Phonon wind and excitonic transport in Cu,0 semiconductors
G. A. Kopelevich, S. G. Tikhodeev, and N. A. Gippius

Institute of General Physics, Russian Academy of Sciences, 117942 Moscow, Russia

(Submitted 28 December 1995)
Zh. Eksp. Teor. Fiz. 109, 2189-2200 (June 1996)

The excitonic transport over macroscopic distance recently detected in Cu,O semiconductors can
be accounted for in terms of exciton drag by a flux of nonequilibrium phonons generated in

the initial stage of formation of the exciton cloud, without invoking the hypothesis that the exiton
gas undergoes a transition to a superfluid state. © 1996 American Institute of Physics.
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1. INTRODUCTION

Over the last fifty years, a lot of attention has been given
to the problem of the Bose—Einstein condensation of weakly
nonideal excitonic gas. Nonetheless, no unambiguous experi-
mental evidence in favor of this condensation in any material
has been obtained. Only recently some observations have
indicated the possibility of Bose—Einstein condensation in
assemblies of rubidium! and sodium? atoms cooled by laser
beams and separated in magnetic field.

The list of candidates for Bose—Einstein condensation is
quite long (see, for example, Ref. 3). A significant place in
this list is occupied by excitons, i.e., hydrogen-like bound
states of electron-hole pairs in semiconductors. The argu-
ments in favor of searching the superfluid transition in exci-
tonic systems are obvious: first, a small mass, hence a rela-
tively high critical temperature for the condensation; second,
the possibility of tuning the exciton density over a wide
range and creating excitonic matter of a considerably high
density; third, the possibility of monitoring the exciton dis-
tribution function through their photoluminescence spectra.

Presently Cu,O is considered the best material in which
to search for the Bose-Einstein condensation,* since the in-
teraction among excitons is repulsive in this material owing
to its electronic spectrum,l) direct recombination of excitons
is forbidden, and the lifetime of the excitons is quite long.

Starting in 1990, Wolfe, Mysyrowicz, Snoke et al.**$
have investigated the excitonic system by recording time-
and coordinate-resolved photoluminescence spectra of exci-
tons in Cu,O and found that they can propagate across the
entire crystal over a macroscopic distance of up to 1 cm,
provided that the pumping pulse energy is sufficiently high.
In their experiments a sample was excited by a laser pulse
with a duration of about 10 ns and a quantum energy larger
than the band gap, so that the light was absorbed in a narrow
surface layer. Thus an initial density of excitons sufficient
for the Bose—Einstein condensation could be generated. At
the maximum pumping power, the energy distribution of ex-
citons derived from luminescence spectra was in fact essen-
tially Bose—Einstein and very close to the degenerate one
with p~0.2

The most interesting feature of excitons in Cu,O is the
propagation of the excitonic gas from the excited surface
layer into the crystal volume. It is controlled by diffusion at
low pumping powers and is ballistic (with propagation ve-
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locity equal to that of sound) at higher pumping powers. At
the maximum pumping power, Snoke et al.* detected super-
sonic propagation of the exciton cloud in the initial stage of
its expansion (i.e., not far from the excited surface).

This propagation of excitons into the crystal faster than
the diffusion was interpreted* in terms of the Bose—Einstein
condensation and a transition of the exciton gas to a super-
fluid state (see also the theoretical study by Link and
Baym’).

After further experiments, Mysyrowicz et al.” claimed
to have more evidence in favor of Bose-Einstein condensa-
tion of excitons in Cu,O. For example, they detected propa-
gation of excitons over a macroscopic distance of up to 1 cm
and a sharp temperature dependence of this effect:> when the
crystal temperature was increased from 2 to 4 K, the ballistic
propagation of excitons was no longer detected.

They had also proved that the process was nonlinear,
which was clearly demonstrated in two-pulse experiments.®
If the delay between the first, more intense, and second pulse
was sufficiently short (between 20 and 150 ns), only one
luminescence pulse was generated on the back side of the
crystal instead of two, and the total luminescence intensity
was larger than the sum of two signals generated by separate
pulses of the same intensities. If the delay was sufficiently
long (about 300 ns), the second pulse had a symmetrical
soliton-like shape for a definite ratio of intensities of the first
and second pumping pulses and arrived on the back side of
the crystal after a longer delay than the first pulse, whose
propagation was still controlled by the sound velocity.

These features of the propagation of excitons generated
by two pulses were interpreted by the authors as an unam-
biguous proof of a superfluid transition in the exciton gas in
Cu,O. At the same time, theoretical models were proposed to
support the feasibility of soliton-like bunches of excitons,
provided that the superfluid transition has taken place’ in the
exciton gas.

Some questions, however, have not been answered by
the concept of superfluid excitons in Cu,O. First, why is the
ballistic propagation velocity in most cases less than or equal
to the sound velocity? Second, why is the nondissipative
propagation of the exciton cloud possible, when in any case
its shell is in the normal, not the superfluid state?

The experimental conditions*"® were such that the exci-
ton gas expanded into vacuum. In this case, it is far from
obvious that a cloud, even if its initial state was superfluid,
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should propagate across the crystal as a whole at a definite
velocity, rather than spread over the crystal and go over to
the normal state with a lower density. It would be more
plausible if the liquid, whose density is fixed by attraction
among particles, propagated across the crystal, rather than
the gas, in which the interaction among the excitons is repul-
sive.

In our previous publication® we demonstrated that these
issues can be resolved in terms of the phonon wind model in
which excitons are dragged into the crystal by a flow of
nonequilibrium ballistic phonons generated due to the relax-
ation of nonequilibrium carriers. At a low pumping power,
the phonon flow density is low, and propagation of excitons
is controlled by diffusion. But if the pumping power is suf-
ficiently high, the phonon flow density, which is proportional
to the pumping power, is high enough to drive all excitons
from the surface layer into the crystal volume. In this case,
the propagation of excitons is purely ballistic, and their ve-
locity is, naturally, equal to the longitudinal sound velocity.”
Numerical calculations based on the phonon wind model are
in good agreement with experimental data* in the initial stage
of the excitonic expansion, i.e., at a small distance from the
excited surface.

In this paper we demonstrate the possibility of interpret-
ing the propagation of excitons over a macroscopic distance
in terms of the phonon wind. In Sec. 2 the phonon wind
model is formulated in mathematical terms, and calculations
for the excitonic propagation over a macroscopic distance are
given in Sec. 3. In Sec. 4 we compare calculations to experi-
mental data>® and discuss the adequacy of our model for the
measured parameters of the excitonic propagation in Cu,0.

2. PHONON WIND

Earlier® we proposed a simplified model of exciton drag
by a flux of nonequilibrium acoustic phonons, which are in-
evitably generated in the final stage of thermalization of non-
equilibrium carriers created by a laser pulse. This model was
applied after minor modifications to the electron-hole liquid
in semiconductors'® (see also the review by Tikhodeev'!).

In the Cu,O experiments*® the laser quantum energy
was higher than the band gap, so the generated carriers were
overheated. The thermalization starts with the cascade emis-
sion of optical phonons (the typical time is 10~ !2 s) and ends
with the emission of long-wave acoustic phonons after a
typical time of 1071°-107? s. At low temperatures acoustic
phonons propagate ballistically.'? Our model® takes into ac-
count only the effect of these ballistic phonons on the exci-
tonic system. The point is that the emission time of these
phonons is shorter than the pulse width (7,~107% s) and the
typical detection time (several microseconds), so their delay
with respect to the laser pulse is negligible, and the profile of
the generated phonon flux versus time is almost identical to
that of the laser pulse, whereas secondary ballistic phonons
due to decay of optical phonons are generated after a consid-
erable delay of about 10™% s and have little effect on the
process.

Assuming that, first, the generation rate of ballistic
phonons follows closely the laser pulse intensity, second,
only a small fraction €py of the energy of each photon en-
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ergy is converted to ballistic phonons, and third, the gener-
ated phonons are incoherent, we can write the following
equation for the flow of ballistic acoustic phonons:

1 epw |r—r’|

W(r,t)=

I ————3-g(r t— )d3r’, (1)
where V is the excited volume, g is the carrier generation
rate per unit volume,

2
g(r,n=g,e e~ "", @

gs=MN/hw, I and # w are the laser pulse intensity per square
centimeter and the quantum energy, \ is the light absorption
index, and S is the velocity of longitudinal sound in Cu,O
(4.5-10° cm/s).

With due account of the diffusion and phonon wind, the
expansion of the carrier cloud can be described by the fol-
lowing transport equation for the gas density n(r,?):

O divnV=DAn— 2+ 3

o FdivnV=DAn . 8. )
Here V(r,t) is the carrier drift velocity due to the phonon
wind. We use a simple relation between the phonon flux
density and this velocity:

V(r,t)=S$ (4)

1+aW’
where a=17,0p,/Sm is the coupling constant between the
phonon wind and driver carriers at V<S, m and 7, are the
mass and momentum relaxation time of an electron—hole
pair, and o7, is the cross section of the exciton—phonon in-
teraction. Equation (4) takes into account that the phonon
wind cannot accelerate carriers to velocities beyond that of
sound.”

Numerical solutions of Eq. (3) with Cu,O parameters
are in good agreement® with experimental data® in the initial
stage of propagation of the carrier cloud within a time inter-
val of 1077 s and a range of 10™2 cm. Note that this simple
model includes only two fitting parameters, namely the dif-
fusion coefficient D and the characteristic laser pulse
intensitys)

mSho
Oph€ pWA T, T;

©)

Thus all the parameters of the model (except the diffu-
sion coefficient), whose uncertainties usually are relatively
large, are included in Eq. (5) as multipliers and dividers, and
the optical energy density is measured in dimensionless
units: A=1/1py . It follows from numerical calculations (see
below) that changes in the diffusion factor (between 200 and
600 cm?/s) have little effect on the excitonic transport over a
macroscopic distance. Therefore we can easily derive the
parameter /py by comparing our calculations to experimen-
tal data and try to determine its temperature dependence.

Among the parameters in Eq. (5), the cross section oy,
of the exciton—phonon interaction and the fraction of the
photon &py energy converted to ballistic phonons are the
hardest to derive from first principles. Both these parameters
are interdependent functions not only of the exciton—-phonon
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interaction in the semiconductor, but also of the parameters
of the interaction among phonons. Simple estimates given in
Ref. 8 indicate that, from the viewpoint of the microscopic
theory, it is reasonable to consider the product of these pa-
rameters, P=o,&py, as an average characteristic of the
phonon-wind intensity. It is remarkable that the value of P
obtained by comparing phonon-wind calculations to experi-
mental data on Cu,O* is of the same order of magnitude as
for the electron-hole liquid in Ge and Si.!!

3. NUMERICAL CALCULATIONS OF MACROSCOPIC
TRANSPORT

The phonon wind model allows us not only to simulate
the exciton transport over a macroscopic distance without
any assumption about superfluidity, but also to model the
most interesting effects observed in experiments, such as
nonlinearity and formation of soliton-like pulses. Let us start
with the transport over a large distance. Figure 1 shows typi-
cal numerical solutions of Eq. (3) which describe the exciton
density as a function of time and position, n(z,t), where z is
the distance from the excited surface and ¢ is the time with
respect to the laser pulse. The model parameters used in this
calculations are the same as in our previous publication:®
7,=6 ns, D=600 cm?/s, m=27Tm,, hw=241 eV,
A=1.6-10*cm™!, S=4.5-10° cm/s. The back surface of the
sample, whose coordinate was z=3.56 mm in this case, was
simulated by a sharp drop in the exciton lifetime from
107° sto 107125,
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Figure 1 clearly shows how the numerical solution
changes with the phonon wind intensity. At a low pumping
power it is totally controlled by the diffusion, and at higher
powers it is purely ballistic. Note that at a given intensity of
the driving pulse, irrespective of its amplitude, the phonon
wave, in the long run, leaves behind the cloud of excitons at
some distance L (1) from the excited surface. Then the ex-
citon cloud lagging behind the acoustic wave spreads in the
sample due to diffusion. The higher the laser pulse intensity
I, the larger the distance at which the excitons fall behind the
phonons.

Therefore excitons cannot be detected at a large distance
zo from the excited surface if the pumping power is not
sufficiently large, i.e., if the distance is larger than the diffu-
sion length corresponding to the detection time. But the sig-
nal emerges suddenly when the pumping power exceeds a
certain threshold. It is important in what follows that at a
pumping power much higher than the threshold, the bunch of
excitons travels to the detection site with the sound velocity.
But at an intermediate pumping power, when the distance to
the excited surface is comparable to that at which excitons
fall behind the phonon wave, zo~L,(I), the average veloc-
ity of the excitons is less than that of sound.

This is illustrated by Fig. 2, which shows calculations of
the exciton flux at a distance of 3.56 mm from the excited
surface versus time at several pumping powers. The curves
conform to the experimental data given in Fig. 2 of Ref. 5.
Figure 3 demonstrate good agreement between our calcula-
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FIG. 2. Flow of excitons on the back surface of the 3.56-mm sample cal-
culated by the phonon-wind model at four pumping power densities: 1)
I pyy=10%; 2) 10% 3) 10°™; 4) 10*%; D=600 cm*/s.

tions and experimental data® measured in two samples with
thicknesses of 3.56 mm (dots) and 8.3 mm (diamonds) at
T=1.85 K. The arrival time of the exciton-density maximum
versus the pumping power density has been calculated at
D =200 and 600 cm?/s. By comparing our calculations to the
measurements, we have obtained /pp~20 W/cm? at
T=1.85K.

Let us recall that in our model the critical pumping
power of the ballistic propagation of excitons should in-
crease with the distance to the excited surface. This conclu-
sion is illustrated by the curves in Fig. 3.

As was noted above, it follows from the definition of the
dimensionless optical power density that the critical power

Dimensionless intensity, /// .,
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FIG. 3. Delay of the excitonic pulse as a function of the pumping power
density for samples with thicknesses of (/) 3.56 and (2) 8.3 mm. Experi-
mental data from Ref. 5 are shown by dots and diamonds, calculations by
solid lines (D=600 cm?/s) and dashed lines (D=200 cm?/s); Ipy=20
W/cm?.
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FIG. 4. Flow of excitons on the back surface of the 3.56-mm sample cal-
culated by the phonon-wind model at /=3.6-10° W/cm? and () Ipy=20
Wicm?; (2) 36; (3) 63; (4) 112 W/cm?; D= 600 cm?/s.

of the ballistic propagation should change with system pa-
rameters (such as temperature). This statement is illustrated
in Fig. 4 by a set of curves calculated at a fixed distance of
3.56 mm and pumping power density of I=3.6-10°
W/cm?, but at different values of Iy . The exciton propa-
gation mode changes from diffusion to ballistic when the
parameter /py decreases, as in the case of increasing power
density (cf. Fig. 2). Hence our model can also describe the
temperature dependence of the exciton transport over a mi-
croscopic distance if Ipy is a function of temperature. By
comparing our results with the experimental data from Ref.
5, we have concluded that in the temperature range of 2 to 4
K, Ipy should be proportional to 7%, A tentative interpreta-
tion of this temperature dependence will be given in the next
section.

Now let us consider calculations for the two-pulse exci-
tation and compare our results to the experimental data from
Ref. 6. These experiments demonstrated that, in the two-
pulse experiments, the exciton propagation was nonlinear in
the pumping power, which was interpreted by the authors as
crucial evidence in favor of the Bose condensation and su-
perfluidity of excitons. But we can demonstrate that this ef-
fect can be ascribed to the phonon wind and interpreted with-
out the hypothesis about a superfluid exciton flux.

Calculations for a sample with a thickness of 2.65 mm
and a sequence of two laser pulses are summarized in Fig. 5
(curves a and b). The curve a shows the signal due to the
single first pulse, and the curve b is the signal due to the
second pulse. The curve ¢ shows the signal due to the two
pulses with a delay of 20 ns between them. The curve d, like
the similar curve in Fig. 1 of Ref. 6, is the algebraic differ-
ence between the curves ¢ and a, and, according to Mysyr-
ovicz et al.,6 it illustrates attraction between two sequential
excitonic pulses with a small delay between them. But in the
phonon wind model, this is caused by the overlap between
two phonon pulses. Since phonons generated on the periph-
ery of the laser spot arrive after a considerable delay, the
phonon pulse generated by laser light is fairly long, and if
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FIG. 5. Flux of excitons on the back surface of the 2.65-mm sample calcu-
lated by the phonon-wind model: (a) excitation by a single pulse; (b) exci-
tation by a weaker single pulse; (c) excitation by two pulses with a delay of
20 ns between them; (d) algebraic difference between the signals shown by
curves ¢ and a. I,=10>"Iy; 1, /1,=0.562; D =200 cm?s.

the delay between pulses generating excitons is sufficiently
short, the excitons generated by the second pulse can be
driven by the phonons due to the first pulse. Since its inten-
sity is higher than that of the second pulse, these excitons
can be driven farther into the sample than in the case of an
isolated weaker optical pulse generating nonequilibrium
phonons.

Figure 6 shows calculations for a larger delay between
laser pulses and simulates another effect illustrated by Fig. 2
in Ref. 6. Namely, the signal due to two sequential pulses is
considerably larger than the algebraic sum of two signals due
to isolated pulses. Mysyrowicz et al.® interpreted this nonlin-
earity in terms of interaction between superfluid excitonic
systems. But in our phonon wind model, this nonlinearity

Exciton flow

time, ps

FIG. 6. Flux of excitons on the back surface of the 2.5-mm sample calcu-
lated by the phonon-wind model: (a) excitation by a single pulse; (b) exci-
tation by a stronger pulse; (c) by two pulses with a delay of 125 ns between
them; (d) algebraic sum of the signals shown by curves a and b;
1,=10**Ipy ; Iy/1,=1.3; D=600 cm?¥/s.
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FIG. 7. Second exciton pulse on the back surface of the 2.5-mm sample due
to two laser pulses with a delay of 278 ns minus the signal due to the
isolated first pulse calculated by the phonon-wind model (circles). The solid
line shows the soliton-like pulse shape and the dashed line the Gaussian
shape. 1,=10%Ipy, ; I,,/1,=0.1; D=200 cm?/s.

means that the excitons generated by the first pulse and not
entrained by the first phonon wave are driven by the second
phonon pulse.

When the delay between two pulses is larger, the follow-
ing effect was observed:® at a certain ratio of the pulse in-
tensities (about 0.1) and a delay of about 300 ns, the signal
due to the second pulse, which could not be detected if its
laser pulse was isolated, was detected after a considerable
delay, i.e., propagated at a velocity much lower than that of
sound, and had a symmetrical soliton-like shape described by
the function sech?¢, where E=(t—1ty)/7,. We could simu-
late delayed excitonic pulses within the framework of our
phonon wind model (Fig. 7). But we were unable to adjust
the model parameters so as to reproduce the symmetrical
soliton-like shape of pulses.

4. DISCUSSION

We have demonstrated that, although our phonon wind
model is very approximate, it has allowed us to interpret
most experimental results concerning exciton transport in
Cu,0*® with no hypothesis about a superfluid transition in
the excitonic system.

In conclusion, we would like to add the following state-
ments:

1. Our model does not rule out that the excitonic gas
driven by nonequilibrium phonons may be superfluid, pro-
vided that the Bogolyubov sound velocity is smaller than the
sound velocity S in the semiconductor.

2. The temperature dependence of /py may be con-
trolled by the temperature dependence of the momentum re-
laxation time 7,(T) in the excitonic system and by the de-
crease in the fraction of ballistic phonons with the
temperature, which seems well justified.

3. The only effect that we could not simulate was the
symmetrical soliton-like shape of the second pulse excited
after a delay of about 300 ns. However, given that our model
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can be easily modified in order to obtain a symmetrical shape
of the second excitonic pulse at certain delays and ratios of
pulse amplitudes, we do not consider this fact as a serious
argument against the phonon wind model. For example, we
may take into account the phonons due to the first pulse
reflected from the back surface of the sample. The oppositely
directed phonon wave may delay the second exciton pulse
and make its shape more symmetrical. Another possibility is
to include, in addition to the ballistic phonons, the phonons
generated from the hot-spot evolution. Recent experimental
results® indicate that such phonons may be important for the
excitonic transport in Cu,O. Unfortunately, after such modi-
fications the number of adjustable parameters in the model
will increase, making it less convincing.

To sum up, our phonon wind model provides a satisfac-
tory interpretation of the excitonic transport over macro-
scopic distances in Cu,0. By introducing additional fitting
parameters, we can improve the agreement between calcula-
tions and experimental data. But this is hardly necessary be-
cause one should not expect to obtain too much from the
simplified model, which demonstrates qualitative agreement
with the experimental data.

The authors are indebted to L. V. Keldysh and A. Mysy-
rovicz for helpful discussions, and to V. V. Konopatskii, E.
A. Muljarov, and A. Yu. Sivachenko, who participated on
the early stage of this work. The work was supported by the
Russian Fund for Fundamental Research (grant No. 94-02-
06529) and International Science Foundation (grant J14100).

DUsually excitons are attracted to each other due to the exchange interac-
tion, so the Bose-Einstein condensation is possible only in a system of
excitonic molecules, i.e., biexcitons.

YHere we do not discuss the energy spectrum of excitons in Cu,O in detail
since it is fairly complex: the excitonic level is split into the states of the
nondegenerate ortho-exciton and the three-fold degenerate para-exciton.
The difference between the two components of the excitonic system is not
essential for our purpose.

)The propagation velocity near the excited surface may be higher than that
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of sound owing to diffusion.® Besides, plasma expansion, which is not
included in our calculations, is also possible.

n reality, one can conclude from a simple kinematic diagram that even a
pair moving at a supersonic speed can absorb a phonon and gain an addi-
tional acceleration if the velocity projection on the phonon velocity is
smaller than the speed of sound. But this process considerably complicates
our model and has little effect on the final results.

Sn Ref. 8 we used the dimensionless energy density instead of intensity,
Eg < Ipy\ -r?S. In this calculation we use the intensity to make easier the
comparison to experimental data.*$
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