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The diffusion constant and drift mobility of paraexcitons in CuqO have been determined by the
use of time-resolved luminescence imaging. Extremely large diffusion constants (D= 1000 cm /s)
and drift mobilities (p =10 cm~/eV s) are measured at 1.2 K. Both D and p exhibit very rapid and
unusual temperature dependences which vary with applied stress. Calculations described here show
that these properties can be attributed to the novel character of paraexcitons in Cu20. Under zero
stress this exciton is expected to couple mainly to longitudinal-acoustic phonons, which have a rath-
er large velocity ( =4.5X10' cm/s). Due to the large excitonic mass (m =3mo), the thermal ve-

locity [(3keT/m )'~ ] of the paraexcitons at T (3 K is slower than this sound velocity, causing a
freeze-out of the phonon-emission process. A rapid increase in scattering time is expected as the
temperature is lowered further, which is in agreement with the data at zero or low stress. As stress
is applied, the paraexciton wave function is altered, allowing a coupling to the transverse-acoustic
phonons, which have a velocity (=1.2&105 cm/s) smaller than the exciton thermal velocity.
Transverse-phonon emission thus reduces the exciton mobility and produces a more nearly T '
dependence, as predicted for deformation-potential scattering in the high-temperature limit. %e be-

lieve that these are the first observations of the low-temperature regime of deformation-potential
scattering.

I. INTRODUCTION

Since the conception of the exciton, its expected ability
to transport energy over large distances (compared with
atomic dimension) has proven to be quite difficult to
demonstrate experimentally. Diffusion over micrometer
distances has been observed in molecular crystals where
the excitons are predominantly of the Frenkel type,

' i.e.,
with their wave functions localized to one molecule. Typ-
ical diffusion constants are of the order 10 cm /s at
T=300 K. In insulators, exciton migration has been in-
voked to explain transport of energy between defects, 2 al-
though resonant energy transfer by photons is a compet-
ing process in these crystals. In the case of most direct-
gap semiconductors, the lifetime of the excitons is so
short ( ( 1 ns) that they decay before moving macroscopic
distances. Also, it is difficult to distinguish between the
particlelike motion of excitons and the photonlike
resonant energy transfer from one portion of the crystal to
another. Exciton migration over large distances has been
observed, however, in indirect gap semicondu-ctors, where
the recombination times are much longer.

Measurement of the drift mobility of excitons in the
indirect-gap semiconductor (Si) was made by Tamor and
Wolfe. Since excitons are electrically neutral, an exter-
nally applied stress gradient was necessary to provide the
motive force. Tamor and Wolfe measured a standard
T ~ temperature dependence for the mobility over a
wide range of low temperatures (1.5—30 K), indicative of
acoustic deformation-potential scattering. 5 The absence
of impurity scattering was attributed to the neutrality of
the exciton (a bound electron-hole pair) and the high puri-

ty of the Si crystal. The mobility is related to the
exciton-phonon scattering time by the relation ls =r/m ',
where ttt

' is the translational effective mass. A complete-
ly different experimental method for measuring excitonic
scattering times is the transient-grating method, which
has been applied to CuC1 by Aoyagi et al. Also,
Zinov'ev et al. recently reported diffusion-constant mea-
surements in CdS.

In this paper we present a study of the transport of
paraexcitons in the direct gap semic-onductor Cu20 at low
temperatures. A stress-gradient method similar to that
used in Ref. 4 is employed to measure the drift mobility
of paraexcitons. Also, the diffusion constant is measured
under zero applied stress. The results are quite remark-
able. Diffusion constants =1000 cm /s and mobilities
=10 cm /eV s were measured at T=1.2 K. These num-
bers indicate that the paraexciton has an immense ballistic
mean free path of -70 pm. In addition, both parameters,
D and p, exhibited temperature dependences deviating
from the usual deformation-potential prediction. They
were also found to be dependent on the externally applied
stress. This suggests an unusual situation in which the de-
formation potential (gap shift divided by strain) is stress
dependent. By comparison, exciton drift mobilities in Si
and Ge show no evidence of a stress dependence.

CuzO provides a unique system in which to study exci-
tonic phenomena. It exhibits a classic Rydberg series
[E„=(2.173 0 097/n ) eV]—in .absorption due to the for-
mation of excitons. There are actually four exciton series
observed: the so-called yellow, green, blue, and violet
series associated with different conduction and valence
bands. The n= l yellow exciton line, studied in this work,
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is the lowest-lying state and has been extensively studied. 9

It displays only a very weak absorption and does not fit
the above Rydberg series formula. Specifically, its bind-

ing energy is =140 meV, compared to the Rydberg, 97
meV, describing the n )2 excited energy levels of the yel-

low series. For photoexcitation at low temperatures, the
n = 1 level is effectively the only state occupied.

Because the conduction- and valence-band extrema are
doubly spin degenerate I 6 and I 7+ states, respectively,
the n=l exciton level actually consists of two com-
ponents, given by 2I'6+X2I q+=~I'q+q+'I q+. The ~I'2+5

orthoexciton (triply degenerate) and the 'I 2+ paraexciton
(singly degenerate) are energetically split by an exchange
interaction, with the paraexciton lying lower in energy by
about 12 meV. By symmetry, direct optical creation or
recombination of an orthoexciton is quadrupole allowed
(no phonon involved} while the paraexciton transition is
highly forbidden. Both orthoexcitons and paraexcitons
are observable via the emission of a photon and an ap-
propriate parity optical phonon. Under the application of
a uniaxial stress, the no-phonon line of the paraexciton
also becomes visible. "

The forbiddeness of the orthoexciton and paraexciton
transitions is because Cu20 is centrosymmetric (i.e., parity
is a good quantum number) and both the conduction and
valence bands have positive parity;" therefore, a dipole
transition involving creation or annihilation of an exciton
in an even-parity angular-momentum state is forbidden.
Hence, the recombination time of these excitons should be
long. The orthoexciton lifetime is shortened by conver-
sion to the lower-lying paraexciton state. ' '3 The paraex-
citon, however, should be long lived. Generally, orthoex-
citon and paraexciton lifetimes in synthetically grown
CuzO are observed to be a few nanoseconds. ' But, re-
cently, in naturally grown crystals of Cu2O, a very long
paraexciton lifetime has been reported. '2 Our experiments
are performed on samples cut from these same naturally
grown crystals. At temperatures below 4.2 K we measure
a paraexciton lifetime vi=0.5 p,s. This lifetime is long
enough to allow macroscopic motion and, hence, we are
able to measure the drift mobilities and diffusion con-
stants of paraexcitons in CuqO. The highly forbidden na-
ture of the paraexciton transition precludes the resonant
transfer of energy by emission and reabsorption of pho-
tons; hence the inotion of excitons is particlelike.

To explain the anomalous temperature- and stress-
dependent mobilities, we are forced to reexamine the usual
acoustic deformation-potential theory for carriers in semi-
conductors. We find that, due to the relatively large exci-
ton mass and slow sound speed, the usual high-
temperature approximations are not valid. Specifically,
when the velocity of an exciton is below the sound veloci-
ty, phonon emission is impossible, thus inhibiting the
scattering process at low temperatures. Also, the
deformation-potential coupling of paraexcitons to trans-
verse phonons is postulated to be stress dependent. By ac-
counting for the proper low-temperature exciton-phonon
kinetics and modeling the shear deformation potential
from static-stress data, we can explain all of the
anomalous transport properties of paraexcitons in CuiO.

This paper is organized as follows: In Secs. II and III

the experimental techniques and the measureinents of ex-
citonic diffusion constants are described. In Sec. IV we
deal with the low-temperature limit of deformation-
potential scattering and present a theoretical estimate of
the diffusion constant. In Sec. V the experimental mea-
surements of exciton mobilities are described, followed in
Sec. VI by an explanation of the stress-dependent mobili-
ties.

II. EXPERIMENTAL DETAILS

The experiments were performed on three samples cut
from the same naturally grown crystal mentioned above.
All three were regular parallelepipeds with two (100}faces
and four (110) faces. One sample was never stressed and
was used to measure the diffusion constant under zero ap-
plied stress. Its dimensions were 1.9X2.0X2.8 mm with
the long dimension along a (100) axis. Another sample
had dimensions 1.5 X 1.5 X 1.5 mm' and was used to mea-
sure the mobility under the highest applied stress. The
third sample measured 1.8 X 2.4X 3.0 mm', with the long
dimension along a (100) axis. This crystal was used to
obtain the majority of the mobility results. This sample's
larger cross-sectional area did not allow us to obtain as
large a stress in the center portion of the sample as with
the smaller-cross-sectional-area sample. The stressing ar-
rangement will be explained in Sec. V A.

To measure the transport properties of excitons, we use
the technique of time-resolved luminescence imaging.
This technique has been proven very useful in studying
the motional behavior of excitonic matter in indirect-gap
semiconductors. ' The essential ingredients in this
method are a highly polished crystal to allow one to deter-
mine the spatial origin of the luminescence, a high-quality
lens to produce a magnified image of the sample, and
some type of image-translation capability (to be described
below}. Time resolution is achieved by use of standard
photon-counting techniques.

A block diagram of our experimental setup is shown in
Fig. 1. A cw argon-ion laser pumps a dye laser which is
cavity-dumped. R6G dye permitted wavelength tunability
over a (580—630)-nm range. The cavity-dumped pulse
has approximately 15 ns full width at half maximum. A
portion of this pulse energy was directed toward a photo-
diode, which provided a monitor of the pulse stability on
an oscilloscope as well as a trigger for the detection cir-
cuitry. The main portion of the laser beam is directed to-
ward the sample through a 105-mm focal-length lens.
Luminescence is collected in a direction perpendicular to
the laser beam. The luminescence collection lenses are
high-quality multielement camera lenses with variable
apertures. The light emerging from the lenses is passed
through a pair of scanning mirrors (with orthogonal rota-
tion axes) and focused onto the entrance slit of a spec-
trometer, thus providing a real, magnified image of the
sample that can be translated in two dimensions. These
scanning mirrors are front-surface mirrors mounted on
precision galvonometers in a configuration which mini-
mizes image distortion.

A spectrometer with a 1-m focal length and a 1200-
(grooves/mm) grating was used when high spectral resolu-
tion was required. This spectrometer (Spex Industries
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any given delay time. Alternatively, one could determine
the time-resolved luminescence spectra at a given spatial
position by having the computer step the spectrometer
wavelength after each decay curve has been recorded.

III. MEASUREMENT OF THE DIFFUSION
CONSTANT

The equation governing the diffusion of finite-lived
particles is assumed to be the standard diffusion equation
with the addition of a term due to the finite lifetime of
the particles,
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where n =n (r, t) is the particle density, rr is the lifetime,
and D is the diffusion constant of the particles. The solu-
tion of Eq. (1), which is a 5 function at t=0 and r=0 is,
in three dimensions,

FIG. 1. Block diagram of the experimental setup for time-
resolved luminescence imaging of Cu20. See the text for an ex-
planation of the system.

model 1704) was equipped with a dual-exit-port assembly
allowing two means of detection: (1) an intensified silicon
diode array detector (Princeton Applied Research model
1420), and (2) a cooled photomultiplier tube (RCA
31034A) for photon counting. A special spectrometer
with lower dispersion (-,' m focal length, 1200
grooves/mm grating} was used for mobility measure-
ments, where the photon energy depended on spatial posi-
tion due to the strain gradient. The grating in this spec-
trometer was mounted on a galvonometer which was con-
trolled by the computer, as described in detail below. A
cooled photomultiplier tube, of the same type as above,
was used with this —,-m spectrometer.

Time resolution was provided by an interval timer
designed and built in our laboratory. This device times
the arrival of a photon after a trigger pulse by counting
the number of 100-MHz-clock pulses which occur be-
tween the trigger and the photocurrent pulse. The times
of arrival of up to 16 photons could be recorded after a
particular laser pulse, but on the average the count rates
~ere less than one photon per laser pulse. %e chose to
operate with 20 ns resolution which was quite adequate
for these experiments. A microcomputer, which controls
the experiment, reads the interval timer and creates a his-
togram of arrival times.

An extremely efficient method of data collection is to
record an entire luminescence decay curve (histogram) for
each value of another control parameter. For example, to
measure the diffusion constant of excitons in an un-
strained crystal, one records luminescence decay curves
for, say, 128 different spatial positions in the crystal.
Once this two-dimensional array is recorded, it is possible
to "play back" the spatial profile of the luminescence at

1 r
n(r, t) ~ exp — exp

(4~Dr)'" 4Dr ~l
(2)

Since the intensity of luminescence is proportional to the
density of particles, Eq. (2) also describes the spatial and

temporal dependence of the emitted luminescence intensi-

ty. ' One sees that the spatial distribution is a Gaussian
whose width changes with time. Defining b as the full
width at half maximum of this Gaussian, one can easily
show that

4'(t) =2 77(4Dt) ..

Therefore, if one resolves in time the spatial profile of an
initially narrow packet of excitons and extracts 6 at dif-
ferent delay times, the slope of b, versus r will yield the
diffusion constant. This method effectively eliminates the
lifetime ~r from the problem. The fact that the initial dis-
tribution created by the laser has some finite size (i.e., not
a true 5 function in space) does not present a serious prob-
lem. If the initial distribution is nearly Gaussian in shape,
the subsequent distributions will be the same as those for
a 5-function source at some earlier time.

The excitation configuration we chose was to create a
fine vertical line of excitons inside the crystal away from
any perturbing surfaces [see inset of Fig. 2(a)]. This is ac-
complished by adjusting the wavelength of the dye laser to
give a very long absorption length: the photon energy is
tuned to the low-energy edge of the phonon-assisted
orthoexciton absorption band, thus creating an orthoexci-
ton and a 110-cm ' optical phonon. The orthoexcitons
quickly down-convert to paraexcitons. ' The cylindrical
expansion perpendicular to the excitation line is theoreti-
cally described by a Gaussian with b, also given by Eq (3). .

By scanning a 4X-magnified image of the sample
across a rectangular aperture of the spectrometer (vertical
slit, 250 pm; horizontal slit, 2 mm) and spectrally select-
ing the 87-cm ' optical-phonon replica of the paraexci-
ton, we obtain one-dimensional spatial profiles ("slit
scans"} of the emitted luminescence. Representative spa-
tial profiles at T=2 K for successive delay times r after
the peak of the laser pulse are shown in Fig. 2(a). The
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within 0.5 K of that determined by the carbon-resistor
thermometer. Two such fits are shown in Fig. 3(a); the
excellent agreement of the data with the standard
E'~ e ~ form indicates that the excitons are behav-
ing energetically as a classical gas. These spectra
represent an integration over a11 time. Time-resolved
spectra were recorded at higher excitation levels (at low
T) and the spectral distribution of par aexcitons is
described by the lattice temperature for all observation
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FIG. 2. (a) Time-resolved spatial profiles of paraexciton
luminescence at A, =616.5 nm. The data are normalized to the
same peak intensity to show the growth of the full width at half
maximum 6, with time. The inset shows the excitation configu-
ration. (b) Plot of h, 2 versus time t, after the 15-ns laser pulse,
showing a linear dependence indicative of a diffusive transport.
The slope of the line yields the diffusion constant as shown. (c)
Gaussian fitted to the t=240 ns data.
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data are normalized to the same peak value. Figure 2(b) is
a plot of b, versus r showing a linear dependence indica-
tive of diffusive transport. The diffusion constant is ex-
tracted from the slope of this curve. The spatial profile of
exciton luminescence is well described by a Gaussian
function, as shown in Fig. 2(c).

The time-resolved expansion of paraexcitons was ob-
served for various temperatures between 1.2 and 35 K.
For T & 4.2 K, the sample was immersed in liquid helium
and the temperature was varied by changing the vapor
pressure of He gas above the liquid. For temperatures
greater than 4.2 K, the sample was vapor-cooled in a Janis
Super-Varitemp cryostat. A calibrated carbon resistor
mounted near the sample eras used to monitor the tern-
perature. The average incident laser poorer was kept low
( &O.l mW absorbed) to avoid the possibility of heating
effects. High-resolution phonon-assisted luminescence
spectra were also taken at these higher temperatures.
Theoretical fits to the spectra assuming a Maxwell-
Boltzmann distribution yielded an exciton temperature

I I l I I i ill
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T (K)

I I I I iiii
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FIG. 3. (a) Time-integrated paraexciton phonon-assisted line
shapes. The so1id dots are Maxwe11-Boltzmann distributions
E' ~exp{ —E/k~ T) using the temperatures indicated. The
theoretical curves have been convolved with the instrumental slit
function. The spectra are shifted vertically for clarity. The red
shift of the low-energy edge of the 20-K spectrum is due to the
temperature dependence of the band gap. (b} Temperature
dependence of the measured diffusion constant D for paraexci-
tons. The T dashed line is for reference, showing that there
is a significant deviation from a T ' dependence. The deriva-
tion of the solid theory curve is explained in the text.
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times after the end of the laser pulse.
The temperature dependence of the diffusion constant

is shown in Fig. 3(b}. At low temperatures, very large
values of D are measured, e.g., D =1000 cm /s at T= 1.2
K. Also, the temperature dependence is very rapid, indi-
cating phonon rather than impurity scattering. Exactly
what temperature dependence does one expect for
exciton-phonon scattering'7 At these low temperatures,
the phonons with which the excitons scatter are acoustic
phonons which couple through the deformation-potential
interaction. The standard acoustic deformation-potential
result is that the mobility p varies as T i~i. If this were
true here, the Einstein relation, ' D =pk+T, implies that
D- T ' . The prediction is not in good agreement with
the data of Fig. 3(b), which show a more rapid ( —r ~

)

dependence at temperatures below -6 K. This apparent
anomaly will be addressed in the next section.

The large diffusion constants have interesting micro-
scopic implications. Consider the value D =1000 cm /s
at T=1.2 K. From the Einstein relation, this value corre-
sponds to @=10 cmi/eVs. Multiplying by the exciton
mass, ' m'=3ma (where rn0 is the free-electron mass},
we calculate the mean scattering time r=m'p=17 ns.
By comparison, this is an order of magnitude larger than
~ measured for excitons in high-purity Si. We can obtain
the mean free path between scattering events, I, by multi-

plying r by the thermal velocity (3k~T/m')'~ and ob-
tain /=70 pm at T= 1.2 K. This is an enormous ballistic
mean free path —about 105 lattice sites.

We will conclude below that these results are consistent
with the weak exciton-phonon scattering rates expected
for Cu20 paraexcitons at low temperatures. The large D's

imply that exciton scattering from impurities must also be
extremely weak. This fact was not too surprising for ul-

trapure Si, but at the outset the absence of impurity
scattering seems quite fortuitous for our naturally grown
materials. We can roughly estimate the impurity limit
implied by our results. First, we recognize that ionized-
impurity scattering should be greatly reduced because the
exciton is neutral. Also, at low temperatures the impuri-
ties are not thermally ionized. Thus the exciton-impurity
interaction is between two neutral species —possibly a van
der Waals —type interaction which drops off as 8 with
dipole-dipole separation R. If the scattering cross section
is of order a, with a=10 A the Bohr radius, then a
scattering length 1=1/n;a is expected, where n; is the
density of scattering centers. For I &70 pm, this implies

n; &10' cm . Unfortunately, we do not have a direct
measure of the type or concentration of impurities in our
samples. We do know from the relatively long paraexci-
ton lifetime that the defect concentration must be consid-
erably lower than that in currently available synthetic
crystals.

IV. THEORETICAL ESTIMATE
OF THE DIFFUSION CONSTANT

To understand these large diffusion constants, let us
first consider the usual derivation of acoustic
deformation-potential scattering of carriers in semicon-
ductors. ' One begins by calculating the scattering
rate, "

g ~Mi, q ~

'5(E(k+q) —E(k)+iriviq), (4)

where Mi, q is the matrix element for scattering from an
initial state with wave vector k and energy E (k) to a final
state with wave vector k+q and energy E(k+q) along
with the emission (upper sign) or absorption (lower sign)
of a phonon with wave vector q and energy fiuiq. Only
longitudinal phonons (with velocity Ui) couple to the car-
riers in the one-valley, spherical-band approximation.
The matrix element is

Nq+1 for k —q (emission),

2p Vui Nq for k+q (absorption),

where N~ =[exp(RUiq/kii T) —1] ' is the Planck distribu-
tion function for the phonons, p is the mass density of the
crystal, Vis the crystal volume, and & is the deformation
potential (the strength of the interaction).

The coupling of carriers to phonons arises from the
band shift with strain, i.e., the deformation potential. To
first order, transverse (shear) waves only act to split de-
generacies. Since both the conduction and valence bands
in CuiO are orbitally nondegenerate, there should be no
coupling of electrons and holes to transverse phonons in
the unstressed crystal.

Utilizing the properties of the 5 function, we obtain

1

r(k)
&'m ' pL~ 2

4&pUifPk "Li exp(i}iviq/kii T) —1

fL3 2

+ dg
1 —exp( riu, q/kji 'r)—

The limits of integration Li &i depend on the carrier
wave vector. There are two distinct wave-vector regions
of interest: (1) k &m villi and (2) k &m'Ui/fi If.
k &m'Uilfi, then only the first integral (due to phonon
absorption} is nonzero and has limits

Li ——2[(m'Ui/A') —k] and Li ——2[(m'Ui/iii)+k] .

If k &m'villi, then Li ——0, Li is unchanged, and the
second integral (due to phonon emission) has the limit
Li ——2[k —(m Ui/i}1)].

For most carrier systems, acoustic-phonon scattering is
not observable at low temperatures because impurity
scattering dominates. Thus, the high-temperature approx-
imation, Avlq &&k&T, is generally assumed. This simpli-
fies the integrands. Also, at all but the lowest tempera-
tures, the thermal velocity of the carriers greatly exceeds
the sound velocity; hence, the majority of k vectors are
much larger than rn'Ui/i'. This is equivalent to the state-
ment that the energy of the carrier is much larger than the
energy of the scattered phonon; therefore, the carrier-
scattering events are nearly elastic. This then simplifies
the limits of the above integrals: Li ——0, Li Li ——2k. ——
Under these approximations, the rates of absorption and
emission of phonons are equal, and the scattering rate for
a given k vector reduces to



DRIFT A.ND DIFFLJSION OF PARAEXCITONS IN Cu+:

1

r(k)

& m'(AT)
M pUI

To obtain the mobility p, one averages over the carrier
distribution,

1 {,'E(k)r(k))
(E(1 )&

where ( ) denotes a thermal average. The final result is

2(2n)'/ A pu(' (k, T)-'",
(rn +)s/2

which is the standard result in the high-temperature ap-
proximation. The diffusion constant is related to the mo-
bility through the Einstein relation, D =@kgb T. This im-
plies a T '/ behavior for D.

For carriers at low temperatures, the validity of the
above assumptions must be ro:onsidered. ' Basically, the
thermal energy of the particles is very small, and thus the
energy of the phonon cannot be ignored in the scattering
process. The principal idea is contained in Fig. 4, which
characterizes the scattering process in one dimension.
The energy of the particle is (Ak) /2m'. By emitting a
phonon, a particle with initial wave vector k4 can scatter
to a state with wave vector ki. The phonon emitted is
represented as the line connecting the two states. The
slope of the line is the velocity of the phonon, u). Similar-
ly, a particle in the state labeled ki can scatter into ki.
However, if the initial wave vector is less than k,
= m'u(/A', there is no final state which allows conserva-
tion of energy and momentum. This "cutoff" corre-

sponds to the wave vector of a particle with velocity equal
to the sound velocity. Particles with velocity less than u&

cannot emit a phonon.
Consider now the thermal distribution of particles

shown on the left-hand side of Fig. 4. At high tempera-
tures there is a broad distribution of particle energies so
that those particles with velocity less than vI constitute a
small fraction of the total number of particles. This low-

energy regime is just1y ignored in the high-temperature
calculation. However, at low temperatures the distribu-
tion is much narrower in energy and the number of parti-
cles with velocity less than ui is now a significant fraction
of the total number and cannot be ignored in the calcula-
tion.
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FIG. 4. Energy versus momentum, Ak, for the paraexciton
(mass =3 mo }and normalized Maxwell-Boltzmann distributions,
N(E) ~ E'~~exp{ E/ksT), at 1.2 and—12 K. The sloped lines
represent phonon-emission scattering events. For initial k
values less than k„ longitudinal-phonon emission is forbidden
by energy and momentum conservation. At 1.2 K, this region
of forbidden phonon-emission contains a significant fraction of
the total number of particles, whereas at 12 K this region does
not.

FIG. 5. (a) Theoretical normalized mobility p/p versus
T/T, where p = 16~2M4p/[3&i(m ) u] and T
:—m U /k~. The numerical calculation used Eqs. (6) and (8)
with no high-temperature approximations. The top scale is the
temperature appropriate for paraexcitons in Cu20. The lower
scale is the temperature appropriate for excitons in Si assuming
m =0.45mo and U=5.4)&10 cm/s, an average transverse-
phonon velocity. %e use the transverse velocity because exci-
tons in Si can scatter from transverse phonons at zero applied
stress. (b) Similar plot for the diffusion constant using the
above calculation of mobility and the Einstein relation
D =pksT D=16~2M pu/. [3&i{m )3].
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TABLE I. Parameters and characteristic temperatures for excitons in selected semiconductors.

Material

Cu20
Si
Ge

GaAs

3.0'
0.45'
0.21'
0.69'

u, {10 cm/s)

1.2'

3.3'
3.1'

{10' cm/s)

4.5b

9.0
5 3"
5.1'

T, (K)

0.3
0.9
0.2
0.4

TI* (K)

4.0
2.4
0.4
1.2

'Reference 17.
bReference 23. Also, see text.
'S. M. Kelso, Phys. Rev. 8 25, 7631 (1982). The sum of the electron and hole transverse masses in the
infinite stress limit was used. ( 100) stress for Si and ( 111)stress for Ge.
dH. B.Hnntington, The Elastic Constants of Crystals (Academic, New York, 1958). The program men-

tioned in Ref. 39 was used and an average over the symmetry directions was done.
'Sadao Adachi, J. Appl. Phys. 58, R1 (1985). For the exciton mass, the sum of the electron and heavy
hole masses was used. To obtain the phonon velocities, the program mentioned in Ref. 39 ~as used and
an average over the symmetry directions ~as done.

A numerical solution of Eqs. (6) and (8) with no high-
temperature approximations is given in Fig. 5(a). Tem-
perature is plotted in units of T' =m 'U /ka, where T' is
a characteristic temperature of the low-temperature re-
gime, and v is the appropriate phonon velocity (v =UI for
unstrained Cu20). The mobility is plotted in units of
p' —= 16~2Mp/3S' (m ') U, which equals the high-
temperature mobility [Eq. (9)) evaluated at T =T'/4.
For T~gT' the expected T dependence is obtained.
At temperatures below T' the temperature dependence is
considerably more rapid. Figure 5(b) shows the corre-
sponding diffusion constant, obtained from the Einstein
relation. The top of both plots indicates the temperature
scale appropriate to paraexcitons in Cu20. The curve in
Fig. 5(b) is also shown as the solid line in Fig. 3(b). The
only fitting parameter used was an overall multiplier.
Other parameters needed in the calculation were extracted
from the literature or reference books: p=6 g/cm,
m ' =3mo for the 1s exciton, ' ' and the average
longitudinal-phonon velocity vi ——4.5 X 10 cm/s (elastic
isotropy assumed in the calculation). Considering the
overall multiplier to give a dynamic deformation potential
for the exciton, this would yield &=1.2 eV. (This value
is not far from the band-gap hydrostatic deformation po-
tential of 2.1 eV quoted in Ref. 32.)

This observation of the low-temperature regime in
acoustic deformation-potential scattering relies upon the
large mass of the paraexciton and the fact that it interacts
much more strongly with longitudinal phonons than
transverse phonons. From the excellent agreement be-
tween experiment and theory [Fig. 3(b)], we conclude that
the steep temperature dependence of D below about 6 K is
due to the freeze-out of longitudinal-phonon emission by
the excitons and the rapid decrease in phonon occupation
number N&. The transverse phonons in Cu20 have a
sound velocity about 4 times lower, implying that the
emission freeze-out for these phonons would occur at a
temperature 16 times lower than for longitudinal pho-
nons. If the paraexcitons were strongly coupled to the
transverse phonons, the rapid dependence of D in the ex-
perimental temperature range would not have occurred.

To illustrate the effect of exciton mass and phonon veloci-

ty, we list in Table I some calculated characteristic tem-
peratures T' for excitons in other crystals.

V. MEASUREMENT OF THE MOBILITY

A. Experimental aspects

To determine the mobility of particles, a known force F
is applied and their resultant drift velocity v~ is measured.
Because excitons are electrically neutral, we cannot use an
electric field to provide the motive force. However, since
the exciton energy decreases with increasing stress (see
Fig. 11), a stress gradient produces an effective force on
these particles.

An inhomogeneous stress was applied by pressing a
rounded plunger (section of a glass lens with radius of
curvature either 1.6 or 2.5 cin) against a flat surface of the
sample. This Hertzian geometry creates a maximum of
shear stress inside the sample below the plunger-sample
contact area. Figure 6(a) shows a schematic of the stress
distribution inside the crystal. The solid lines represent
"equipotentials, " or curves of constant exciton energy.
Details of this stress method have been previously report-
ed for indirect-gap semiconductors.

The energy gradient is determined by selectively tuning
the dye laser to the locally down-shifted orthoexciton
quadrupole resonance. Typically, the orthoexcitons are
created few hundred micrometers directly below the
shear-stress maximum (SSM), and their drift path is
straight upwards.

In order to calibrate the applied force on the excitons,
one must measure the change in potential energy U of the
excitons along the drift path, giving I' = —dU jdz. This
is accomplished by collecting spectra at different positions
along the drift path, as shown in Fig. 6(b). The bottom
spectrum is collected from the SSM under an applied
stress which is comparable to the stress the excitons ex-
perience at the beginning of their drift path for the data to
be described. For this spectrum, the laser was tuned to
the low-energy edge of the (strain-shifted) phonon-assisted
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FIG. 6. (a) Schematic of the stressing arrangement used to
provide the motive force for the measurement of mobility. The
curves inside the crystal are schematic "equipotential" curves,
or curves of constant exciton energy. There is a maximum of
shear stress created inside the sample. The excitons are attract-
ed to this shear-stress maximum (SSM). They are created at po-
sition z& by resonant excitation of the orthoexciton line and sub-
sequent down-conversion to paraexcitons. (b) Luminescence
spectra for different excitation regions in the crystal, as con-
troHed by the laser wavelength. Luminescence is collected
directly from the excitation point zo. The shifts in these spectra
are used to calibrate the applied motive force, as explained in
the text. Xo is the orthoexciton no-phonon line, X~ is the
paraexriton no-phonon line, and Xo-I ~q is the 110-cm
optical-phonon replica of the orthoexciton. (c) Paraexciton ener-

gy versus pump position zo. The negative of the slope of the
line gives the average motive force F applied to the exritons.

orthoexciton absorption. Three luminescence lines are
identified. The intense line labeled Xo is due to no-
phonon orthoexciton recombination and Xo-1 ~q is a
phonon-assisted orthoexciton line. The line labeled X~ is
the no-phonon paraexciton, which is observable under a
symmetry-lowering stress. ' ' It is the energy position of
this paraexciton line which we want to determine as a
function of position along the drift path. In order to pro-
duce a localized packet of excitons, the no-phonon
orthoexciton quadrupole line was resonantly pumped.
Since this is locally a very sharp resonance, only a very
small region of the crystal is excited, namely, that where
the strain-shifted orthoexciton energy and the laser pho-
ton energy are the same. (Due to this resonant excitation,
there is also a significant amount of resonantly Raman
scattered light, causing, for example, the Xo-I ~q line to
greatly increase in intensity. ) The photoproduced
orthoexcitons rapidly down-convert to paraexcitons via
processes which have not been clearly identified. '3

The expanded spectra in Fig. 6(b) show the paraexciton
line for different excitation positions (as controlled by the
laser wavelength) along the drift path. These spectra were
taken with the I-m spectrometer and the diode array
detector. For a given excitation wavelength, the position
of excitation was determined by recording "vertical" slit
scans (described below) using the —,'-m spectrometer. Ei-
ther orthoexciton or paraexciton luminescence was select-
ed; both have maximum intensity at the pumped spot.
Shown in Fig. 6(c) is a plot of the shift of the paraexciton
energy as a function of pump position, zo, along the drift
path. The average force is the slope of this curve.

To measure the drift velocity v~, the motion of the
paraexcitons is time-resolved after their creation at a par-
ticular position, zo. Again, the vertical dimension, z, is
scanned because the excitons are moving upward toward
the SSM. To accomplish this, a configuration of three
mirrors (two mounted on galvonometers) rotated the im-
age by 90', so that vertical motion inside the crystal re-
sulted in horizontal motion across the entrance slit of the
spectrometer. This allowed a spatial integration of the
light in a plane perpendicular to the drift direction.

Because the wavelength of the emitted light changes
with spatial position, it is necessary to scan the spectrome-
ter grating simultaneously with the image translation.
The angle of the —,'-m spectrometer grating was voltage
controlled, as described previously. By applying propor-
tional voltages to the respective galvocontrollers, the im-
age mirror and grating were synchronously scanned. The
wavelength range was adjusted so that the wavelength of
the paraexciton luminescence peak tracked the corre-
sponding spatial position.

Figure 7(a) shows some time-resolved slit scans ob-
tained in this manner. The time delay between the
displayed scans is 80 ns. The data are characterized by a
center-of-mass motion of the exciton packet (due to drift)
and a broadening of the distribution (due to diffusion).
To determine the drift velocity, we plot in Fig. 7(b) the
peak position (the center of the packet) as a function of
time. The slope is the drift velocity.

Given the measured quantities I' and U~, the mobility p
is U~/F. Our initial approach was to measure the drift ve-
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is determined by the local stress gradient and the spectral
width of the laser line (-0.05 nm). A significant amount
of this "absorbed" light is resonantly Raman scattered;
hence, only a small initial density of excitons is created,
which we estimate to be less than 10' cm

8. Results
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Figure 8 shows the temperature dependence of the mo-
bility for T&4.2 K, i e ,. with the sample immersed in
liquid helium. Mobility measurement above 4.2 K was
difficult because the drift velocities were low and the exci-
tons did not drift very far during their lifetime. The dif-
ferent data sets are for different applied crystalline
stresses. The parameter o is the average applied stress
over the traversed distance and is determined from the
spectral energy position of the paraexciton line E~„, near
the midpoint of travel. The conversion of E~„ to cr is
determined from previous uniform-stress experiments.
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FIG. 7. (a) Time-resolved spatial profiles of paraexciton
luminescence showing the drift due to the application of the
motive force determined in Fig. 6(c). The peak intensities are
normalized for clarity. The effective time gate is 20 ns. The
spreading in the width of the profiles is due to exciton diffusion.
(b) Position of the peak of the exciton distribution as a function
of time. The slope yields the drift velocity uq. %ith the motive
force measured in Fig. 6(c), I', and this Ud, we determine the
mobility p=uq/I' =1.7X10 cm /eVs for this temperature and
applied stress. The average applied stress in the drift region is
o =2.1 kbar, as determined from Fig. 11 and the spectral shift
of the paraexciton luminescence.
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locities for several calibrated forces in order to show that
Ud scaled with F. We obtained a paradoxical result: as F
was increased, the drift velocity did not increase propor-
tionally, suggesting that mobility was force dependent.
Actually, we were discovering that the mobility for
paraexcitons in Cu20 was stress dependent. To increase
the force on the excitons we applied more pressure to the
crystal, which also increased the average stress in the mea-
surement region of the crystal. Thus, in the measure-
ments described below it was necessary to record both the
stress gradient (force) and the mean stress in the drift re-
gion. For a given drift measurement the variation in total
stress was only about 25%.

To measure the temperature dependence of p, it was
not necessary to measure F at each temperature because
the pressure on the crystal was unchanged. Fwas typical-
ly measured at 2 K. The incident energy per pulse was
approximately 20 nJ and the pulse repetition rate was 40
kHz. The absorbed energy was actually a very small frac-
tion of the incident energy because the absorption of the
quadrupole line occurs only in a region of the crystal less
than 0.1 rnm in length. The size of this excitation region
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FIG. 8. Temperature dependence of the measured drift mo-
bility of paraexcitons. The five sets of data are for different ap-
plied stresses. The T ' dashed line (marked 1) and the T
dashed line (marked 2) are for reference to show the change in
the temperature dependence of p. The applied motive forces
were 0.01 eV/cm (0), 0.02 eV/cm (4), 0.05 eU/cm (o ), 0.08
eV/cm (U), and 0.11 eV/cm ().
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(See Fig. 11.) The data in Fig. 8 indicate that both the ab-

solute value of the mobility and its temperature depen-
dence vary with the applied stress.

First consider the lowest-stress data —the black solid
squares corresponding to cr= 1 kbar. The measured drift
mobilities, e.g., JM=2X10 cm /eVs at T=1.2 K, are
indeed as high as implied by the previous diffusion con-
stants. Also, the temperature dependence of p is reason-
ably consistent with the rapid temperature dependence of
D for T&4 2K.. The relation D-T i~~ and the Ein-
stein relation imply p, -T ~, which is shown by the
dashed line marked 1; however, pk&T is about a factor of
2 larger than D measured for the unstressed crystal.

Considering all the data sets in Fig. 8, as cr is increased,
there is a continuous decrease in p as well as a radual
modification of the temperature dependence. ~ The
mobilities for the highest stress follow a nearly T
behavior (line marked 2).

Before a model is proposed to explain these results,
there is one additional parameter that can be extracted
from this drift data: a diffusion constant can be measured
from the spreading of the packet of excitons in the direc-
tion of motion. The full width at half maximum b, of the
distribution should be given by Eq. (3), while the center of
the Gaussian packet moves with velocity u~. Diffusion
constants obtained from the drift data are plotted in Fig.
9. The same general trends are seen in these data, i.e., a
decrease in D with increasing stress and also a change in
the temperature dependence.

The lines marked 1 and 2 in Fig. 9 are derived from
those correspondingly marked in Fig. 8 with the use of
the Einstein relation. The extracted diffusion constants
do lie within the range predicted by pkii T. At the lower
stresses even the absolute magnitudes of D and pkiiT are
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FIG. 9. Temperature dependence of the extracted diffusion
constant from the drift data. The dashed lines labeled 1 and 2
correspond to the sirnlarly labeled lines in Fig. 8, as related by
the Einstein relation D =pk~ T.

in good agreement. However, strict agreement with the
Einstein relation does not seem to hold at higher stresses.
There is some uncertainty in extracting D from the drift
data because the forces applied to the excitons are not per-
fectly constant over the measured path; the force increases
somewhat as the excitons approach the SSM, which
would tend to make the packet spread more rapidly and
hence cause an ouerestimate of the diffusion constant.
Also, the intensity of the direct paraexciton line is stress
dependent, ' increasing in intensity at higher applied
stress, which could affect the shape of the exciton
luminescence distribution. However, it is not clear how to
make this correction properly, and we chose to analyze
the raw data making no ad hoc intensity corrections.
Along these lines, we note that at low applied stress we
found good correspondence between mobilities measured
with spectral selection of the phonon-assisted paraexciton
line and those obtained using the no-phonon line with no
attempted intensity corrections.

VI. PROPOSED EXPLANATION
OF THE STRESS-DEPENDENT MOBILITIES

What could cause the mobility to decrease with increas-
ing stress? An increased coupling of excitons and acoustic
phonons with applied stress implies that the deformation
potential is getting larger. If the coupling to longitudinal
phonons alone increased with stress, the mobility would
decrease, but the temperature dependence would remain
unchanged because the deformation potential is simply an
overall multiplier in the scattering rate. If, however, the
coupling to transverse phonons changed with stress, this
could have a major effect on the temperature dependence
of p because the characteristic temperature T,' associated
with transverse-phonon scattering is much lower than TI'.
This is because the transverse-phonon velocity U, is nearly
a factor of 4 less than the longitudinal velocity vi in
CuiO. Specifically, the value of U, varies between
1.14X10 and 1.4X10 cm/s, whereas the average value
of Ui is about 4.5 X 10 cm/s at low temperatures. Figure
10 shows the energy E versus haik for the paraexciton and
the left-hand side shows a T=1.2 K Maxwell-Boltzmann
distribution. (This is an expanded version of Fig. 4.)
Longitudinal-phonon emission is forbidden for exciton
wave vectors below the cutoff value, k,' = m'Ui/iri, as pre-
viously discussed. However, transverse-phonon emission
is forbidden for wave vectors below k,'—:m*u, /fi, a much
smaller value. Thus, even for a low temperature of 1.2 K
only a very small fraction of the total number of particles
have their emission process frozen out. One would ex-
pect, then, that the scattering rate will more closely
resemble the high-temperature situation, where the tem-
perature dependence of p is T ~ This dependen. ce is
close to that observed at higher stresses, indicating the
presence of transverse-phonon scattering.

We now considering how the transverse phonons can
become the dominant scattering source for paraexcitons
under an applied stress. A clue lies in the highly non-
linear dependence of paraexciton energy on stress as
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FIG. 10. Expanded version of Fig. 4. The cutoff value of k
below which longitudinal-phonon emission is forbidden is k„
and the cutoff wave vector for transverse-phonon emission is k,',
a much smaller value. The number of particles with forbidden
longitudinal-phonon emission is much larger than the number
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shown in Fig. 11. By comparison, excitons in Si display a
linear shift in energy with applied stress. i The slope of
the E-versus-tr curve is closely related to the deformation
potential. Exciton mobilities in Si show no evidence of a
stress dependence.

A basic question concerning exciton-phonon scattering
is whether the phonon scatters separately with the elec-
tron and hole, or with both as a unit, i.e., how is the exci-
tonic deformation potential related to those of the electron
and hole? For the temperatures in our experiments, the
thermal phonons have wavelengths much larger than the
excitonic Bohr radius {—10 A); thus, the electron and
hole feel the same local deformation and should scatter as
a unit. Therefore, we expect that the shift of the paraexci-
ton energy with static stress gives an indication of its cou-
pling to phonons.

Waters et al. ' recently measured the stress dependence
of the exciton energies of the yellow series in Cu20, ex-
cluding the n=1 paraexciton state, for uniform uniaxial
stress in a (100) direction. They also reported a theoreti-
cal analysis of their results. Shortly afterwards, Trebin
et al. carried out a more exact theoretical treatment of
the problem. Both theories give virtually identical results
if expanded to the same order of approximation. We will
use the second order perturbation results of Waters et ol. ,
which are easily adaptable to our purposes.

According to deformation-potential theory, the cou-
pling of phonons to carriers is caused by the modulation
of the energy band of the carriers by the strain of the pho-
non. To first order in strain, the strength of the interac-
tion, the deformation potential, is determined by the band
shift per unit strain. For a nondegenerate spherical band
in a cubic semiconductor, only dilational strains cause the
band to shift in energy. This can be easily sam by ex-
panding the energy modulation b,E to first order in strain
in the following manner: '

FIG. 11. Energy of the orthoexciton and paraexciton as a
function of applied {100)uniaxial stress 0. The orthoexciton
curves plotted are from Ref. 31 and used with our measurement
of orthoexciton energy shift to calibrate the applied stress. With
simultaneous measurement of the spectral shift of the paraexci-
ton, we determine its energy versus applied stress. The solid
curve through the data is fitted to the curve E~„=A

+ Bcr—Ccr, with A =16298 cm ', 8=4.96cm 'kbar ', and
C=7.36cm 'kbar

EE=a e +a~ed+a e +a~e~+a~e~+a, ye~

(10)

where e~„are the components of the strain tensor and
a „are coefficients of expansion. Since the system has
cubic symmetry, ~8' is unaffected by reflections through
planes perpendicular to the x, y, or z axes. e „ for m +n
changes sign upon reflection through planes perpendicular
to the m or n axis; therefore, a „=0for m&n Also, th.e
x, y, and s axes are all equivalent in a cubic system; there-
fore, a~ =a~ =a~ =&~. This now gives the familiar re-
sult5, 18

b,E=&d(e +e„~+e )=&dTre .

Using e =—Bu /Bx with u the mth component of
the local displacement from equilibrium, and u
=unpre"q' ""with uo the amplitude of the phonon,

p the mth component of the polarization vector, q the
wave vector, and co the frequency of the phonon, one ob-
tains e =u q . Therefore, e +e~+e =u q and
only longitudinal phonons (with u~ ~q) couple to the car-
riers. The matrix element is given by Eq. {5).

We can explicitly see that only dilational strains affect
the paraexciton energy to first order by considering the
strain Hamiltonian and paraexciton wave function con-
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structed by Waters et al. ' The strain Hamiltonian

H„=a Tre 3b[(L, —,'L—')e~+cp .].
—2dW3( t L„,L, je~+c.p. }, (12)

where L, are angular-momentum operators, c.p. means
cyclic permutations, tL„,L, I =L„L,+L L, and a, b,
and d are band deformation potentials. ' The wave
function they give for the paraexciton is

Pp= [(Yi —Yi)(aP, +13a, )
12

+2Yg 'PP, —2Y2aa, ],

E~„——A +BE—Ccr (13)

where o is the magnitude of the uniform uniaxial (100)
stress. The source of each term is easily identified. The
constant A is the unperturbed zero-stress energy. The Bo
term comes from the dilational term a TrF, where Tre
=(Sii+2$i2)o and 8 „are elastic compliance con-
stants. ~i Co2 is due to a term of lower symmetry in H„,
namely the second term in Eq. (12). The last term in Eq.
(12) does not contribute for stress along a fourfold axis.

Figure 11 shows a fit of Eq. (13) to the experimental
paraexciton shift under an applied (100) stress. Both
orthoexciton and paraexciton luminescence were collected
from the SSM. The spectral shift of the orthoexciton was
used to calibrate the local stress, using the uniform stress
data of Waters et al. The fit of Eq. (13) to the data is ex-
cellent and the resulting parameters A, B, and C are given
in the caption. The dominance at high stress of a term
such as Co, which incorporates the effects of shearing
strains, is also verified by the fact that paraexcitons col-
lect, and thus have an energy minimum, at a shear-stress
maximum. 5

Now consider the effect of a phonon when a static uni-
axial stress cr is applied to the crystal in a (100) direc-
tion. Let an additional ( 100) stress due to the phonon be
b,cr. Substituting o =o+b,o into Eq. (13) and ignoring
terms second order in ho, we find

E~,=A'+B(ho) 2Co(bo), — (14)

where A' contains all terms not involving b,o. To first
order in her, there is a modulation of the paraexciton en-

where YP are the spherical harmonics, a (P) is spin "up"
("down") for the hole, and a, (P, ) is spin "up" ("down")
for the electron. In the calculation of (P~ ~

H„ I P& ), the
only nonzero contribution, regardless of the form of the
strain e, is from the o TrÃterm. Since transverse phonons
have no dilational character (in an isotropic medium),
there is no coupling (or very weak coupling) of paraexci-
tons to transverse phonons at zero applied stress. This is
consistent with the zero-stress diffusion-constant results,
which were explained solely by longitudinal-phonon cou-
pling.

Considering the application of a (100) stress, Waters
et al. showed that the dependence of the paraexciton en-

ergy, through second order in perturbation theory, is of
the form

DE=a (e +@~)+a e (15)

We define in the conventional way' the components of
a deformation potential, &z —a and &„=a~—a
Equation (15) then becomes

ergy from the third term in Eq. (14},which is associated
with strains other than pure dilation. Therefore, when o
is nonzero, a transverse phonon can couple to the paraex-
citon. The amplitude of energy modulation is linearly
dependent on the applied stress o. This implies a defor-
mation potential linearly dependent on 0. We have over-
simplified the problem by ignoring phonon-induced
stresses in directions other than the applied stress, but we
believe the result to be qualitatively correct for the more
general case: i.e., a given shear wave will have a deforma-
tion potential linearly dependent on the magnitude of stat-
ic stress. Also, we are ignoring the nonuniformity of our
applied stresses. In the regions of the crystal "below" the
SSM where the excitons travel, this should not be a major
oversight because the stresses are reasonably uniform per-
pendicular to the travel direction, and do not vary signifi-
cantly ( & 25%) along the travel direction.

A qualitative understanding of this stress-dependent
transverse-phonon coupling can be gained by considering
the band structure" of Cu20. Ignoring spin, the conduc-
tion band is nondegenerate, and the valence band would be
threefold degenerate in the absence of spin-orbit interac-
tion. With spin-orbit coupling, the valence band splits
into an upper singly degenerate band (ignoring a spinlike
degeneracy) associated with the yellow exciton series and a
lower doubly degenerate band associated with the green
exciton series. This ordering of the valence bands is oppo-
site the case of Si or GaAs. i6 Since the spherical band ex-
trema in Cu20 are nondegenerate, they are unaffected to
first order in shear stress. The lower, degenerate valence
band is split by shear stress and this band will mix with
the upper valence band as stress is applied. This mixing
causes the upper valence band band to couple to shear
waves as static stress is applied.

From Raman scattering, Yu and Shen' 'i determined
that the orthoexciton in Cu20 interacts with longitudinal
phonons 7 times more strongly than with transverse pho-
nons. The orthoexciton is a threefold-degenerate state
which has a linear splitting under the application of a
symmetry-lowering stress. This splitting is due to a com-
bination of exchange and strain via mixing with the green
series~'~2 ~s (associated with the lower doubly degenerate
band}. Exchange has no effect on the paraexciton; hence,
to first order there is no shift in energy due to a
symmetry-lowering stress. We believe that this means
orthoexcitons are more strongly coupled to transverse
phonons than paraexcitons at zero applied stress, even
though the orthoexcitons are still weakly coupled. We
have not measured the transport properties of orthoexci-
tons because of their much shorter lifetime.

In order to calculate the momentum-damping time, we
must express the energy modulation due to a phonon in
terms of strain. An applied uniaxial stress (chosen to be
along the z axis) lowers the crystal symmetry. From ar-
guments similar to those used in obtain Eq. (11), the
paraexciton energy shift is given by
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and &„ is the shear coinponent of the deformation poten-
tial, which, by the above arguments, is linearly dependent
on applied stress o.

The form of the scattering matrix elements depends on
the polarization of the phonons involved. We assume
elastic isotropy, which greatly simphfies the calculation,
and makes the two transverse modes degenerate. Using a
coordinate system with the polar axis along the stress
direction ( + z direction}, let one transverse mode have po-
larization pointing in the direction of increasing polar an-

gle 8, and the other pointing in the direction of increasing
azimuthal angle P. The longitudinal mode is polarized in
the radial direction along q, the phonon wave vector. Ex-
pressing the wave vector q and the three polarizations in
their x,y, z components in terms of the angles 8 and 4,
and using the definition e =Bu /Bx and a plane-
wave expression for a phonon as above, the matrix ele-
ments are now given by

2 (~q+N„cos 8) i)tq Nq for absorption,
IMi.q I

i= X
2Vpv Nq+1 for emission,

17)
(N„sin8cos8) iiiq Nq for absorption,2

fMi, q /, = X
2vpu, Eq+ i for emission .

Only one transverse mode couples under these assump-
tions, the one with polarization along increasing 8 direc-
tion. Since the strongest transverse scattering occurs for
8=45' and 135', we choose u, =1.2X10 cm/s, which
corresponds to an average slow transverse velocity at
8=45'.2i'~ Also, the mass of the paraexcitons is assumed
to remain isotropic and independent of applied stress.
&„, and thus the ratio &„/&~, is assumed to vary

d (iilkF )

dt
V

(2m)
'q( qF~emission RF~absorption } ~

(18)

where qF ——q cos8 is the component of the wave vector in
the field direction (direction of motive force) and

linearly with applied stress, cr.
Since our experiments are performed at low tempera-

tures and the scattering events cannot be treated as elastic
in exciton energy as previously discussed, a proper calcu-
lation of the momentum-damping time requires a com-
plete solution of the Boltzmann equation for inelastic
scattering, or alternatively a Monte Carlo simulation.
These approaches are beyond the scope of our present pa-
per. One approximate approach is to simply use Eq. (4) as
we did in a preceding section. If the scattering events
were elastic, Eq. (4) should be multiplied by 1 —cos8',
where 8' is the angle between the initial and final wave
vectors of the scattered particles. ' ' This weights large-
angle scattering over small-angle scattering, which is more
appropriate for the momentum-damping time rather than
the simple scattering time. However, since there is signi-
ficant energy loss in the collisions at low temperature, the
1 —cos8' factor is not correct and we choose to ignore it.
Basically, the energy change in collision implies a momen-
tum change. To obtain iu, we average over a Maxwell-
Boltzmann distribution according to Eq. (8}.

Another method we have used to determine p is to cal-
culate the rate of change in field-directed momentum

averaIIed over a drifted Maxwell-Boltzmann distribu-
tion. Since the excitons are at relatively low density, the
assumption of a drifted distribution is not completely jus-
tified; however, it provides a basis on which to gain an
understanding of the physics of the problem. The rate of
change in field-directed particle momentum is given by'

(&„+&qcosz8)2Rq (N„sin8cos8) Rq
S, ;;,„= (Nq+1)5(E(k —q) —E(k)+Rutq)+ (Nq+ l)5(E(k —q) —E(k)+Au, q),

2 VpuI 2vpu,

(19a)

(S'g+&„cos 8) i}}iq (&„sin8cos8) Aq
~ac qt-= N~5(E(k+q} —E(k)—Rutq)+ Nq5(E(k+q) —E(k) —i)tu, q),

2VpuI 2Vpu,

~here the proper phonon velocities must be included in
the Nq. Equation (18) is then averaged over the drifted
Maxwell-Boltzmann distribution,

exp[ —(iilk —m'v~) /2m'k&T] .
This yields the magnitude of the damping force, Fph—:( d(fikF)/dt), due to the—phonon scattering. For a
packet of particles drifting with velocity u~, F~h must bal-
ance the applied motive force and the mobility is simply
u~/F~h An advantage t.o this method is that it attempts
to account for both momentum damping and energy loss
without assuming elastic scattering. %e will discuss the

results of this method below.
Of course, both of the above methods give a standard

T dependence for the mobility at higher tempera-
tures, and, in fact, for zero stress (i.e., longitudinal-
phonon scattering only) both methods give a nearly identi-
cal temperature dependence over the entire temperature
range calculated (1.2—300 K}. When transverse scattering
is incorporated, both methods give qualitatively similar
results, the major difference being that, for a given value
of &„/&d, the first method gives a slightly more rapid
temperature dependence than the second method.

The results of the second method are shown as the solid
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lines in Fig. 12. The procedure for fitting the theory to
the experimental mobilities was as follows. There were

only two adjustable parameters used to simultaneously fit
all the data: the ratio of &„/&~ to 8 and an overall

multiplier. The effects of these two parameters are quite
orthogonal because &„/&z is determined by the spread
in the data with applied stress whereas the overall multi-

plier simply adjusts the absolute scale of )u. Figure 12
shows that the theory accounts very well for both the
variation of p with stress and the changing form of the
temperature dependence.

How reasonable are the fitting parameters'? The overall
multiplier can be interpreted as a calibration of the defor-
mation potentials for this approximate theory. The result
is &~=0.7 eV. This value is about 60% the value of S'q
obtained in the zero-stress diffusion analysis. The ratio
&„/B'q = —0.3o gave the best fit to the data. The nega-
tive sign indicates that dilational and shearing strains
have opposing effects on the paraexciton energy. A
theoretical estimate of this ratio may be obtained from a
comparison of Eqs. (14} and (16}. We identify the dila-

I I I I I I

F (kbar', I:
~ I.O
~ 1.4
c 2. 1

o 2.5

tional terms as &~Tre and B(Acr) and the shear terms as
&„e~ and —2Co(ho), respectively. Using TrV=(S»
+ 2Siz)ho' and e =Siibn, we obtain the ratio

&„/Na ———[2C(Sii+2Si2)]/(SiiB)cr .

With B=4.96 cm 'kbar ', C=7.36 cm 'kbar from
our fit to Eq. (13) and S» ——4. 169X10 ' kbar ' and
Siq= —1.936X10 kbar ' from Ref. 32, we obtain
&„/&d = 0—2cr. T. his estimate of the relative scatter-
ing strengths for shear and longitudinal waves agrees fair-
ly well with the value &„i&~—— 0 3—cr o. btained from
the fit to the mobility data.

VII. CONCLUSIONS

The transport properties of paraexcitons in CuqO at low

temperatures have been measured. The long paraexciton
lifetime allowed macroscopic drift before recombination.
Time-resolved luminescence imaging was used to measure
the diffusion constants and mobilities for a range of tem-
peratures and applied stresses. At zero applied stress, the
temperature dependence of the diffusion constant deviated
significantly from the T '~ dependence which is usually

thought to characterize acoustic deformation-potential
scattering. Recalculating the scattering time using proper
low-temperature exciton-phonon kinetics (i.e., making
none of the high-temperature approximations) resulted in
an excellent agreement between experiment and theory.
This is the first demonstration, to our knowledge, of the
low-temperature regime in acoustic deformation-potential
scattering.

The strain-gradient technique was employed to provide
a motive force for determination of the paraexciton drift
mobility. Resonant volume excitation provided an initial-

ly small packet of excitons. The resultant mobility as well

as its temperature dependence was found to be stress
dependent; increasing stress resulted in a decreasing mo-
bility as well as a less rapid temperature dependence. This
effect was related to the nonlinear dependence of paraex-
citon energy on applied uniaxial stress. A model incor-
porating a stress-dependent coupling to transverse-
acoustic phonons was proposed in which the shear defor-
mation potential was assumed to vary linearly with ap-
plied uniaxial stress. Calculations incorporating this
stress-dependent coupling yielded good agreement between
experiment and theory.
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