a l  and t ranspor t  p roper t ies  o f  semiconductors under 

a v a r i e t y  o f  experimental s i t ua t i ons .  

F i n a l l y  we comment t h a t  UFLS w i t h  a companion t h e o r e t i c a l  non- 

l i n e a r  nonequ i l ib r ium s t a t i s t i c a l  thermodynamics can apply t o  a wide 

range o f  problems i n  Physícs, Chemistry and B i o l o g y .  The k i n d  o f  stud- 

ies  we have described here a re  q u i t e  worthwhi le t o  pursue because they 

prov ide  a manegeable problem w i t h  e a s i l y  r e p e t i t i v e  experimental con-  

d i t i o n s  and, thus, can be used t o  t e s t  techniques and procedures useful 

f o r  the  study o f  dynamical systems a t  a more complex l eve l ,  e.g. b io -  

l o g i c a l  systems. 
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Resumo 

E descr i  t a  a ap l  icação do método do operador e s t a t í s t i c o  de não 
- e q u i l í b r i o  ao estudo da termodinâmica i r r e v e r s í v e l  e as respostas Ópti- 
cas de semi condutores polares de gap d i r e t o  em experimentos de espectros- 
copia l ase r  u l t r a- ráp ida .  


