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The interconversion between orthoexcitons and lower-lying paraexcitons in Cu2O is studied by time resolv-
ing the orthoexciton and paraexciton luminescence following picosecond photoexcitation. The buildup of
paraexciton numbers and the orthoexciton decay are observed over the temperature range 2–20 K. The low-
temperature limit of the conversion rate is accurately measured. The temperature dependence of the intercon-
version rate suggests that the dominant mechanism for ortho-para interconversion is the emission or absorption
of a single transverse acoustic(TA) phonon. We propose a microscopic model in which rotation of the lattice
induces the spin flip through spin-orbit coupling. The energy splitting between orthoexcitons and paraexcitons
is modified by applying stress to the crystal, and the the interconversion rate as a function of this splitting is
found to be consistent with the single TA phonon mechanism.
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I. INTRODUCTION

Cu2O is a direct-gap semiconductor with a band gap of
2.173 eV.1 The exciton, or bound electron-hole pair, in this
crystal consists of a hole in the highest valence bands2G7

+d
and an electron in the lowest conduction bands2G6

+d. Both
these bands possess even parity, resulting in long exciton
lifetimes. The excitonic binding energy is 150 meV, and the
ground state is split by the exchange interaction into a triplet-
state orthoexciton s3G25

+ d and a singlet-stateparaexciton
s1G2

+d, with a splitting energy ofD=12 meV. The mechanism
for interconversion of orthoexcitons and paraexcitons has
been the subject of interest since the early 70’s.

Renewed interest in the kinetics of orthoexcitons and
paraexcitons came with numerous attempts to observe Bose-
Einstein condensation of excitons in this crystal.2 The diffi-
culty in reaching the condensed state lies in a strong two-
body recombination rate at high densities.3 It is generally
believed that the kinetics and thermal equilibration of exci-
tons depend on two key processes: ortho-para conversion4–6

and Auger recombination.7,8

In this paper we take a fresh look at the ortho-para con-
version process. For the first time both paraexciton and
orthoexciton populations are monitored, taking care to cali-
brate the relative densities. We present both temperature and
stress dependence of the interconversion rate. We present a
microscopic model involving the emissions of a single trans-
verse acoustic(TA) phonon.

The first studies involving ortho-para conversion in Cu2O
were reported by Kreingold and Marakov,4 who measured
[with continuous wave(cw) excitation] the orthoexciton lu-
minescence intensity as a function of temperature. They ob-
served a striking minimum in the orthoexciton population
near T=20 K and an exponential increase above this tem-
perature. The exponential increase above 20 K suggested
that orthoexcitons and paraexcitons are in thermal equilib-
rium at the lattice temperature. The increase in orthoexciton
population below 20 K suggested that slower interconver-
sion at low temperature retains a larger non-equilibrium

population in the higher-energy orthoexciton state.
Considering the electron and phonon symmetries at zone

center, Caswell and Yu5 proposed that ortho-para conversion
proceeded by a two-phonon down-conversion process-one
optical and one acoustic. Weineret al.6 made the first direct
measurements of the interconversion rate by time-resolving
the orthoexciton luminescence following subnanosecond la-
ser excitation. The measured rate showed a roughlyT3/2 de-
pendence plus a residual rate of abouts2.5 nsd−1 at low tem-
perature, in contrast to theT7/2 dependence predicted by the
two-phonon model. The two-phonon mechanism became
even less viable following time-resolved luminescence ex-
periments by Snokeet al.,9 who applied stress to the crystal
to reduce the ortho-para splitting energy below that of the
lowest energy optical phononsG25

− =10.7 meVd. No reduction
in the ortho-para conversion rate was observed, eliminating
the role of an optical phonon.

Snokeet al.9 proposed that orthoexciton down-conversion
is caused by emission of a single acoustic phonon. They
developed a theory which predicted the temperature depen-
dence of the down-conversion rate, but the rate went to zero
at zero temperature, in contrast with experimental results.6

Denev and Snoke10 measured the orthoexciton lifetime as a
function of applied stress, and developed a theory assuming
the emission of a single longitudinal acoustic(LA ) phonon.
They use a deformation-potential Hamiltonian that does not
take into account the spin-conversion process(see Sec. V).
The form of the interaction Hamiltonian is a key issue in the
present paper.

Finally, in an effort to understand the shorter lifetimes
of orthoexcitons at high densities, Kavoulakis and
Mysyrowicz11 have proposed a two-body spin-flip mecha-
nism for ortho-para conversion. The idea is that two orthoe-
xcitons with opposite magnetic quantum numbers collide,
exchange their electrons and holes via Coulomb interaction,
and produce two paraexcitons. The model predicts an inter-
conversion rate proportional to the density of orthoexcitons.
However, a spin-flip scattering process conserves total exci-
ton number, contrary to experimental evidence that both
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orthoexcitons and paraexcitons are efficiently lost at high gas
densities.3,8,12,13The experimental results favor an Auger re-
combination mechanism at high densities.

Our present experiments are conducted at low densities
s,1012/cm3d, where the decay of orthoexcitons is observed
to be independent of density. Excitons are observed by time-
resolved photoluminescence. Orthoexcitons radiatively re-
combine either by a quadrupole-allowed transition or by
phonon-assisted recombination, illustrated in Fig. 1(a). In
contrast, direct paraexciton recombination is strictly forbid-
den, but phonon-assisted recombination is weakly allowed.
As a result, the phonon-assisted luminescence from paraex-
citons sXp−G25

− d is 500 times weaker than the phonon-
assisted luminescence from orthoexcitonssXo−G12

− d.
Due to these factors, measurement of the paraexciton

population on a short time scale is difficult. High repetition
rates are needed to optimize the paraexciton signal from a
single pulse, and paraexcitons remaining from previous
pulses must be accounted for properly. Also, during and(for
a few nanoseconds) after a short excitation pulse the paraex-
citon luminescence is masked by scattered laser light and
strong orthoexciton luminescence. Spectral filtering is re-
quired to isolate the paraexciton luminescence.

Using these techniques, we find that the buildup of the
paraexciton population corresponds well to the decay of the
orthoexciton population, verifying that we are dealing solely
with the interconversion process.

This paper is organized as follows: In Sec. II the experi-
mental setup for the measurement is described and the prin-
cipal results are reported. In Sec. III we analyze the data with
rate equations, considering in particular the effect of the
background paraexciton buildup. In Sec. IV we propose that
the ortho-para conversion is mediated by a TA-phonon pro-
cess and compare the predictions of this theory to our mea-
sured interconversion rates as a function of temperature. In
Sec. V we test the TA-phonon theory against new stress de-
pendent data of the interconversion rate. Section VI gives
our summary and conclusions.

II. EXPERIMENTAL METHODS AND RESULTS

Our experiments are performed on a natural-growth Cu2O
crystal cut with all(100) facess23232.3 mm3d. This crys-
tal is one of those previously used to study the transport and
thermodynamics of excitons.12,14 We observe paraexciton
lifetimes of 400–500 ns at 2–20 K, due to recombination at
impurities. (Radiative recombination rates are known to be
much longer.13,15,16) The crystal is mounted in an apparatus
allowing the application of stress along[100], and the lumi-
nescence is collected along a[010] direction, perpendicular
to the laser beam path.

A mode-locked and cavity-dumped dye laser produces a
train of 5 ps pulses with a repetition time of 105 ns. The
excitation wavelength of 600 nm corresponds to a 270mm
absorption length atT=2 K. To produce a low density gas of
orthoexcitonss,1012/cm3d and avoid the complications of
diffusion,12 we defocus the laser beam and use an average
incident power less than 5 mW. The luminescence is spec-
trally dispersed by a half-meter spectrometer with 16 Å/mm

dispersion, and detected by a Hammamatsu multichannel-
plate photomultiplier tube using time-correlated single-
photon counting. We measure an overall time response
of 70 ps.

Figures 1(b) and 1(c) show time-integrated luminescence
spectra at 1.66 and 18 K. At temperatures greater than about
15 K, the paraexciton linesXp−G25

− d starts to overlap with
the orthoexciton linesXo−G15

− d, so care must be taken to

FIG. 1. (a) Schematic diagram of the exciton relaxation kinetics
at low densities. Wavy arrows denote phonon emission; straight
arrows photon emission."V is the optical phonon energy. The time-
integrated photoluminescence is given for(b) T=1.66 K and(c) T
=18 K. For T.15 K, the Xp−G25

− line starts to overlap with the
Xo−G15

− .
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isolate the signals from the two species. For these cw spectra,
the paraexciton luminescence is comparable to the orthoex-
citon luminescence because we are taking advantage of the
much longer paraexciton lifetime.

On a nanosecond time scale the paraexciton signal is 500
times weaker than that of the orthoexcitons. We eliminate
scattered laser light and background luminescence from
orthoexciton replicas by using a 620 nm interference filter
angle-tuned to the maximum phonon-assisted paraexciton
signal at 615 nm. The interference filter reduces the paraex-
citon signal by about a factor of 4 while reducing the back-
ground by a factor of a thousand.

Figure 2 indicates the care that must be taken to obtain the
paraexciton buildup in the presence of scattered light from
the laser and strong orthoexciton luminescence. Trace(a)
shows the buildup of luminescence collected from the inte-
grated paraexciton spectrum. The actual paraexciton buildup,
trace (b), is obtained by subtracting off the background lu-
minescence shown in trace(c). As one can see, this proce-
dure is absolutely necessary to obtain the correct time depen-
dence of the paraexciton buildup. Notice that in trace(b)
there is a residual signal att,0 that we attribute to paraex-
ctions created in earlier pulses(repetition time=105 ns). The
residual signal must be accounted for in order to determine
the impurity-induced exciton recombination time(about
450 ns), insuring that we have properly accounted for this
effect as a function of temperature.

Also shown in Fig. 3 is the time trace from orthoexcitons,
normalized by their radiative efficiency compared to the
paraexcitons. The relative luminescence rates are well known
from the corresponding absorption strengths.17 Data collec-
tion times for orthoexcitons and paraexcitons are 20 and
1800 s, respectively.

FIG. 2. Trace (a) is the buildup of spectrally integrated
Xp−G25

− paraexciton spectrum following a 5 ps laser pulse. This
raw data includes a base line from previously produced paraexci-
tons plus a background due to scattered light from the laser and
strong orthoexciton luminescence. Trace(c), obtained at an energy
just below the paraexcitons spectrum, shows the transient scattered
light. Trace(b) equals trace(a) minus trace(c) and corresponds to
the buildup of paraexcitons atT=1.66 K plus the residual decaying
signal from paraexcitons created in previous pulses.

FIG. 3. Normalized temporal behaviors of excitons after sub-
tracting the residual paraexciton signal. Circles and dots are fits of
Eqs.(3) and(4) to the data. The conservation of total exciton num-
ber is confirmed by adding the two curves at each temperature(not
shown). The sum decays via the nonradiative recombination
process.
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III. DIRECT MEASUREMENT OF THE
DOWN-CONVERSION RATE

For an excitation wavelength of 600 nmshn
=2065.8 meVd, the paraexciton generation is negligible,
known from assignment of the absorption bands near
600 nm. Orthoexcitons are created by theG12

− phonon-
assisted absorption process. The rate equations governing the
populations of the orthoexcitonsod and paraexcitonspd lev-
els are

dNo

dt
= − DNo + UNp − goNo + Gstd, s1d

dNp

dt
= − UNp + DNo − gpNp, s2d

whereN, g, andG are the number of excitons, the recombi-
nation rates, and the generation rate.U andD are the up- and
down-conversion rates. For 5 ps excitation pulses,Gstd can
be approximated by a delta function. AlsoU /D!1 and the
g’s are much smaller thanD at the temperatures considered
sT,20 Kd. In this paper we refer toD as either the “down-
conversion” or “interconversion” rate. Under these condi-
tions the solutions to the simultaneous rate equations are
given by

Nostd = Nos0de−sD+godt, s3d

Npstd = Nos0dfe−gpt − e−sD+godtg. s4d

Because the radiative recombination times are different for
the two species(tp/to=500 for the two phonon replicas), the
intensity ratio between orthoexcitons and paraexcitons is
given by

Io

Ip
=

No/to

Np/tp
= 500

No

Np
. s5d

In Fig. 3 we plot the temporal behavior of paraexciton
luminescence at three different temperatures, with the re-
sidual signal from prepulse paraexcitons subtracted. Super-
imposed is the orthoexciton signal normalized as described
earlier to reflect the relative number of excitons. The fit to
the tail of the paraexciton luminescence yields a paraexciton
recombination rategp of abouts450 nsd−1. At these relatively
low excitation levels, this decay rate does not change with
laser power(i.e., exciton density); therefore, we conclude
that the paraexciton decay is due to nonradiative recombina-
tion at impurities. The impurity-induced decay rate for
orthoexcitonsgo is not obtainable from our data due to the
rapid down-conversion rate. In the analysis later, we assume
that the impurity recombination rates are the same for ortho
and paraexcitonssg;go=gpd, an assumption that has little
effect in the determination of the down-conversion rateD.

A fit of the orthoexciton decay curve to Eq.(3) (circles)
yields the decay rateD+go. An independent measurement of
D+go is obtained from a fit of the paraexciton transient to
Eq. (4) (dots). The agreement between the final density(at
15 ns) of the paraexcitons with initial density of orthoexci-
tons confirms that the orthoexciton decay is entirely due to

down-conversion into paraexcitons. That is, there is no loss
of excitons during the interconversion process except for
slow nonradiative recombinations at impurities confirmed by
the sum of Eqs. (3) and (4), No+Np~e−gt, with g
=s450 nsd−1.

In Fig. 4 we plot the interconversion rateD from both
orthoexciton decay rates and paraexciton buildup rates for
temperatures ranging from 2 to 20 K. The orthoexciton de-
cay rates agree quite well with the paraexciton buildup rates.
Small differences at the higher temperatures may be due to
inaccuracies in obtaining the integrated paraexciton signal as
it begins to overlap the orthoexciton replica. The solid and
dashed curves shown in Fig. 4 are theoretical fits described
in the next section.

IV. OTHO-PARA CONVERSION BY TA PHONONS

If the ortho-para conversion involves scattering of acous-
tic phonons, then the rate should increase with temperature.
Specifically, phononemissionwill contribute a rate propor-
tional to 1+n wheren is the occupation number of the rel-
evant phonons, and phononabsorptionwill contribute a rate
proportional ton. As indicated in Fig. 1(a), the phonon en-
ergy is relatively small compared to the energy differenceD
between ortho- and paraexcitons, so the transition is nearly

FIG. 4. Temperature dependence of the down-conversion rates,
D=sD+god−gp, determined from the orthoexciton decay rates(D
+go, solid triangles) and paraexciton buildup rates(D+go, open
triangles), assuminggo=gp and a value ofgp that is determined
from the paraexciton decay. Our data are within the error bars of
orthoexciton decay rates reported by Weineret al.6 The solid line
corresponds to the TA-phonon process discussed in the text, scaled
by a single fitting parameter. The temperature dependence, approxi-
mately given by Eq.(6), depends strongly on the phonon velocity
involved. The dashed line is the LA-phonon process,10 involving
3.5 times larger phonon velocity.
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horizontal. The phonon momentum is thus nearlyÎ2mD and
the phonon energy isvÎ2mD, wherev is the transverse or
longitudinal sound velocity, depending on which phonon
branch is involved.

At high temperatures(T@vÎ2mD /kB,5 K for TA and
,20 K for LA) the phonon occupation number is approxi-
mately n=skBTd / svÎ2mDd. Considering both phonon emis-
sion and absorption, the temperature dependence of the
down-conversion rate is roughly proportional to 1+2n, yield-
ing

DsTd ~ 1 +
2kBT

vÎ2mD
. s6d

From Eq.(6) we see that the temperature dependence is de-
termined by the phonon velocity. In Cu2O, the velocities of
the longitudinal and transverse phonons differ by a factor of
about 3.5svL=4.5 km/s,vT=1.3 km/sd. LA phonon emis-
sion produces the temperature dependence shown in the
dashed curve of Fig. 4, while the TA-phonon-mediated pro-
cess predicts the solid curve.(These curves take into account
the actual distribution of exciton energies and phonon occu-
pation numbers, as discussed later in this section.) The data
clearly indicate that the lower-velocity TA phonons are in-
volved. Notice that the only fitting parameter is the overall
scaling factor. Our conclusion relies on a good measurement
of the low-T limit of D and a proof that the limiting orthoe-
xciton decay was not caused by some other mechanism than
down-conversion. The rate asT→0 is 0.30±0.04 ns−1.

How do the phonon polarization and symmetry enter into
the physics? Caswell and Yu6 pointed out that conversion of
an orthoexcitonsG25

+ d to a paraexcitonsG2
+d should involve a

Hamiltonian with symmetryG25
+

^ G2
+=G15

+ . We disagree with
Refs. 6 and 10 regarding their treatment of the lattice phonon
scattering as an odd-parity,G15

− , interaction. Acoustic
phonons precisely at zone center do transform as a displace-
ment, G15

− , but the uniform lattice displacement of these
infinite-wavelength phonons should not be expected to affect
the exciton spin state. Finite-wave-vector phonons cause
compressionsG1

+d, shear(G12
+ andG25

+ ), and rotationsG15
+ d in

amounts proportional to the phonon wave vector. Here we
examine the possibility that the rotationsG15

+ d associated with
TA phonons drives the spin-exchange process(ortho-para in-
terconversion).

Lattice rotation will rotate the atomic orbitals from which
the conduction and valence bands are built, and rotation of
these orbitals will affect the electron and hole spin through
spin-orbit coupling. To predict the down-conversion rate we
solve the somewhat simplified 12-state system including the
electron and hole spins, with angular momentum operators
Se and Sh, and the three degenerate(before spin-orbit cou-
pling) valence band orbitals, with pseudo-angular momen-
tum operatorL . This system has been treated by Waterset
al.18 and a more complete model has been developed by
Trebinet al.19 The static Hamiltonian, allowing for strainsei j
in the crystal, is

H =
2a

3
L ·Sh + 2JSe ·Sh + b o

i=x,y,z
eiis3Li

2 − L2d, s7d

wherea=132 meV is the spin-orbit splitting,J=−23 meV is
the exchange interaction, andb=−1.2 eV is the anisotropic

deformation potential for the holes. These parameters are
determined by fitting the spectroscopically measured ener-
gies of the 1s ortho- and paraexcitons.

When TA phonons rotate the lattice through the angle
1
2 ¹ 3u, whereu is the lattice displacement field, we assume
the spatial wave functions follow the lattice, while the spin
parts of the wave functions move according to the spin-orbit
and exchange Hamiltonian in Eq.(7). Working in a nonro-
tating frame of reference, rotation perturbs the Hamiltonian
by changing L →L + 1

2s¹3ud3L . We treat the additive
term in the spin-orbit Hamiltonian as a perturbation

H8 =
a

3
fs¹ 3 ud 3 L g ·Sh =

a

3
sL 3 Shd · s¹ 3 ud. s8d

We must evaluate the matrix element ofH8 between the
yellow orthoexciton and yellow paraexciton eigenstates of
Eq. (7). Waterset al.18 list eigenstatesf1 throughf12 which
diagonalize the spin-orbit part of Eq.(7). We use these states
as a basis in which to solve the full Hamiltonian. To first
order inJ/a and inbezz/a, the yellow paraexciton is

uparal = f12 −
Î2bezz

a
f11,

and the yellow orthoexcitons are

uorthozl = f10 −
2Î2J

3a
f9 −

Î2bezz

a
f9,

uorthoxl = f5 −
2Î2J

3a
f4 +

bezz

Î2a
f4 −

Î3bezz

Î2a
f3,

uorthoyl = f8 −
2Î2J

3a
f7 +

bezz

Î2a
f7 +

Î3bezz

Î2a
f6. s9d

When the perturbationH8 acts on the paraexciton, the
result involves

sL xSy
h − L ySx

hduparal = −
f9

Î2
−

bezz

a
f10, s10d

where we have considered only thez component of the curl.
Thus the rotation of the lattice by a TA phonon connects the
ortho- and paraexciton with a matrix element

Mop = korthozuH8uparal =
2J

9
s¹ 3 ud · ẑ. s11d

The other components of¹3u connect the paraexciton to
each of the other two orthoexcitons.

We were surprised to find in Eq.(10) that there is no term
in f10 to zeroth order inJ, so that to this order the matrix
element in Eq.(11) is zero. That is,kf10uH8 uf12l=0. Also
note that the terms proportional tobezz exactly cancel in Eq.
(11).

We quantize the lattice vibrationsu and apply Fermi’s
golden rule to calculate the transition rate induced byMop.
Under conditions of zero temperature, zero orthoexciton mo-
mentum and only spontaneous emission of a phonon, the rate
is
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Gop
z =

2p

"
E d3q

s2pd3U2J sinu

9
U2 q"

2rv
dSD − "vq −

"2q2

2m
D

= S2J

9
D2 qD

3/3prv
"v + "2qD/m

, s12d

where the sine of the angleu between the phonon wave
vector q and ẑ picks out thez-component of¹3u, and
where"qD=Î2mD+m2v2−mv denotes the phonon momen-
tum as determined by energy conservation andr
=6.1 g/cm3 is the mass density of Cu2O. Equation(12) is a
prediction for the absolute down-conversion rate for the state
uorthozl at zero temperature. With an exchange splittingJ
=−23 meV derived from the spectroscopic ortho-para split-
ting, it predicts a rate of 0.002 ns−1, which is 150 times
smaller than the observed rate, 0.3 ns−1.

There are several factors that increase the theoretical rate
estimated earlier. First, the green exciton binding energy is
greater than that of the yellow exciton, making the energy
splitting between the 1s excitons only 58% of the full spin-
orbit interaction a. The energy denominators in Eq.(9)
should have this reduced energya8=0.58a instead ofa,
while the interaction in Eq.(8) still has the full spin-orbit
interaction. This correction multiplies Eq.(12) by sa /a8d2

=3.0.
Second, the different binding energies imply a greater

electron-hole overlap in the more tightly bound green exci-
tons. We should thus expect a larger exchange coupling for
the green excitons. Waters estimatedJy<0.5J andJg<2.0J
where J now represents the geometric mean of two con-
stants. ThenJy=−23 meV to match the observed yellow
ortho-para splitting, and the geometric meanJ=−46 meV
appears in Eq.(9) and thus in the matrix element.

With these two factors taken into account the predicted
rate is 0.024 ns−1 or about 1/12 the observed rate. Most se-
riously, our restriction to 1s states ignores the strong mixing
that exists between the green 1s orthoexciton(the statef9)
and yellow 2s orthoexciton.19 A more accurate wave function
f9, for use in Eqs.(8) and(9), would require solution of the
radial wave function of the excitons.

We believe that the preceding theory captures the essence
of the dominant down-conversion process for excitons in
Cu2O, based on its agreement with the temperature and(see
later) the stress dependence of the rate, and because it comes
close to predicting the order of magnitude of the rate(within
a factor of 3.5 in matrix element). This model, extended to
finite temperature and numerically integrated over the ther-
mal distribution of orthoexcitons, is the solid curve in Fig. 4.
The predicted rate has been scaled up to compare its tem-
perature dependence with the experimental data, yielding ex-
cellent agreement. The TA phonon velocitysvT=1.3 km/sd
sets the temperature of the turnover to the observed depen-
dence at higherT. For comparison in Fig. 4, we show the
T-dependence assuming the LA phonon velocity, which
yields a poor fit to the data.

V. STRESS DEPENDENCE OF THE
DOWN-CONVERSION RATE

Strain changes the exciton states significantly. Extending
the perturbative treatment of the previous section, stress de-

pendence of the down-conversion rate first appears in higher-
order terms proportional to both exchange coupling and
strain. The orthoexciton state that israised in energy under
compressive strainsbezz.0d has an increased down-
conversion rate

korthozuH8uparal = S2J

9
+

2Jbezz

3a
Ds¹ 3 ud · ẑ. s13d

The two orthoexciton states that arereducedin energy have
their down-conversion rate reduced

korthoxuH8uparal = S2J

9
−

Jbezz

3a
Ds¹ 3 ud · ẑ, s14d

and it is these orthoexcitons that are observed in the strain
well experiments reported both here and in Ref. 10.

Denev and Snoke10 have reported a study of exciton re-
laxation as a function of stress in a Hertzian strain well.
Their principal aim was characterization of the Auger recom-
bination rate at high exciton densities; however, as men-
tioned earlier they also measured orthoexciton lifetimes ver-
sus stress at lower densities. Their analysis involved several
adjustable parameters and required a correction for a rather
short s20 nsd paraexciton lifetime in their sample. On the
theoretical side, their deformation-potential Hamiltonian has
even parity and cannot connect the even parity orthoexciton
state and the odd parity intermediate state introduced byk ·p
perturbation.

We have conducted similar low-density measurements on
our sample,20 which has about 20 times weaker impurity
recombination than Ref. 10. We have made measurements
from zero to 6 kbar, corresponding to changingD from
12 to 3.4 meV.

Figure 5 shows the decay of orthoexcitons in the strain
well for increasing values of stress at a temperature of 2 K.
The experimental lifetimes are plotted as a function of ex-
change splittingD in Fig. 6. The lifetimes increase by an
order of magnitude, from 3 ns at zero stress to 30 ns at
6 kbar. The solid curve is the orthoexciton lifetime from the
low-temperature down-conversion rate, calculated by nu-
merical diagonalization of the Hamiltonian Eq.(7). For com-
parison, the dashed line in Fig. 6 shows the prediction if,
instead, the LA-phonon velocity is used in the calculation.
Again, the data clearly prefers the TA-phonon velocity,
which is required in the theory.

An approximate analytic expression for the down-
conversion rate is obtained by using Eq.(14), giving the
explicit D (in meV) dependence of the rate at 0 K:

DsDd = S2J

9
+

3s12 −Dd
8

D2 2m2D

3prvT"4 . s15d

To this order, at finite temperature,DsD ,Td is given by this
expression multiplied by 1+2n as discussed in the previous
section.

VI. SUMMARY AND CONCLUSIONS

Experiments and theory have been zeroing in on the in-
terconversion mechanism since the first time-resolved ex-
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periments by Caswell and Yu. Our experiments are the first
to observe both orthoexciton and paraexciton populations
during equilibration. A pulsed laser resonantly creates
orthoexcitons, which decay into paraexcitons with the down-
conversion rateD. The rate of conversion between yellow
orthoexcitons and yellow paraexcitons in cuprite has been
isolated and measured as a function of temperature and as a
function of energy splitting between the states.

In our natural growth, high purity samples we find that the
exciton number is conserved during the thermalization pro-
cess, leading to an accurate determination of the interconver-
sion rateD over a wide range of temperatures and sample
stress, which is used to vary the exchange splittingD.

Both the temperature and stress dependence ofD that we
measure are well explained by a model of orthoexciton
down-conversion by emission of a single TA phonon. The
essential results are contained in Figs. 4 and 6, which com-
pare our data to the TA-phonon model with only a single

overall scaling factor. The emission of a single TA phonon is
a physically reasonable model, which not only fits both func-
tional dependencies but also yields the absolute magnitude of
the matrix element within a factor of 3.5. The remaining
discrepancy may be due to an imperfect knowledge of mix-
ing between green and yellow exciton states. We emphasize
that no other theory to date has attempted to predict the
absolutespin-conversion rate for excitons.
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