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The kinetics of exciton condensation in the presence of a phonon wind produced by a stationary 
phonon source that is external to the cloud of electron-hole droplets (EHD)  and excitons is 
investigated theoretically and experimentally. Equations are obtained for the exciton condensa- 
tion and for the creation and growth ofthe moving drops. These equations are solved numerically. 
The volume of the liquid and gas phases, and the density and radii of EHD in germanium, are 
measured as functions of the phonon-wind intensity and of the crystal temperature. 

INTRODUCTION 

It was found in the last few years that a large number of 
properties of an electron-hole-droplet (EHD)  system is de- 
termined by the interaction of the droplets with nonequilib- 
rium phonons-with the phonon wind.'.* Intense fluxes of 
nonequilibrium phonons are produced both inside each 
EHD as a result of nonradiative recombination of the elec- 
tron-hole pairs bound in the droplet, and in the region where 
the crystal is excited by thermalization of the nonequilibri- 
um carriers produced by the pump source. The phonons are 
absorbed by the EHD (Refs. 1-4), to which they transfer 
their quasimomentum. The resultant drag force causes the 
EHD to drift at a velocity that increases with increasing ex- 
citation level and with decreasing t e m p e r a t ~ r e . " ~ ~ ~ - "  The 
droplet motion caused by the phonon wind is responsible for 
the spatial structure of the droplet cloud"-14 and determines 
its d i m e n s i o n ~ , ~ . ~ ~ ' ~ , ~ ~ - ' ~  its position in the ~ r y s t a 1 , ~ , ~ . ~ ~ ~ ~ * ~ ~ . ~ ~  
and its kinetics 11 4-63,', 12,17-2 1 

Under typical experimental conditions the excitation 
intensity is such that the EHD are moved by the phonon 
wind out of the generation region into an unexcited part of 
the crystal. Further growth of the produced critical nuclei 
occurs therefore in the course of their motion. After reach- 
ing the steady-state size, the droplet continues to move 
through the exciton cloud,*' which it subsequently leaves. At 
the same time, new EHD continue to be nucleated in the 
exciton cloud. Thus, under stationary excitation and at suffi- 
cient intensity of the phonon wind, different generations of 
EHD constantly replace one another. 

Obviously, EHD motion must be taken into account in 
the description of exciton-condensation kinetimZ5 Conden- 
sation kinetics was considered in Refs. 26-32.3' These stud- 
ies were performed, however, prior to the observation of 
droplet dragging by nonequilibrium phonons, and this effect 
was thus not taken into account there. The results of the 
cited papers can therefore be used to explain experiments 
performed at relatively low pump levels (e.g., experiments 
subject to ), in which the effect of the 
phonon wind is insignificant. 

In the present paper we use the approach developed in 
Ref. 28 to investigate exciton-condensation kinetics under 
phonon-wind conditions. Equations are obtained for the 

condensation in the case when the phonon wind is produced 
by a source external to the exciton cloud and to the EHD. 
The calculation is performed for two situations: condensa- 
tion in a uniformly pumped semi-infinite crystal, and con- 
densation with pumping in a limited region having smooth 
boundaries. We note that the equations obtained describe 
the condensation kinetics for any droplet drift-motion 
mechanism (motion in an inhomogeneous strain field,37,38.22 
dragging by u l t r a ~ o u n d , ~ ~ ~ ~ ~  and others). 

The condensation kinetics for phonon generation by an 
external source was investigated by light-scattering and lu- 
minescence methods. We measured the dependences of the 
sizes and densities of the EHD in liquid- and gas-phase vol- 
umes on the phonon-wind intensity and on the crystal tem- 
perature. The results confirm the main conclusions of the 
theory. 

THEORY 

We consider a one-dimensional situation: we assume 
that the phonon flux is spatially uniform and directed along 
the positive x axis, while the ra teg(x)  of bulk generation of 
phonons is independent of the coordinates y and z. We con- 
fine ourselves to the steady state, i.e., we assume that all the 
quantities that enter in the problem are independent of time. 

We write first an equation for the exciton-gas density 
n (x ) ,  which we shall assume to be a sufficiently smooth 
f ~ n c t i o n . ~ '  In particular, we disregard the fact that the exci- 
ton density near each EHD is somewhat lower, i.e., we ne- 
glect exciton diffusion towards the EHD s u r f a ~ e . ~ V h i s  
equation takes the form40.28,34 

-- d2n (x) 
n(x) + g ( x ) + D 7 -  S X  (x) =0, 

't dx2 
( 1 )  

where T and D are respectively the lifetime and the diffusion 
coefficient of the excitons, S, (x )  is the rate of exciton con- 
densation into a liquid phase per unit volume of the exciton- 
droplet cloud. We have neglected in ( 1 ) the exciton drag- 
ging by the phonon wind. In this approximation, the wind 
influences the spatial distribution of the excitons only via 
s,. 

Assume that the exciton "vapor" is saturated in some 
regiona < x  < b, i.e., n ( x )  >nor ,  where nor is the thermody- 
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namic-equilibrium density of the saturated vapor and is de- 
fined by 

noT=vd(m,kT/2nti2)"esp ( -q , /kT) ,  ( 2 )  

where Y,  is the degeneracy multiplicity of the exciton 
ground state, m, is the effective mass of the exciton density 
of states, and p, is the work function of the exciton from the 
electron-hole liquid (EHL) .  The density of the nuclei hav- 
ing a critical radius 

and produced per unit time depends locally on the supersa- 
turation [n(x)/n,,] and is determined by the known 
Becker-Doring equation 

Pq 'Ii (2) J7,n;" ~ , , n  ( x )  exp { - - 
kT Inz ( n  ( x )  InoT) 

In (3)  and ( 4 ) , 8  = u/p,n,2i3, u i s  the surface-tension coef- 
ficient, n, is the EHL density, A is a dimensionless param- 
eter, V, = (kT/21rM) ' I 2  is the exciton thermal velocity, M 
is their effective mass, N,,  is the condensation-center den- 
sity, and A = (2n-/3) (2flp,/kT)2, Strictly speaking, since 
the EHL lifetime is short, Eq. ( 4 )  is valid only at not too low 
EHL temperatures ( T2 2 K)  and at  relatively high gas su- 
persaturation.".23 

Once produced, the nuclei begin to grow and are simul- 
taneously accelerated in the force field of the phonon wind. 
Since both the force exerted on the droplets by the phonon 
wind and the friction with the lattice are proportional to the 
number of particles, the nuclei are accelerated to a certain 
velocity V that is independent of their size and is determined 
by the phonon-wind intensity and by the lattice temperature. 
The velocity Vassumes its steady-state value within a rather 
short time, on the order of the E H D  momentum-relaxation 
time r,  - lo-' s (Ref. 34). We shall therefore assume that 
after they are produced the nuclei instantaneously acquire a 
specified velocity, the value of which we subject to a single 
limitation: it must be small compared with the thermal ve- 
locity of the excitons, V< V,. The last limitation simplifies 
greatly the subsequent calculations and means that the exci- 
tons are condensed on the surfaces of the moving droplets as 
if the latter were immobile. The rate of exciton condensation 
into a liquid phase is then given by 

S2 ( x )  =X ( 2 )  VT [ n  ( x )  -no,] +41snR,,3 (2) nOlB-, ( x )  , ( 5 

where Z ( x )  is the total area of the droplet surface per unit 
volume at the pointx. The second term in the right-hand side 
of (5 )  describes the decrease of the exciton density owing to 
formation of critical nuclei. We note that this term was disre- 
garded in Ref. 28. In our case, however, as will be shown 
below, the droplet motion causes redistribution of the den- 
sity, and the contribution of this term at large supersatura- 
tion can be significant. 

The droplet sizes at a point x will generally speaking 
depend on where the given droplet was produced. Let 
R (x,x') be the radius of a droplet produced at a point x '  and 
located at the considered instant of time at the point x. Tak- 

ing the foregoing into account, the equation for R (x,xl)  is of 
the form2' 

v 8 f i  ( 5 , ~ ' )  - - n ( z )  -noT I2 ( x ,  x ' )  
VT - 

ax no  TO ' ( 6 )  

where r, is the lifetime of the carriers in the EHL. (Recall 
that we are considering the steady state: aR /at = 0.)  The 
first term in the right-hand side of (6 )  describes condensa- 
tion and evaporation of the carriers from the droplet surface, 
and the second their recombination inside the droplet. Note 
that we have neglected in ( 5 )  and ( 6 )  the contribution of the 
surface energy the work function of the excitons from the 
HED.2632X Equation ( 6 )  must be supplemented by the ob- 
vious boundary condition 

R ( x ,  x )  =R,, ( X I .  ( 7  1 
Integrating (6 )  with ( 7 )  taken into account we obtain 

x-x' 
~ ( x ,  x7=exP{-,G} 

The total surface area of the droplets per unit volume, at 
the point x ,  is 

z ( x )  = 
4n I ~ ' ( x ,  x') (8Nd/8rr )  dx', x>a 

From the continuity equation it follows for our case that 

here Nd (x)  is the droplet density at the point x. 
This completes the derivation of the closed equation for 

the density of the exciton "vapor." This equation takes the 
form 

'c 

dzn ( x )  I% 
D- +g(x)---  n ( x )  4n-[n(x)-no,]!  I.-D(x') 

dxZ z V 

4n 
x RZ ( x ,  x') dx' - - noRCT3 ( x )  IB-D ( X I  =O. 

3 
(11) 

Here R(x,xl )  is an integral of n ( x )  similar to (8) ,  and the 
dependence of I, - on n ( x )  is given by Eq. (4 ) .  

Equations (4) ,  (8 ) ,  and ( 1 1 ) form a complete system 
of equations that describe exciton condensation for uniform 
drift motion of E H D  at  a given velocity. In principle, if the 
function g ( x )  is known, we can obtain from these equations 
all the basic macroscopic parameters that characterize the 
exciton-droplet cloud, viz., the distribution of the exciton 
density n ( x )  over the volume of the sample, the average den- 
sity of the carriers bound into droplets (the volume of the 
liquid phase) 

the droplet density 
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FIG. 1. Calculated spatial distributions of the ratio n/no, of the exciton 
density and saturated-vapor densities (solid curve), of the EHD density 
2Vd (dash-dot) and average radius R (dashed), and of the average liquid- 
phase-particle density n (dotted) for a semi-infinite generation region. 
The calculation was carried out for V =  loJ cm/s, g = 10" cm-" s-I, 
T,, = 4.10-' s, T = 2 K, no, = 1.92.10'' cm-' and V ,  = 3.3.10' cm/s 
(the numerical values of the remaining temperature-independent quanti- 
ties are given in the footnote of Table I ) .  

the average droplet radius 

R (x) = [3E(x) /4nn,Nd(x)] I h ,  

and also the EHD-radius distribution for each point of the 
sample. 

Before we proceed to the analysis of the solution of the 
system (41, (8  ), and ( 11) at specified excitation conditions, 
we make a few remarks of general character. I t  was shown in 
Ref. 28 that under stationary excitation the steady-state val- 
ues of the exciton density, as well as the densities and radii of 
the EHD, depend on the rate of application of the excitation, 
i.e., the exciton-droplet system preserves memory of the con- 
ditions under which the EHD were produced and grew. This 
is precisely why hysteresis phenomena can be observed near 
the EHD-formation threshold.35336333 In our case, however, 
owing to the drift of the EHD, the memory of the initial 
conditions is erased and a new stationary state sets in, in 
which the functions n ( x ) ,  E(x) ,  N, (x ) ,  and x ( x )  depend 
on the EHD drift velocity. I t  is therefore impossible to go in 
Eq. ( 11 ) to the limit of the static regime ( V = 0 ) .  I t  appears 
that the singularities observed in Refs. 42 and 43 in the exci- 
tation and absorption of EHD radiation upon application of 
the excitation are due to restructuring of the exciton-droplet 
system and its transition to a new stationary state. 

At constant drift velocity the path length of the droplets 
is directly proportional to the time, and the produced spatial 
picture is in fact a linear time scan of the condensation pro- 
cess. An interesting possibility offers itself of investigating 
experimentally the exciton-condensation kinetics (as well as 
EHD recombination kinetics),*, viz., measurements of the 
coordinate dependences of n ( x ) ,  Z(x) ,  N ,  ( x )  and ( x )  un- 
der EHD drift conditions should yield essentially the same 
data as temporal measurements of the quasistationary exci- 
tation on the leading (trailing) edge of the pulse. Further, by 
varying the drift velocity we can control the nucleation and 
growth of the EHD. 

It must also be emphasized that the drift of the EHD 

leads not only to a coordinate dependence of the droplet 
radius, but also to the onset ofa droplet distribution in size at 
each point x of the sample. This is seen directly from Eq. (6 )  
and its cause is that the EHD that are present at a given point 
x were produced at all points with coordinates x '  < x .  It ap- 
pears that the EHD size distribution observed under intense 
stationary44 and pulsed4' pumping is formed mainly as a 
result of droplet dragging by the phonon wind.,' 

We investigate now the qualitative features of the si- 
multaneous solution of Eqs. (41, (8) ,  and ( 11 ) at different 
values of the parameters g,  V, and others. We consider for 
simplicity only situations in which the diffusion term in Eq. 
( 1 1 ) can be neglected. The nondiffusion approximation can 
be used if the solution n ( x )  is a sufficiently smooth function 
over distances of the order of the exciton-diffusion length L,  
= (07) 'IZ. Satisfaction of this condition will be verified in 

each case. 
I. Homogeneous excitation. In the entire sample, which 

fills the half-space g>O, we have g ( x )  = g = const 
( g >  nOr/r, otherwise no EHL is produced and solution 
( 1 1 ) is trivial: n = g r ) .  

We note first the following important circumstance: the 
left-hand side of Eq. ( 1 1 ) depends in this case on x either via 
the combination x/V or via the function n (x ) ,  and can be 
symbolically written in the form 

F [xlv, nv (x') I =0, (15) 
where the superscript V of n ( x )  shows that the solution 
n, (x )  corresponds to a drift velocity V. Writing down ( 15) 
for the velocity a V, where a is any real number, we find that 
n,, ( a x )  = n, (x ) ,  i.e., in the no-diffusion approximation 
the distributions n ., (x ,  ) and n, (x,) that are established in 
the system at two different droplet drift velocities V, and V2 
agree to within the scale transformation x ,  = x2 V,/V,. This 
is perfectly natural, since the problem has no parameter with 
dimension of length at  g = const. I t  follows hence, in parti- 
cular, that the no-diffusion approximation holds well, at  any 
rate at high drift velocities V. 

Let us consider this question in somewhat greater de- 
tail. The largest change of the function n ( x )  occurs near the 
origin (Fig. 1 1. We shall therefore investigate its behavior in 
this region. At x = 0 the integral term in ( 11) vanishes and 
the value of the boundary plane n ( 0 )  is obtained from an 
algebraic equation that is independent of V(yo = n(0)/noT, 
yrn = gr /noT):  

At small x 4 x o  the solution ( 1 1) takes the form 

n (5) =noTyo ( I-xIxo), 

where 

For the no-diffusion approximation to be valid it is necessary 
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by the cubic equation 

FIG. 2. Calculated dependences of the relative exciton-gas density on the 
distance to the generation-region boundary (I-V= 8.10' cm/s, 2- 
V = 8.10' cm/s). The calculation was carried out at g = 1.5~10" 
cm-' - I  

9 s  and T = 3 K (the numerical values of the remaining quantities 
are given in the footnote of Table I ) .  

to satisfy the condition xO)L,. Since xO a V, this can occur, 
as already indicated, at sufficiently large V (Fig. 2 ) .  On the 
other hand, this approximation can be used at relatively 
small supersaturation of the exciton "vapor": 1 < y, 5 10. In 
this case the right hand side of ( 16) is very small, in view of 
the smallness of the exponential factor, therefore yO=y, and 

1 V In' y, 
csp  {hlln2 y,,) . ( 19 ) 

It is seen from Eq. ( 19) that x,, increases exponentially ra- 
pidly with decreasing supersaturation; in particular, at y, 
= 1 + 6, where641, we havexOa6exp(R /S2)%1. To illus- 

trate the foregoing, Table I lists the values ofyo and xo nu- 
merically calculated from Eqs. ( 16) and ( 18 ). 

We present now approximate relations for the connec- 
tion between the steady-state values ofR,  n ,  and N,  at large 
x. In this case 

n (x) =n,, dnld.r=O, dR (x, x')!dx=8R (2 ,  xl)ldx'=O 

and it follows from ( 6 )  that the equation for the droplet 
radius takes the usual form4" 

The steady-state exciton density n, is connected with the 
steady-state droplet density 

1 1 
zm3 + - Z ,  - -z,=O, 

@ CI) (21) 

with 

whose solution is 

If @zm2%l,  then 

z, =O in the opposite limiting case @z, '< 1. 
We present, finally, the results of the numerical solu- 

tion of the system ( 4 ) ,  ( 8 ) ,  and ( 1  1 ). Figure 1 shows the 
spatial distributions of the exciton-gas density, of the aver- 
age density of the carriers bound into droplets [Eq. ( 12) ], 
and the droplet density [Eq. ( 13) 1,  and average radius [Eq. 
( 14) 1 .  These relations can be qualitatively explained as fol- 
lows. Since the droplets move in the opposite direction of the 
x axis, the EHD nuclei produced in the volume of the crystal 
are located near the boundaries of the generation region 
(X = O), and leave this volume before they can absorb a no- 
ticeable number of excitons. The droplet motion into the 
interior of the excitation region is accompanied by an in- 
crease of their radius and accordingly by an increase of the 
total EHD surface defined by Eq. ( 9 ) .  This leads to an in- 
crease of the exciton flux to the surfaces of the droplets [Eq. 
( 5 )  ] and to a decrease of the exciton density with increasing 
distance from the boundary of the generation region. Owing 
to the strong dependence of the rate of formation of critical 
nuclei on the supersaturation of the exciton "vapor" [Eq. 
( 4 )  1 ,  new droplets are nucleated in a relatively narrow re- 
gion near x = 0, where the exciton density is a maximum, 
and the droplet density N ,  assumes the steady-state value 
N,, at relatively short distances from the x = 0 plane. The 
EHD produced in this region still continue to grow for some 
time as they move inside the crystal, until the exciton-gas 
density and the EHD radii reach their steady-state values 
n ,  and R, determined by Eqs. (22) and (20), respectively. 

TABLE I. Numerical values ofy,, and x,, for various excitation levels at T =  3 K and I'= 8.10' 
cm/s. 

- -- 

Note. The numerical values used for the quantities that enter in Eqs. ( 16) and ( 18) and in the 
relation L, = ( D r ) ' "  are: n,,,. = 2.04.101' cm-I, V,. = 4.05.10' cm/s, a = 2.10-4 erg/cm2, 
p,,= 2.1 meV, n,, = 2.10"cm-', M = 4.10- '9,  N,,,, = 101'cm-', r = 5.10-"sandD = 1500 
cm'/s. 

*The no-diffusion approximation is not valid: L,/x , ,  > 1. 
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FIG. 3. Stationary spatial distributions: a )  of the relative generation rate 
(gr/n,,, ) and oftheexciton-gas density_!n/n,,); b )  ofthe droplet density 
( N , ) ;  c )  of the average EHD radius ( R ) ,  and d )  of the average density 
Ti.10" c m -  of the carriers bound into drops. 1 )  V =  10' cm/s, 2 )  
V  = lo2 cm/s, 3)  V  = lo4 cm/s. 

We note that although in the transition region the EHD vary 
in size, the droplet radii become equalized, as x--r a, since 
the exciton density and the EHD radius are uniquely related 
by Eq. (20). 

It is clear from the foregoing that an increase of the 
EHD drift velocity should expand the transition region (i.e., 
the region in which the EHD are nucleated and grow). This 
is illustrated by Fig. 2. 

2. Generation region of limited size (in the z direction). If 
homogeneous excitation is effected in a region 0 < x  < b with 
abrupt boundaries, the spatial distributions of n ,  N,,  E, and 
Fi inside the generation region will be in the no-diffusion ap- 
proximation the same as in a semi-infinite region at x < b 
(Figs. 1 and 2) .  Outside the generation region (x  7 b )  the 
density of the droplets moving along the x axis will remain 
constant and equal to N, (x  = b)  practically until the dro- 
plets that decrease in size by evaporation and by recombina- 
tion of their constituent particles vanish. At the same time, 
the exciton density will differ from zero in the regionx > b on 
account of evaporation of the EHD. We shall not go here 
into details of this case, and present for the system Eqs. ( 4 ) ,  
( 8 ) ,  ( 11 ) a numerical solution that corresponds to genera- 
tion in a bounded region with smooth boundaries (Fig. 3) .  
The spatial distribution of the generation rate was calculated 
from the equation 

with g,,, = 1 . 9 ~ 1 0 - ' ~  ~ m - ~ n s - '  and a = 0.1 cm (i.e., 
a z L ,  ) .  Calculations for T = 2.5 ( V, = 3.7.10' cm/s, no, 
= 3.07.1012 cmF3, the numerical values of the remaining 
temperature-independent quantities are given in the foot- 
note of Table I and in the caption of Fig. 1 ). From a compari- 
son of the data shown in Figs. 3a and 3b it can be seen that at 
T = 2.5 K the rate of formation of EHD nuclei becomes 
appreciable when the supersaturation of the exciton "vapor" 
is n/no,  z 5 (horizontal section of curve 1 of Fig. 3a). At low 
drift velocities, the EHD and their surrounding exciton gas 
have time to enter into equilibrium, and the EHD radius is 
given by Eq. (20) with the substitution n ,  +n ( x ) .  In the 
left-hand part (x  < O )  of the excitation region, notwith- 
standing the increase of the generation rate with increasing 
x, the exciton density, and with it also the EHD radius (Fig. 
3c), stabilize on a constant level (Fig. 3a, curve 1 ), so that 
the growth of this density is restricted by the strong depen- 
dence of the rate of critical-nucleus formation5' on n/no,. In 
the region x > 0 the rate of generation decreases with increas- 
ingx, not enough excitons are produced here to maintain the 
dimensions of the entering EHD at the level corresponding 
to the center of the excitation region, and the EHD radii 
(Fig. 3c), the exciton density (Fig. 3a),  and the liquid-phase 
volume (Fig. 3d) decrease with increasing x at practically 
constant EHD density (Fig. 3b).  

Increasing the drift velocity (curves 2 and 3 of Fig. 3) 
changes the situation substantially. Just as in the case of ho- 
mogeneous generation in a semi-infinite volume, the exciton 
density near the left-side boundary of the excitation region 
increases, as does the size of the region of increased exciton- 
gas density, with increasing EHD velocity (Fig. 3a).  The 
droplets are nucleated only in this region (Fig. 3b),  and at 
sufficiently high drift velocities their growth continues prac- 
tically during the entire time of motion through the excita- 
tion region (curve 3 of Fig. 3c). It can then be seen from 
curves of Figs. 3a and 3b that no equilibrium is established 
between the EHD and the exciton gas: as the droplets move 
their radius increases despite the decrease in the exciton den- 
sity. 

EXPERIMENT 

The measurements were performed with the apparatus 
described in detail in Ref. 47. The experimental geometry is 
shown in the inset of Fig. 4. The bulk-excitation source was a 
helium-neon laser of - 10 mW power, operating at a wave- 
length 1.52 p m .  The exciting radiation was modulated at 1 
kHz and focused on the front surface of the sample into a 
spot of -200 p m  diameter. The pump pulse rise and fall 
times were z loops .  

We measured the absorption and scattering of 3.39-pm 
He-Ne laser radiation. This radiation was also focused on 
the front surface of the sample into a spot of - 300pm diam- 
eter. Exact superposition of the two spots occurred when the 
absorption signal was a maximum. 

The radiation scattered by the EHD was amplified with 
a helium-neon laser amplifier and recorded with a PbS re- 
ceiver cooled to - 100 K. The angular distribution of the 
scattered-light intensity was automatically plotted on an x-y 
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FIG. 4. EHDdensity vsreciprocal temperature, P,,, = 100mW. P/P ,,,,, 
= 0 ( O ) ,  0.3 ( O ) ,  and 1.0 (0). Inset-experimental geometry. 

recorder chart. 
Simultaneously with the scattering measurements we 

recorded the germanium recombination-radiation spec- 
trum. To observe luminescence we used a standard setup 
with a large-aperture MDR-2 monochromator. The radi- 
ation was recorded with a cooled PbS photoresistor. Just as 
in Ref. 28, we analyzed the recombination radiation emerg- 
ing through a lateral surface of the sample-the monochro- 
mator slit passed a beam 0.3 mm wide near the sample's front 
surface. 

The thermal generator of nonequilibrium phonons was 
an uncompact copper strip deposited on a lateral surface of 
the sample and continuously illuminated by a CO? laser 
(A = 10.6pm) with a maximum power P,,, z 100 mW. 

The measurements were performed on mechanically 
polished germanium samples with residual impurity density 
not higher than 10" cm-'. To exclude the light scattered by 
the boiling-helium bubbles, samples measuring 15 X 5 X 3 
mm were fused into the bottom of the cryostat's helium ves- 
sel in such a way that the working half of the sample was in a 
vacuum. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Figure 5 shows plots of the exciton ( a )  and EHD ( b )  
recombination-radiation intensity, and of the EHD density 
(c),  measured by the light-scattering method, versus the 
power P of the radiation that heated the copper strip. In 

FIG. 6 .  Temperature dependences of the exciton ( a )  and 
E H D  recombination radiation ( b )  intensities and of the 
EHDradius ( c ) .  P,,, = 100mW, P/P,,, = 0 ( 0 ) , 0 . 3  ( 0 ) ;  
1.0 (0). 

actual fact these are plots of the aforementioned quantities 
vs the EHD drift velocity, the latter being proportional the 
density of the phonon-energy flux directed from the heater 
to the excitation region and proportional to P. At P = P,,, 
= 100 mW the drift velocity was - 10' cm/s at T = 2.4 K." 

This estimate of the velocity was obtaining by measuring the 
EHD drift path.' It can be seen from Figs. 5a, 5b, 6a, and 6b 
that when the EHD drift velocity is increased the number of 
excitons in the excitation region increases, and the volume of 
the liquid phase decreases. The exciton-density change is 
larger at low temperature, whereas the average density of the 
particles bound into droplets undergo the greatest changes 
in the high-temperature region. It is interesting that, de- 
pending on the sample temperature, the EHD density can 
either increase or decrease with increasing phonon-wind in- 
tensity (Figs. 5c and 4 ) .  At the same time, the droplet radius 
always decreases with increasing EHD drift velocity (Fig. 
6c).  

We proceed now to analyze the results on the basis of 
the above condensation theory that takes into account drop- 

FIG. 5. Luminescence intensities I, of the excitons ( a )  and 
I,, of the EHD ( b ) ,  and EHD density N ,  ( c ) ,  vs the radi- 
ation power incident on a metallic strip. P,,, =. 100 mW. The 
numbers at the curves are the temperatures in K. 
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let motion through an exciton cloud. We note first that these 
results cannot be attributed to sample heating by the laser 
used to generate the phonon wind. Indeed, although the ex- 
citon-gas density and the liquid-phase volume behave when 
P i s  increased (Figs. 5a, b)  in the same manner as when the 
temperature is raised (Figs. 6a, b ) ,  the plots of the EHD 
density and radius versusp show that the relations observed 
are not connected with the heating. When P i s  increased the 
EHD radius decreases (Fig. 6c),  and the EHD density in- 
creases at low temperature (Fig. 5c),  whereas raising the 
sample temperature increases the radius (Fig. 6c) and de- 
creases the density (Fig. 4 )  of the EHD. The observed 
change of the relations between the mean densities of the 
liquid and gas phases can thus be attributed to the EHD 
motion. 

As shown above, the EHD motion produces regions of 
increased exciton density in the excited sample volume. 
These regions expand with increasing drift velocity (Figs. 1, 
2, and 3a).  The data shown in Fig. 5a are a direct confirma- 
tion of this circumstance. Since the increase of the exciton 
density is connected with the fact that the EHD motion does 
not leave the excitons enough time to condense on the drop- 
let surface, the increase of the exciton density with increase 
ofPshould be more intense at low temperatures than at high 
ones, inasmuch as almost all nonequilibrium carriers are in 
the gas phase at high temperature. 

The observed decrease of the EHD size with increasing 
P (Fig. 6c) agrees qualitatively with the calculation result 
(Fig. 6c) and is due to two circumstances. First, at suffi- 
ciently high velocities the EHD leave the exciton cloud be- 
fore they manage to grow to the size they would reach in the 
absence of motion (this is in fact the cause of the decrease of 
the EHD radius at high temperatures). Second, at low tem- 
peratures the decrease of the EHD radius is due to the in- 
creased droplet density (Fig. 5c), in analogy with the case 
when the exciting-pulse rise time is s h ~ r t e n e d . ~ '  It is inter- 
esting to note that at high velocities the E H D  radius in- 
creases practically linearly with temperature, whereas in the 
absence of EHD drift (and also at low E H D  velocities, Fig. 
6c), the droplet radius is independent of temperature in the 
high-temperature regions2' 

From the results shown in Figs. 5b, 5c, and 6c it can be 
seen that the decrease of the liquid-phase volume with in- 
crease of droplet drift velocity is due at low temperatures to 
the decreased size of the EHD, and at high velocities with 
decreases of both the radius and the density of the EHD. It 
was noted in the interpretation of the calculation results that 
at sufficiently high drift velocities there is not enough time 
for equilibrium to be established between the liquid and the 
gas in the excitation region. The experimental data (Figs. 6a 
and 6b) also point to this circumstance: when the EHD ve- 
locity is increased the temperature dependences of the exci- 
ton and EHD luminescence intensities (meaning also the 
mean particle densities in the gas and liquid) become 
weaker. 

Let us examine, finally, the behavior of the EHD den- 
sity (Figs. 5c and 4).  A stationary EHD density is estab- 
lished in the excitation region when a balance is reached 
between the number of EHD drops produced in this region 

and the number of drops that drift out of it. Assuming ap- 
proximately that the excitons and the EHD are uniformly 
distributed in the excitation region, we obtain with the aid of 
Eq. ( 10) Nd = I ,  - .b /V, where b is the width of the gener- 
ation region. At low temperatures the strong increase of the 
exciton density with increasing velocity V (Fig. 5a) leads 
according to (4 )  to a sharp increase of the rate I, -. of E H D  
nucleation, and with it to an increase of the droplet density 
(the calculated Nd are shown in Fig. 3b). At high tempera- 
tures the exciton-gas density depends little on the phonon- 
wind intensity (Fig. 5a),  and therefore Nd decreases with 
increasing drift velocity (Figs. 5c and 4 ) .  It was noted above 
that the drift-induced spatial distributions of the excitons 
and of the EHD correlate with the time dependences of n ,  
N , ,  R ,  and 5 during the establishment of the steady state 
after the excitation is turned on. For example, an increase of 
the drift velocity in experiments on the spatial dependences 
leads to the same qualitative changes of the macroscopic liq- 
uid-phase parameters ( E H D  sizes and density) as a shorten- 
ing of the rise time of the excitation pulse in experimental 
investigations of the condensation kinetics following appli- 
cation ofthe excitation. This can be seen directly by compar- 
ing our present results with the data of Ref. 28: faster turn- 
ing-on of the excitation increases substantially the droplet 
density at low temperatures, whereas in the high-tempera- 
ture region (when the supersaturation is decreased) the de- 
pendence of the density on the front rise time becomes 
weaker. 

We present no quantitative reconciliation of the experi- 
mental results with the theoretical equations since, first, we 
do not know the spatial distribution of the generation rate 
and, second, exciton diffusion and droplet dragging by the 
phonon wind can alter substantially the spatial distributions 
of the experimental quantities. The theory expounded 
above, however, provides a correct qualitative description of 
all the main features of the results, i.e., the manner in which 
the macroscopic liquid-phase parameters, averaged over the 
excitation region and the exciton-gas density depend on the 
E H D  drift velocity at various crystal temperatures. 

CONCLUSION 

We have described above the results of theoretical and 
experimental investigations of exciton-condensation kinet- 
ics under conditions when the droplets drift through an exci- 
ton cloud. The theory considered is suitable for the descrip- 
tion of the kinetics in a exciton-gas + E H D  system in 
various experiments, when the droplets acquire a one-di- 
mensional directed motion by one method or another ( E H D  
dragging by phonon wind,' non-uniform deformation of the 
 ample,^',^^ dragging by ultra~ound,~'and others). This the- 
ory can be used also for a qualitative analysis of EHD nuclea- 
tion and growth at sufficiently high stationary-excitation 
levels, when the spatial distribution of the E H D  is deter- 
mined by the dragging of the droplets by phonon wind.22 
This situation is realized under conditions of the majority of 
experiments with E H D  (except for experiments aimed at  
observing optical h y ~ t e r e s i s ~ ~ ) .  The result lead to a rather 
interesting deduction: droplet motion can be used as a time 
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scan of the condensation and recombination processes, and 
information on the kinetics of these processes can be ob- 
tained by measuring, with spatial resolution, the macroscop- 
ic parameters of the liquid phase. The results of an experi- 
mental investigation of the condensation kinetics when 
droplets are dragged by nonequilibrium phonons emitted by 
a heat generator confirm qualitatively the main deductions 
of the theory. 
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