
The observed microwave cenductivity signals show 
that the former is true in our samples, i. e., it is 
more likely that carriers are captured by defects and 
impurities. 

4. CONCLUSIONS 

The breakdown of excitons in an hf electric field was 
observed and .investigated. A high-sensitivity method 
used to detect free carriers resulting from the break
down to excitons (a microwave spectrometer was used) 
made it possible to study the kinetics of excitQns at 
temperatures down to 1.3 oK. The experimental re
sults, demonstrating constancy of the exciton concen
tration for a relatively long time interval, were ex
plained by a theory allowing for the existence of the 
liquid exciton phase in germanium (electron-hole drops). 
This model was confirmed by the observation that the 
position of the breakdown threshold minimum on the 
time axis was independent of the frequency of the 
breakdown field. The exponential decay of the free 
carrier density in the absence of exciton breakdown 
was attributed to the Auger recombination of carriers 
in electron-hole drops. 

The authors are grateful to A. M. Prokhorov and 
L. V. Keldysh for their valuable advice. 
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Dragging of excitons by nonequilibrium short-wave phonons is studied theoretically. It is shown that in 
multivalley semiconductors with degenerate valence bands (such as Ge or Si) the cross section for 
scattering of short-wave phonons by indirect excitons may exceed by several orders of magnitUde the 
scattering cross section calculated for the case of isotropic and nondegenerate bands. The kinetics of 
electron-hole drop (EHD) growth is also considered with allowance for the diffusion of excitons to the 
drop surface and dragging of the excitons by the phonon wind. By invoking the dragging effect one can 
explain a number of experiments in which the EHD "diffusion" coefficient is measured: moreover, the 
dragging effect may restrict the growth of the EHD. Results are presented of experimental observation of 
EHD motion induced by the phonon wind. 

PACS numbers: 71.80.+j 

Despite the appreciable progress in the understanding 
of the properties of electron-hole drops (EHD), [1-3] 

many facts connected with the kinetics of drop forma
tion and growth and with the spatial distribution and mo
tion remain unclear. These include experiments aimed 
at determining the coefficient of EHD "diffusion''[2.4-7l 
and the limitation of the EHD radius at temperatures 
close to threshold. [8,9] The EHD diffusion coefficient 

was measured by different workers, [2.4-7.9-12] but there 
are colossal discrepancies (six orders of magnitude) 
between the results of different measurements. In 
most studies the diffusion coefficient was determined 
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by measuring the dimensions of the region occupied by 
the EHD. In[2.4.7\ where a relatively low excitation in
tenSity was used, a value D < 1 cm2/sec was obtained 
for the diffusion coefficient. A value D '" 150 is cited 
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in[5] and values and 25-500 cm2/sec are cited in[6], de
pending on the experimental conditions, with an increase 
of D observed with increasing excitation level, while 
inC11] it is shown that when the excitation level is raised 
from 14 to 600 mW the 't1iffusion" coefficient increases 
from 0.8 to 80 cm2/sec. The EHD diffusion coefficient 
was estimated from experiments on the motion of the 
EHD in a uniform deformation field, [9.10]; in these experi
ments they measured directly the EHD momentum re
laxation time. The obtained EHD diffusion coefficient 
was D '" 10-4_10-3 cm2/sec, depending on the EHD radius 
assumed in the estimate. Since the dimensions of the 
EHD are sufficiently well known from light-scattering 
experiments, [2,3,8,9,12] it can be assumed that this value 
is not far from the true one. An estimate of the diffu
sion coefficients from mobility measurements in ex
periments aimed at determining the EHD charge yields 
approximately the same value. [11,12] 

ThUS, experiments on the motion of EHD[9,10] are ap
parently the most direct way of measuring the diffusion 
coefficients. The results of experiments in which the 
size of the region occupied by the EHD was mea
sured[2,4-7,ll,12] suggest that some EHD drift mech
anism exists in which the drift velocity increases with 
increasing excitation intensity. This assumption is 
confirmed by results of studies[13,14] that have demon
strated that the region occupied by the EHD is spherical 
and has a sharp edge-a fact difficult to explain from 
the point of view of EHD diffusion. It was suggested 
in[ll·12. 15. 16] that the EHD are dragged by excitons in the 
presence of an exciton density gradient. Estimates 
show, however, that this effect should be very small, 
especially at low temperatures, when the exciton den
sity is negligible, whereas experiment yields a contrary 
result. [6.17] Dragging of EHD in an electric field by a 
current of free electrons and holes was considered 
inU8]. However, the measurements cited above were 
performed in the absence of an electric field, and fur
thermore the estimates made inU8] are not sufficiently 
well founded, since the concentration of the free carriers 
is usually much less than is assumed in that paper. 

We consider in the present paper the dragging of ex
citons and of EHD by the phonon wind. The generation 
and recombination of the non-equilibrium carriers are 
accompanied by dissipation of energy, which goes main
ly to the phonons, so that intense currents of nonequi
librium exist in the system and can drag the excitons 
and the EHD, acting by the same token on their spatial 
distributions. These currents flow both from the re
gion where the carriers are generated, on account of 
their thermalization, and directly from each EHD, on 
account of the energy released in the nonradiative re
combination channels. We note that in this case we are 
dealing mainly with short-wave acoustic phonons, which 
are generated mainly by thermalization and by nonradi
ative recombination, and have sufficiently large life
times, while the optical phonons decay very rapidly into 
acoustic ones. We shall consider below the process of 
exciton dragging by short-wave phonons and shall show 
that in semiconductors such as Ge and Si, owing to the 
peculiarities of their band structure, the cross section 
for the scattering of such phonons by indirect excitons 
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is larger by several orders of magnitude than the scat
tering cross section calculated for nondegenerate iso
tropic bands. No rigorous analysis was made for EHD, 
but owing to the large relaxation time of the EHD mo
mentum[9010] we can expect the drop-dragging effect to 
be more appreciable. Results of an experimental ob
servation of EHD motion under the influence of phonon 
wind will be presented. 

The phonon-wind assumption helps explain the results 
of experiments on the spatial distribution of EHD[2.4-7 .n-a] 
and makes it possible to understand the mechanism 
that moves the drops to the p-n junction in measure
ments of current pulses. [5015.19-21] In addition, the pho
non wind, propagating from each ERD and dragging ex
citons with it, may be the cause of the limitation, ob
served in[8.9.17l, of the growth of the ERD radius. 

THEORY 

We consider the dragging of excitons by a current of 
nonequilibrium phonons flowing from a region where 
nonequilibrium carriers are generated by an external 
excitation source. As these phonons collide with the ex
citons and are absorbed or scattered by them, they 
drag the excitons with them. The force exerted by this 
"phonon wind" on the exciton can be determined in 
terms of the average momentum transferred to each ex
citon by the phonons per unit time: 

f=dp/dt. 

By virtue of the energy and momentum conservation 
laws and with allowance for the fact that the velocity 
of sound s is much less than the thermal velocity of 

(1) 

the excitons vT , the momentum transferred to the ex
citon in each collision should be of the order of the ther
mal momentum of the exciton p T = (2Mk T)1/2, even though 
the average quasimomentum of the phonon is I Ilk I »PT 
(here M is the effective mass of the exciton). Introduc
ing a certain average effective cross section a for the 
scattering of an exciton by a nonequilibrium phonon 
(a detailed calculation and an estimate of a are given 
below, formula (20)), and denoting the phonon flux den
sity by w, we obtain 

(2) 

where nw is the average energy of these phonons. 

Let, for example, the nonequilibrium carriers be 
generated on a flat sample surface (with linear dimen
sions »LD=(DT)1/2, where LD is the exciton free dif
fusion length, D is their diffusion coefficient, and T is 
their lifetime) in a narrow surface layer of thickness 
«L D. Then, in order to find the distribution of the ex
citons n(x) over the sample thickness it is necessary to 

. solve the continuity equation with boundary conditions 
n(x) = 0 as x- 00 and n(x) = n(O) at x= O. In the stationary 
case this equation takes the form 

divS+n(x) /T = 0, (3) 

where the expression for the exciton flux density, with 
account taken of both the diffusion and the directional 
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drift cif the excitons under the influence of the force f, 
can be written in the form 

here D/kT is the exciton mobility and i is a unit vector 
along the x axis. The solution of Eq. (3) is 

n(x)~n(O) exp{-xILefr}, (5) 

where 

Leff ~LDI {[ 1+ (fL D/2kT)'J"'-fLD/2kT}. (6) 

Expression (5) differs from the usual solution of the dif
fusion equation in that LD is replaced by Left, the latter 
being dependent on the phonon flux density. At jL D/k T 
» 1 ( a condition apparently satisfied in Ge at w» 10-2 

W/cm2, in view of the estimates given above) we have 
L.ff"'fLVkT- w. 

The relation Leu- w, however, is not universal but is 
determined by the geometry of the excited region. Thus, 
if the radiation is focused into a narrow strip (of width 
«L D and length L »LD ), then the phonon flux density, 
and with it also the forcej=pruW/rrrL;lw, decreases 
with increasing distance from the excited region, and 
the spatial distribution of the excitons takes the form 

(7) 

where r is the dis tance from the excited strip, W is the 
total energy carried away by the nonequilibrium pho
nons per unit time, and y=jr/kT=PruW/rrLnwkT and 
Kv(r/LD) is the known Macdonald function. At v$l, the 
distribution (7) differs little from the usual distribution 
that does not take into account the phonon dragging by 
the excitons, and has a width - L D' At v» 1 we have in 
the region r< VLE 

n (r) ,""const·exp[ -r'/2vLD'], (8) 

i. e., 

Similarly, when the exciting radiation is focused into 
a spot of diameter «LD , the decrease of the concen
tration with increasing distance, a sufficiently large 
phonon-flux power 

W:;P4nkThwLDI pra (9) 

follows the law 

nCr) "'const·exp[ - (rl L eff ) '], (10) 

where 

It is seen from these expressions that at sufficiently 
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high excitation levels the volume of the excited region 
always increases in proportion to W, and therefore, 
regardless of the geometry of the excited region, there 
is a certain maximum exciton density nm that can be at
tained under conditions of stationary but not volume 
excitation. 

We proceed now to calculated u. There can be two 
mechanisms of momentum transfer from the nonequi
librium phonons to the excitons: phonon absorption and 
phonon scattering by excitons. The cross section, 
averaged over the Maxwellian distribution, for the ab
sorption of an acoustic phonon of frequency w is 

_ d' {(ltro-2MS')'} a ro ~---ex -
abs () 2ltps'vr p 8Ms'kT ' 

(11) 

where d is the deformation potential and p is the den
sity of the crystal. Thus, only phonons with energy 
nw$ 23/2(Ms2kT)1/2 are effectively absorbed. If we as
sume that the nonequilibrium phonons are sufficiently 
rapidly thermalized (within a time «L D / s - 10-7 sec), 
then at low temperatures kT'i> 8Ms2 the absorption cross 
section (11) reaches values -10-14 cm2 and the dragging 
effect becomes noticeable starting with fluxes w-1O-2 

W/cm2. This assumption, however, is hardly justified 
at low temperatures. During the course of thermaliza
tion of nonequilibrium electrons and holes, the phonons 
produced in the main are optical and short-wave acous
tic with energies nw~ 10 meV. The optical longitudinal 
acoustic phonons seem to decay rapidly into softer 
transverse acoustic phonons, but further energy relaxa
tion is already greatly hindered by the energy and 
quasimomentum conservation laws. Indeed, there are 
many experiments[22.231 that show that at low tempera
tures there exists in germanium a ballistic (collision
less) regime of propagation of strongly nonequilibrium 
(nw» kT) phonons over distances1> -1 cm. It is there
for more legitimate to assume that w is of the order of 
the limiting frequency of the transverse acoustic pho
nons. By virtue of (11), however, such phonons are not 
absorbed at all by the excitons, and can only be scat
tered by them. 

Phonon scattering is a two-phonon process and its 
cross section, at first glance, should be rather small 
in comparison with the cross section (11) for single
phonon scattering. Indeed, if we use for the description 
of the electron-phonon interaction the usual linear-in
strain Hamiltonian 

(12) 

(c is the relative strain), then in second-order pertur
bation theory we obtain phonon-scattering cross section 
values u.c-d4~Pr/(ps1l1kl)2s-(10-18_10-19) cm2; these 
values are too small to make the dragging effect notice
able. 

In crystals of the germanium and silicon type, how
ever, which have a multivalley conduction band and a 
degenerate valence band, there is a specific feature 
that increases the cross section for the scattering of 
phonons by indirect excitons by several orders of mag
nitude. The point is that the ground level of the exciton 
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in such a crystal is split into two closely lying lev
els. [24.25] The physical cause of this splitting can be 
explained very roughly in the following manner: the 
electric field produced by the electron entering the ex
citon and belonging to some definite valley of the con
duction band is anisotropic, by virtue of the anisotropy 
of the effective masses of the electron. It therefore 
lowers locally (in the vicinity of the given electron) the 
crystal symmetry and splits the valence band. Thus, 
the splitting 5 of the exciton level is similar in char
acter to the splitting produced in degenerate band by 
relative strains, which also lower the symmetry of the 
crystal, and it is convenient to characterize this split
ting by a certain equivalent strain[251 

(13) 

We present for simplicity a purely schematic considera
tion, disregarding the tensor structure of the strain e 
and of the deformation potentials dv • When a true strain 
e, which generally speaking does not coincide at all in 
direction with ee, is produced in a crystal, the splitting 
of the exciton levels is given by[251 

8E=d,(e,'+e'+CEe,) ''', (14) 

where c is a cons tant that depends on the orientation of 
e. The connection between the exciton energy and the 
strains, and hence with the phonons, is thus strongly 
nonlinear even at quite small e. Confining ourselves 
to the second-order terms of interest to us, we can ex
press the Hamiltonian of the exciton-phonon interaction 
in place of (12) in the form 

H H (I)+H(') ( 1 ) 1 e' ( C') .-ph= = d+-cd, e +-d,- 1-- . 
2 2 E, 8 

(15) 

It is the large value e-;: = (dJ15 'f - 106 which determines 
the anomalously large probabilities of the two-phonon 
processes in our case, compared with the case of sim
ple nondegenerate bands. Expanding in the usual man
ner t231 the strains in terms of the normal vibrations 
(phonons), we obta~n in first order of perturbation the
ory in H(2) the probability of scattering of a phonon with 
wave vector k into a state k' by an exciton with momen
tum p: 

, 2n (d')' 1i'lkl'lk'I' (P'-(P+lik-lik')2 wsc(p;k-k )=-C - 8 
Ii 2E, 4p'V'OlkWk' 2M 

(16) 

The constant C - 1 was introduced here to take phenom
ologically into account (in the mean) the differences be
tween difference modes and the direction (c in (14), the 
possible scattering with intervalley transitions of the 
exciton, the anisotropy of the effective masses, etc.; 
V is the normalization valume, and wt is the frequency 
of the phonon with wave vector k. Using (16), we cal
culate now not the mean value of the scattering cross 
section, but directly the force f exerted on the ex
citon by the phonon flux. In accord with the defini
tion (1), 
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d'kd'k' d'p V' 2nh' 'I. 
f(r)= S (2n)'h' h(k-k')w,,(p,k-k') (MkT) 

x exp {- _P_' -}F(k, r). 
2MkT 

(17) 

We average here over the Maxwellian distribution 
for the excitons; F(k, r) is the phonon distribution func
tion in the wave vectors at the point r. Recognizing 
that the momentum Ifx = If(k - k') transferred in the scat
tering is on the order of PT « I Ilk 1 and that M 1 V tWt 12 
- Ms2« kT, we can integrate in (17) with respect to p 
and x in explicit form: 

2CkT Md,)' d'k Ikl' f(r)=-3'~ (-2' S-()' VkWk·!iWk-, F(k,r). 
n HUr EcILP 2.n (Ok 

(18) 

We note now that the phonon energy flux density at the 
point r is of the form 

d'k 
w(r)= S (2n)' V.w.·liw.F(k,r). (19) 

Therefore, taking outside the integral sign in (18) a 
certain mean value of the factor that distinguishes be
tween the integrands in (18) and (19), we can rewrite 
f(r) in a more compact form: 

() 2CkT (Md.)' ( Ikl') f r =-- -- -- w(r) 
3n'livT 2B,lip w.' . 

(20) 

strictly speaking, in the spirit of the simplifications 
already made on going from (18) to (20), we have ne
glected also the difference that the crystal anisotropy 
can produce between the directions of the vectors f 
and w. The principal uncertainty in (20) is connected 
with the lack of any information whatever concerning 
the distribution function of the nonequilibrium phonons 
radiated in the generation region, and hence the impos
sibility of determining reliably the value of (I k 14/w:). 
The most natural assumption, however, is that these 
phonons are more or less uniformly distributed over 
the entire Brillouin zone in the most long-lived trans
verse acoustic modes. 

Using (20), we can write down exact formulas for the 
effective drift length of the excitons. At sufficiently 
high power we obtain in the planar case from (6) 

(21) 

in the case of excitation by a narrow strip, the index of 
the Macdonald function is 

(22) 

and 

(23) 

and finally, in the case of excitation in a point 
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[ C (Md, , Ikl' W 'I. 
Leff=LD -- -- ---

",'hvT 2E,hp) (10k') L D ] • 
(24) 

The limiting exciton concentration attainable under con
ditions of stationary excitation is given by 

n _~( 2E,hP)' ( Ikl' )-' 
m D,1E Md, 10k' ' (25) 

where t:..E is the energy going into heat for each pair of 
nonequilibrium carriers produced by the excitation. 

The nonequilibrium phonon fluxes produced at each of 
the EHD can, by dragging the excitons with them, hin
der the exciton diffusion towards the surface of the drop 
and by the same token decrease the growth rate of the 
EHD. Assuming that in each recombination act an en
ergy '" EK (the width of the forbidden band) is released 
in the EHD and that the nonradiative recombination 
channels (say, the Auger channel) predominate, we find 
that the energy flux from a drop of radius R is 

(26) 

where no is the density of the electron-hole liquid and 
TO is the lifetime of the carriers in the EHD. The en
ergy flux density at a distance r from the center of the 
drop is 

w(r) =Wr/4",r'hw. (27) 

It is convenient to express the force exerted by the pho
non wind on the excitons as the gradient of a certain ef
fective potential U(r), i. e., f = - grad U(r). Then, us
ing (20), (26), and (27), we obtain 

where 

Ro=~ 2e,hp [( Ikl')-lhVT"to]"'. 
(2C)'" Md, 00.' noE, 

(29) 

We consider now the spatial distribution of the ex
citons n(r) in the vicinity of a drop with allowance for 
the potential U(r), and the diffusion of the excitons in 
the drop. It is necessary for this purpose to solve the 
continuity equation with the corresponding boundary 
conditions. Since we are dealing with the solution of 
the problem in a small region near an individual drop 
(it is assumed that the drop dimensions are small in 
comparison with the distance between them), within 
which the quasi-stationary distribution of the excitons 
is established within a very short time, it follows that 
this equation goes over into the stationary diffusion 
equation div S = 0, where S(r) is defined by E2. (4). 
The boundary conditions are n(r-oO)=n, where n is the 
average exciton density in the volume of the crystal, 
and 

S(R) =[n(R)-nT(R) lVT, (30) 

I 

where S(R) is the exciton flux density on the surface of 
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the drop, N(R) is the exciton gas density near the sur
face of the drop, 

( Md kT) 'I, {,1 2a} nT(R)=g -- exp --+--
2",h' kT noR kT 

(31) 

is the thermodynamic-equilibrium exciton gas density 
over a drop of radius R, and V T = (kT/27TM)1/2 is the 
thermal velocity of the excitons; In (31), t:.. is the work 
function of the excitons from the EHD as R - 00, Md is 
the effective mass of the density of states of the ex
citons, a is the coefficient of surface tension of the 
electron-hole liquid, and g is the multiplicity of the de
generacy of the ground state of the exciton. Solving the 
diffusion equation with allowance for the boundary con
ditions, we find the exciton flux on the surface of a drop 
of radius R, expressed in terms of the average exciton 
density 

S(n,R)=4nR'[ 1 + v~ :(~) (l_e- tl (R)I'T) r' [ne-tl(R)lkT-nT(R) lVT. 

(32) 

Expression (32) enables us to write down an equation 
that describes the kinetics of the EHD growth and re
combination, with allowance for the diffusion of the ex
citons to the surface of the drop and to their dragging 
by the phonons: 

d ( 4) 4 no - -nR'no =S(n,R)--nR'-. 
dt 3 3 To 

(33) 

In the stationary case, the left-hand side of (33) is 
equal to zero. Then solving (32) and (33) simultaneously, 
we obtain 

{ n R' kT [ D U (R) ]} n=etl(R)/kT nT(R)+_o __ -- 1 + ____ e-tl(R)/hT . 
3DTo U(R) vTR kT 

(34) 

This expression gives the radius of the EHD that are in 
equilibrium with an exciton gas of density n. 

It is easy to verify that at R« Ro Eqs. (32) and (34) 
go over into the corresponding expressions obtained 
without allowance for the effect of exciton dragging by 
the phonons. [17] When R approaches R o, however, the 
density of the excitons that are in equilibrium with 
drops of radius R begins to increase very rapidly 
(- exp(R2 /R~)), in other words, the growth of the EHD 
radius slows down sharply with increasing excitation 
level, and the dependence of the radius on the tempera
ture becomes very weak (since Ro- T1/4), in qualitative 
agreement with the results Of[8,9,171• Substitution of the 
numerical values shows that in the temperature region 
T ~ 3 0 K the right-hand side of (34) is well approximated 
by the first term, so that 

U(R) 
n""nT (R) exp ----;;r-' (35) 

ThUS, U(R) represents the effective decrease of the 
work function of the EHD, which becomes noticeable at 
R "" Ro and increases in proportion to ~. The lack of 
information on the distribution function of the phonons 
emitted by the EHD does not make it possible to estimate 
reliably the value of Ro. Substituting then in (29), by 
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way of estimate, lit I -108 cm-1 and Wt _1013 sec-1, and 
using for all the remaining quantities more or less well 
known values (p"'5 g/cm3, E c "'0.74 eV, dv "'4 eV, 215 
=2Eedv"'1 meV, 211"'10-27 g, vT"'5x105 cm/sec, no"'2 
X 1017 cm-3, and To",4X10-5 sec), we obtain Ro"'1. 5 
x 10-3 cm, which is close to the limiting value -10-3 
which we observed for the EHD radius, [8,9,17] although 
this agreement should not be given too large a signifi
cance. The point is that the quantities nm and Ro are 
determined, in essence, by the same combination of 
the parameters. Using (25) and (29), we obtain 

(36) 

therefore a measurement of n". would make it possible 
to determine also Ro. We know of no direct experiments 
of this kind,but the numerous communications[27-29] 
reporting that an exciton density n ~ 1015 has been at
tained under conditions of stationary optical excitation 
suggest, after comparison with (36) (assuming AE -1 eV) 
that the action of the "phonon wind" on the excitons is 
strongly exaggerated2 ) in the foregoing estimates. If 
we assume by way of estimate litl -3X107 cm-1, then 
at these values of Ikl we have wk/lkl "'St "'3 x 105 cm/ 
sec (s, is the velocity of the transverse sound) and 
(lkI 4/wV"'lkl/sf"'1O-9 sec3/cm4; then (29) yields Ro 
-1. 5 x 10-2 cm. This is in reasonable agreement with 
the value of Ro determined from (36) at nm -1015 cm-3. 

We make a few more remarks concerning the results. 
Although the "phonon wind" greatly hinders the growth 
of the EHD by condensation of the exciton from the gas 
phase, this does not exclude in any way the possibility 
of observing drops with R »Ro; for example, if the car
rier generation takes place directly in the drop, or if 
a carrier dens ity n ~ no is produced immediately in 
some part of the sample. Nor do the conclusions con
tradict the results OflSQ-32], in which EHD with a radius 
of hundreds of microns were observed. The point is 
that these drops were produced in uniaxially deformed 
samples and had significantly lower carrier densities 
no, and as a consequence[31] larger lifetimes (- 5 x 10-4 

sec). However, as is easily seen from (29), a de
crease of no by one order of magnitude and an equal in
crease of TO increase Ro by one order. In addition, if 
the strain produced in the samples greatly had exceeded 
Ee, then the cross section for the scattering of phonons 
by excitons should decrease strongly. 

It is presently impossible to investigate sufficiently 
fully the dragging of EHD by a flux of strongly-non
equilibrium phonons, owing to the lack of detailed cal
culations of the energy and of the spectrum of the ex
citations of the EHD, with account taken of the real 
band structure in weakly deformed germanium and sili
con. The experiments[10] show, however, that in the 
case of small strains the dependence of the energy per 
particle pair in the EHD on the strain is strongly non
linear. We can point to at least one mechanism that 
produces the strong nonlinearity in this case. It is 
known[33] that the dependence of the energy of the holes 
on the strain in these crystals has schematically a 
structure of the type of (14), provided we replace 15 
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=dVEc in this formula by the kinetic energy. Inasmuch 
as only holes with energies close to the Fermi energy 
E Fh take part in the phonon absorption and scattering, 
by virtue of the Pauli prinCiple, we can introduce in 
analogy with (15) also a nonlinear hole-phonon inter
action Hamiltonian 

d' 
Hh_Ph=de+c-" e'. 

CFh 

By a procedure similar to the derivation of (20), but 
with the Fermi degeneracy taken into account, we can 
obtain for the volume density of the force nJ(r) (no is 
the EHD density, f(r) is the force acting on one elec
tron-hole pair), due to the scattering of the phonons by 
holes, the expression 

2C (d,'mh' 2 IkT' 
nof(r)=- --) (-)w(r), 

3n 2nli'p tilk' 

(20a) 

where m h is the effective mass of the hole, the constant 
C - 1, and the averaging procedure has the same mean
ing as in (20). 

Just as for the excitons, the dragging of EHD by a 
current of phonons with relatively large wavelengthS, 
Ikl $n1f3, is determined, naturally, by the absorption 
process and not by the scattering. The expression for 
the force is then 

This formula takes into account the absorption of the 
phonons by the electrons bound in the EHD (m is the 
electron effective mass). To find the total force it is 
necessary to add a similar term for the holes. 

THE EXPERIMENT 

The dragging of excitons and EHD by the phonon wind 
can be detected by the displacement of the region oc
cupied by the excitons or EHD under the influece of a 
current of nonequilibrium phonons produced with the 
aid of an additional excitation source. The experiments 
were performed with the setup used by us previously 
to measure the scattering of light by EHD. [34] A block 
diagram of the setup is shown in Fig. 1. The excitation 
source was a laser of -10 mW power, operating at a 
wavelength 1. 52 p.. The radiation of this laser was 
focused into a spot of diameter - 200 p. on the front sur
face of the sample. The exciting radiation was modu-

Attenuator Diaphragm 

[ HC-Ne 

FIG. 1. Block diagram of experimental setup. 
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FIG. 2. Dependence of the absorption signal ~q. on the power 
P at x ~ 0 and T = 1. 95 oK. 

lated at a frequency 1 kHz. We measured the absorp
tion of 3. 39- J.L laser radiation by the nonequilibrium 
carriers bound into excitons or EHD. This radiation 
was also focused on the front surface of the sample, in
to a spot of - 300 J.L diameter. The beams of both la
sers could be collocated (insert in Fig. 2) or separated 
by a distance x (insert in Fig. 3), with the position of 
the 3. 39- J.L laser beam remaining unchanged in all the 
measurements. The absorption Signal was recorded 
with a goniometer consisting of a quantum amplifier 
and a PbS photoreceiver cooled to -100 0 K. This re
gistration method made it possible to detect the EHD 
motion not only from the change of the absorption Sig
nal, but also from the change of the pattern of the dif
fraction by the edge of the region occupied by the 
EHD. [35J 

The nonequilibrium phonons were generated upon 
thermalization of the nonequilibrium carriers, as well 
as in the nonradiative recombination of the excitons and 
in the EHD produced with the aid of stationary illumina
tion of the sample by an Nd30 YAG laser. This radia
tion was focused with a cylindrical lens on the lateral 
face of the sample into a narrow strip - 5 mm long, 
parallel to the light beams of the two other lasers (Figs. 
2 and 3). The distance from this strip to the 3. 39-J.L 
laser beam was -7 mm. The radiation of the Nd3+ YAG 
laser was attenuated with calibrated light filters and 
monitors with a power meter ("attenuator" and "PM" 
in Fig. 1, respectively). 

The measurements were made on Ge samples with 
residual-impurity density less than 1012 cm-3• The 
samples were mechanically polished and measured 15 
x 5 x2 mm. The sample plane through which the 3.39- J.L 
radiation passed was inclined 20 to the opposite plane, 
to eliminate parasitic interference. Just as in the scat
tering measurement, [8J the samples were soldered into 
the bottom of the helium container of the cryostat in 
such a way that the working part of the sample was in 
vacuum while the other part was immersed in liquid he
lium. 

The dragging of the EHD by the phonon wind was mea
sured at T"'" 1. 95 OK. At this temperature almost all the 
nonequilibrium carriers were bound into EHD. The radii 
of the EHD and their concentration in the crystal, ob
tained from measurements of the light scattering, were 
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under the conditions of our experiments R = 5 J.L and N 
'" 2x 107 cm-3, respectively. Figure 2 shows the depen
dence of the absorption signal (which is proportional to 
the volume of each phase in that part of the crystal 
through which the probing 3.39- Jllaser beam passed) 
on the power P of the laser radiation that produced the 
flux of nonequilibrium phonons, for the case when the 
probing and exciting laser beams were collocated (x= 0). 
The absorption signal decreased with increaSing power 
P. The connection between the observed effect and the 
motion of the EHD is confirmed by the next experiment . 

To observe directly the EHD motion due to the phonon 
wind, the exciting laser spot was displaced a distance x 
from the probing laser spot. At x> O. 3 mm, no absorp
tion signal was observed with the 1.06- Jllaser radiation 
blocked (i. e., at P = 0). When the exciting laser beam 
was displaced upward relative to the probing laser beam, 
no absorption signal produced even when the illumina
tion that produced the nonequilibrium phonons was turned 
on. When the exciting laser beam was shifted downward 
on the sample in such' a way that it passed between the 
probing beam and the region where the phonons were 
generated (insert in Fig. 3), an absorption Signal ap
peared at sufficiently large P and its magnitude de
pended on the power P and on the distance x. 

Figure 3 shows the dependence of the absorption sig
nal on the distance x at a phonon-producing laser power 
P", 40 mW. It is seen from the figure that the absorp
tion Signal, and hence also the number of particles 
bound into EHD, decreases with increasing x, in accord 
with expression (5). We emphasize that the spatial dis
tribution of the excitons and the carriers bound into 
drops of the liquid phase is described by the same ex
pressions (5), (7), (8), and (10), except that in the EHD 
case it is necessary to replace LD in the formulas (21), 
(23), and (24) for Left by the quantity (ToT rkT/M)1/2 (Tr 

is the EHD momentum relaxation time) and Leff must 
be expressed in terms of the force with the aid of (20) 
(now f is the force exerted on a pair of particles in the 
EHD by the phonon wind). From the slope of the 
straight line (Fig. 3) we obtain Leu'" O. 5 mm. Accord
ing to (6), at sufficiently high intensity of the phonon 
wind acting on the EHD, we have 

(37) 

It is seen from this formula that Leff has the meaning 
of the distance traversed by the EHD during the lifetime 

0.01 0 0,2 0.# 0,6 0.8 1.0 1,2 1.11 :r, mm 

FIG. 3. Dependence of absorption signal ~q. on the distance 
x at P",,40 mWand To1.95°K. 
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FIG. 4. Plots of the absorption signal ~cp vs. the power P 
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TO, since v = T J /M is the EHD drift velocity. Assum
ing as an estimate that To=40 J.1Sec and T r",2x10-a 
sec, [9] we find that v", 1.3x103 cm/sec andfz2.5x10-17 

dyne. 

Using (20a), we can now estimate the value of 
(ikj1 /wi) for the phonons that interact effectively with 
the EHD. Assuming that half of the power P z 40 mW 
incident on the sample goes to generate the directed 
flux of nonequilibrium phonons, we obtain the energy 
flux density wz O.2 W/cm2 • Substituting in (20a) m h 

'" O. 4rno (rno is the mass of the free electron) and the 
numerical values cited above for the remaining quan
tities, we obtain (lk4 Iwi}-6x10-10 sec3/cm4. This 
value does not differ greatly from the value 10-9 sec3/ 
cm4 used above to estimate Ro and nm from formulas 
(29) and (36). 

The dependence of the absorption power on the power 
P at different distances x are shown in Fig. 4. It is 
seen that the absorption signal appears only when a 
certain minimal power is reached, and this minimum 
power increases with increasing distance between the 
exciting and probing light beams. With further de
crease of P, the absorption signal first increases, and 
then goes through a maximum and starts to decrease. 
To analyze this behavior we must use expression (5). 
Integrating (5) with respect to x from zero to 00, we ob
tain the total number of carriers bound into drops of 
the condensed phase; in the stationary case this num
ber is equal to GTo (G is the rate of generation). After 
determining in this manner the average density of the 
carriers bound into EHD at the point x = 0 and substi
tuting it in (5) we obtain for the distribution of the liq
uid-phase particles (and hence also of the absorption 
signal) over the sample volume: 

SL(X)= GM exp(-~x). 
T,j ToT,j 

Given x, the function N dx) (as a function of f) has a 
maximum at 

(38) 

(39) 

and since in our case f- P, the last formula yields the 
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position of the maxima of the curves shown in Fig. 4, 
and shows that when the distance x is increased the 
maximum should shift towards higher powers, in agree
ment with the experimental results. Relation (38) has 
a simple physical meaning: atf<fm the EHD drift veloc
ity is so low that during the time of motion from x = 0 
to the observation point the EHD volume decreases 
strongly as a result of recombination; at f > f ,"' owing 
to the appreciable velocity, the EHD spread over the 
large volume of the sample and this decreases the aver
age density of the liquid-phase particles at the observa
tion point x. The maximum value of the density at the 
point x is reached when the distance x is negotiated by 
the drops during the lifetime. 

Expression (38) does not describe the cutoff of the ab
sorption signal at small P. We recall, however, that 
(38) is valid only at a sufficiently high power of the pho
non flux, when Lerr is determined by (37). At small P 
it is necessary to use for Lerr expression (6), which is 
valid in the general case, and from which it is seen 
that so long as the intensity of the phonon wind is insig
nificant, Ler! does not exceed appreciably the dimen
sions of the generation region. It follows from (38) 
that at the point x = 0 the absorption should decrease in 
inverse proportion to the power P. However, the power 
dependence observed by us for the absorption (Fig. 1) 
is stronger (~q,_p-l.6). It is possible that the decrease 
of the absorption at x = 0 is due not only to the increase 
of the EHD but also to the influence of the phonon wind 
on the kinetics of the exciton condensation and the gen
eration of the EHD. 

The diffraction measurement results agree qualita
tively with the data obtained from the absorption mea
surements, although their quantitative reduction is dif
ficult. 

Reduction of the measurements[6.11.13.14] of the spatial 
distribution of the EHD with the aid of expressions (10), 
(23), and (24) has shown that these expressions are in 
qualitative agreement with experiment. The force act
ing on a pair of particles in the EHD, estimated from 
these measurements, agrees within an order of magni
tude with the estimate given above. 

Measurements made at 4.2 OK, when all the nonequi
librium carriers produced by the exciting 1. 52- f..L radi
ation were bound into excitons, have shown that the ef
fect of dragging of the excitons by nonequilibrium pho
nons is much less than in the case of EHD. A noticeable 
displacement of the exciton cloud is observed only at 
powers P > 100 mW. However, the sensitivity of the 
apparatus turned out not to be high enough for quantita
tive measurements. Assuming that L ert ", L D z 1 mm at 
Po> 100 mW, we obtain with the aid of (21) the value 
(I k41 / wi) - 6 X 10-10 sec3/cm\ in agreement with the val
ue estimated from the measurements of the EHD drag
ging. 

Thus, a theoretical analysis and the results of experi
ments that revealed motion of EHD induce'd by phonon 
wind over distances exceeding 2 mm shows that the 
dragging of EHD and excitons by nonequilibrium pho
nons is an effect essential for the explanation of the 
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measurements of the spatial EHD distribution and can 
influence the kinetics of their growth. 

We thank G. E. Pikus for a useful discussion and 
N. V. Znakomets for help with the experiments. 

1)We note also that elastic scattering, say by impurities or de
fects, which can appreciably limit the thermal conductivity, 
do not playa noticeable role in our analysis, since the drag
gingeffect, as seen from (2)-(11), is determined by the pho
non frequency distribution and by the total energy flux, the 
latter being governed by the excitation source. 

2)It is possible, however, that this exciton density was reached 
in [27-29] only in a small vicinity of the exciting light spot. In 
addition, it is possible that shorter-wavelength phonons in
teract with the excitons near the drops (the phonons move 
away from the drop that emits them within a time ~ 10-B sec). 
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