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Spin-exchange kinetics of excitons in CG0: Transverse acoustic phonon mechanism
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The interconversion between orthoexcitons and lower-lying paraexcitons,@ Sstudied 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 acoustitA) 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 population in the higher-energy orthoexciton state.
Considering the electron and phonon symmetries at zone

Cw,0 is a direct-gap semiconductor with a band gap ofcenter, Caswell and Yuproposed that ortho-para conversion
2.173 eV The exciton, or bound electron-hole pair, in this proceeded by a two-phonon down-conversion process-one
crystal consists of a hole in the highest valence b&fid)  optical and one acoustic. Weinet al® made the first direct
and an electron in the lowest conduction bdAlf). Both  measurements of the interconversion rate by time-resolving
these bands possess even parity, resulting in long excitothe orthoexciton luminescence following subnanosecond la-
lifetimes. The excitonic binding energy is 150 meV, and theser excitation. The measured rate showed a rougfif/de-
ground state is split by the exchange interaction into a tripletpendence plus a residual rate of ab@t ng* at low tem-
state orthoexciton (°I';9) and a singlet-stateparaexciton  perature, in contrast to tH¥’2 dependence predicted by the
(11“;), with a splitting energy oA =12 meV. The mechanism two-phonon model. The two-phonon mechanism became
for interconversion of orthoexcitons and paraexcitons hagven less viable following time-resolved luminescence ex-
been the subject of interest since the early 70’s. periments by Snoket al.® who applied stress to the crystal

Renewed interest in the kinetics of orthoexcitons ando reduce the ortho-para splitting energy below that of the
paraexcitons came with numerous attempts to observe Boskwest energy optical phondh’,;=10.7 meVj. No reduction

Einstein condensation of excitons in this crystdlhe diffi-  in the ortho-para conversion rate was observed, eliminating
culty in reaching the condensed state lies in a strong twothe role of an optical phonon.
body recombination rate at high densitfett. is generally Snokeet al? proposed that orthoexciton down-conversion

believed that the kinetics and thermal equilibration of exci-is caused by emission of a single acoustic phonon. They
tons depend on two key processes: ortho-para convér§ion developed a theory which predicted the temperature depen-
and Auger recombinatiof® dence of the down-conversion rate, but the rate went to zero
In this paper we take a fresh look at the ortho-para conat zero temperature, in contrast with experimental reSults.
version process. For the first time both paraexciton andenev and Snok& measured the orthoexciton lifetime as a
orthoexciton populations are monitored, taking care to califunction of applied stress, and developed a theory assuming
brate the relative densities. We present both temperature ande emission of a single longitudinal acousti®) phonon.
stress dependence of the interconversion rate. We presentTaey use a deformation-potential Hamiltonian that does not
microscopic model involving the emissions of a single transtake into account the spin-conversion procésse Sec. Y.

verse acousti¢TA) phonon. The form of the interaction Hamiltonian is a key issue in the
The first studies involving ortho-para conversion in,Ou present paper.
were reported by Kreingold and Marakbwyho measured Finally, in an effort to understand the shorter lifetimes

[with continuous wavecw) excitatior] the orthoexciton lu- of orthoexcitons at high densities Kavoulakis and
minescence intensity as a function of temperature. They obMysyrowicZ! have proposed a two-body spin-flip mecha-
served a striking minimum in the orthoexciton populationnism for ortho-para conversion. The idea is that two orthoe-
nearT=20 K and an exponential increase above this temxcitons with opposite magnetic quantum numbers collide,
perature. The exponential increase above 20 K suggestaskchange their electrons and holes via Coulomb interaction,
that orthoexcitons and paraexcitons are in thermal equiliband produce two paraexcitons. The model predicts an inter-
rium at the lattice temperature. The increase in orthoexcitoonversion rate proportional to the density of orthoexcitons.
population below 20 K suggested that slower interconverHowever, a spin-flip scattering process conserves total exci-
sion at low temperature retains a larger non-equilibriumton number, contrary to experimental evidence that both
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orthoexcitons and paraexcitons are efficiently lost at high gas KE
densities*®1213The experimental results favor an Auger re-
combination mechanism at high densities.

Our present experiments are conducted at low densities
(<10'%/cm?), 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 Figa).lln
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 (X,—I';5) is 500 times weaker than the phonon-
assisted luminescence from orthoexcit¢®s—1";,).

Due to these factors, measurement of the paraexcitor,) k
population on a short time scale is difficult. High repetition
rates are needed to optimize the paraexciton signal from ¢_. 10°

I Tum

#i)

single pulse, and paraexcitons remaining from previouss ®)T=166K ortho
pulses must be accounted for properly. Also, during dod = .
a few nanosecongisfter a short excitation pulse the paraex- g XoTh
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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. 10

This paper is organized as follows: In Sec. Il the experi- 2010
mental setup for the measurement is described and the prin
cipal results are reported. In Sec. Il we analyze the data with
rate equations, considering in particular the effect of the _ 10°
background paraexciton buildup. In Sec. IV we propose thatz (©T=18K
the ortho-para conversion is mediated by a TA-phonon pro-;
cess and compare the predictions of this theory to our meas
sured interconversion rates as a function of temperature. IrZ
Sec. V we test the TA-phonon theory against new stress de§
pendent data of the interconversion rate. Section VI givesy
our summary and conclusions.
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Il. EXPERIMENTAL METHODS AND RESULTS

Luminescence In

Our experiments are performed on a natural-growthCGCu Lo?
crystal cut with all(100) faces(2 X 2 2.3 mn?). This crys-
tal is one of those previously used to study the transport anc. Photon Energy (meV)
thermodynamics of excitorid:'* We observe paraexciton - . o
lifetimes of 400—500 ns at 2—20 K. due to recombination at FIG. 1. (a) Schematic diagram of the exciton relaxation kinetics

. . . T at low densities. Wavy arrows denote phonon emission; straight
Impumles'(R??SI?tlve recombmatlon rates e_lre known to bearrows photon emissioi{) is the optical phonon energy. The time-
mUCh. longef>> 9 T,he crystal is mounted in an appar","tusintegrated photoluminescence is given by T=1.66 K and(c) T
allowing the application of stress alofg00], and the lumi-  _18'y ForT>15K. the X,~I'35 line starts to overlap with the

nescence is collected along[@10] direction, perpendicular Xo-TTs
to the laser beam path.

A mode-locked and cavity-dumped dye laser produces dispersion, and detected by a Hammamatsu multichannel-
train of 5 ps pulses with a repetition time of 105 ns. Theplate photomultiplier tube using time-correlated single-
excitation wavelength of 600 nm corresponds to a gi®  photon counting. We measure an overall time response
absorption length af=2 K. To produce a low density gas of of 70 ps.
orthoexcitons(<10'/cm?) and avoid the complications of Figures 1b) and Xc) show time-integrated luminescence
diffusion? we defocus the laser beam and use an averagspectra at 1.66 and 18 K. At temperatures greater than about
incident power less than 5 mW. The luminescence is spect5 K, the paraexciton linéX,-I",5) starts to overlap with
trally dispersed by a half-meter spectrometer with 16 A/mmthe orthoexciton line(X,—I';5), so care must be taken to

2010 2015 2020 2025 2030
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FIG. 2. Trace (a) is the buildup of spectrally integrated E
Xp—T';5 paraexciton spectrum following a 5 ps laser pulse. This g 40 '
raw data includes a base line from previously produced paraexci-g o
tons plus a background due to scattered light from the laser an@d 20 ortho
strong orthoexciton luminescence. Tracg obtained at an energy I ..
just below the paraexcitons spectrum, shows the transient scattere 0 3 6 0 M i

light. Trace(b) equals tracga) minus trace(c) and corresponds to A
the buildup of paraexcitons @t=1.66 K plus the residual decaying Time (ns )
signal from paraexcitons created in previous pulses.

(©)T=18K

isolate the signals from the two species. For these cw spectréz
the paraexciton luminescence is comparable to the orthoexg
citon luminescence because we are taking advantage of thv
much longer paraexciton lifetime.

On a nanosecond time scale the paraexciton signal is 501E
times weaker than that of the orthoexcitons. We ellmlnateE
scattered laser light and background luminescence fron—%
orthoexciton replicas by using a 620 nm interference filter &
angle-tuned to the maximum phonon-assisted paraexcitol
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 riG. 3. Normalized temporal behaviors of excitons after sub-

paraexciton buildup in the presence of scattered light fromyracting the residual paraexciton signal. Circles and dots are fits of
the laser and strong orthoexciton luminescence. Tk@afe Eqs.(3) and(4) to the data. The conservation of total exciton num-
shows the buildup of luminescence collected from the inteber is confirmed by adding the two curves at each temperétate
grated paraexciton spectrum. The actual paraexciton buildughown. The sum decays via the nonradiative recombination
trace (b), is obtained by subtracting off the background lu- process.

minescence shown in trage). As one can see, this proce-

dure is absolutely necessary to obtain the correct time depen-

dence of the paraexciton buildup. Notice that in trgbg

there is a residual signal && 0 that we attribute to paraex-  Also shown in Fig. 3 is the time trace from orthoexcitons,
ctions created in earlier puls@gepetition time=105 nsThe  normalized by their radiative efficiency compared to the
residual signal must be accounted for in order to determin@araexcitons. The relative luminescence rates are well known
the impurity-induced exciton recombination tim@bout from the corresponding absorption strength®ata collec-
450 ng, insuring that we have properly accounted for thistion times for orthoexcitons and paraexcitons are 20 and
effect as a function of temperature. 1800 s, respectively.

ormalized )

Time ( ns)
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Ill. DIRECT MEASUREMENT OF THE 3 v Ortho Deca
DOWN-CONVERSION RATE N ParaBuildu}]]J
. . —— TA model
For an excitation wavelength of 600 nm(hv —— LAmodel
=2065.8 meY, the paraexciton generation is negligible,
known from assignment of the absorption bands near v

600 nm. Orthoexcitons are created by tihg, phonon- = |
assisted absorption process. The rate equations governing tt =
populations of the orthoexcitofo) and paraexcitorip) lev-
els are

Interconversion Rate D

dN

—dt" ==DNy+UN, = %N, + G(1), (1)
dN
~ P _ —
G UN, + DN, = %N, (2)

whereN, y, andG are the number of excitons, the recombi-
nation rates, and the generation rafeandD are the up- and

down-conversion rates. For 5 ps excitation pulsg&) can 0 : : . :
be approximated by a delta function. AlsbD<1 and the 0 5 10 15 20
v's are much smaller thab at the temperatures considered Temperature ( Kelvin )

(T<20 K). In this paper we refer t® as either the “down- _
conversion” or “interconversion” rate. Under these condi- F!G-4. Temperature dependence of the down-conversion rates,

tions the solutions to the simultaneous rate equations arg=(P* o)~ 7, determined from the orthoexciton decay ratBs
+7,, solid triangle$ and paraexciton buildup rat€® +vy,, open

iven b _ ; ) )
9 y triangleg, assumingy,=7y, and a value ofy, that is determined
No(t) = No(0)e P+t (3) from the paraexciton decay. Our data are within the error bars of
orthoexciton decay rates reported by Weieeral® The solid line
Np(t) = No(0)[e %! - e (P, (4) corresponds to the TA-phonon process discussed in the text, scaled

by a single fitting parameter. The temperature dependence, approxi-
Because the radiative recombination times are different fomately given by Eq(6), depends strongly on the phonon velocity
the two speciesr,/ 7,=500 for the two phonon replicathe involved. The dashed line is the LA-phonon procEsivolving
intensity ratio between orthoexcitons and paraexcitons iS.5 times larger phonon velocity.

given by
I, N7, N down-conversion into paraexcitons. That is, there is no loss
o o o . . . .
1 NI :500—N : (5)  of excitons during the interconversion process except for
p N7 P slow nonradiative recombinations at impurities confirmed by

In Fig. 3 we plot the temporal behavior of paraexcitonthe sum of Egs.(3) and (4), Ny+Nyxe™, with y
luminescence at three different temperatures, with the re=(450 ng™2,
sidual signal from prepulse paraexcitons subtracted. Super- In Fig. 4 we plot the interconversion rai@ from both
imposed is the orthoexciton signal normalized as describedrthoexciton decay rates and paraexciton buildup rates for
earlier to reflect the relative number of excitons. The fit totemperatures ranging from 2 to 20 K. The orthoexciton de-
the tail of the paraexciton luminescence yields a paraexcitonay rates agree quite well with the paraexciton buildup rates.
recombination ratey, of about(450 ng~L. At these relatively Small differences at the higher temperatures may be due to
low excitation levels, this decay rate does not change witinaccuracies in obtaining the integrated paraexciton signal as
laser power(i.e., exciton density therefore, we conclude it begins to overlap the orthoexciton replica. The solid and
that the paraexciton decay is due to nonradiative recombinatashed curves shown in Fig. 4 are theoretical fits described
tion at impurities. The impurity-induced decay rate forin the next section.
orthoexcitonsy, 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 paraexcitonsy= y,=1v,), an assumption that has little If the ortho-para conversion involves scattering of acous-
effect in the determination of the down-conversion mate tic phonons, then the rate should increase with temperature.
A fit of the orthoexciton decay curve to E) (circles  Specifically, phonoremissionwill contribute a rate propor-
yields the decay rat® + y,. An independent measurement of tional to 1+n wheren is the occupation number of the rel-
D+, is obtained from a fit of the paraexciton transient toevant phonons, and phonasorptionwill contribute a rate
Eq. (4) (doty. The agreement between the final dengdy proportional ton. As indicated in Fig. (&), the phonon en-
15 ng of the paraexcitons with initial density of orthoexci- ergy is relatively small compared to the energy differeice
tons confirms that the orthoexciton decay is entirely due tdetween ortho- and paraexcitons, so the transition is nearly

IV. OTHO-PARA CONVERSION BY TA PHONONS
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horizontal. The phonon_momentum is thus neaynA and  deformation potential for the holes. These parameters are
the phonon energy isyV2mA, wherev is the transverse or determined by fitting the spectroscopically measured ener-
longitudinal sound velocity, depending on which phonongies of the & ortho- and paraexcitons.
branch is involved. I When TA phonons rotate the lattice through the angle
At high temperaturegT>vv2mA/kg~5 K for TA and 2V x u, whereu is the lattice displacement field, we assume
~20 K for LA) the phonon occupation number is approxi- the spatial wave functions follow the lattice, while the spin
mately n=(kgT)/(vy2mA). Considering both phonon emis- parts of the wave functions move according to the spin-orbit
sion and absorption, the temperature dependence of thghq exchange Hamiltonian in EG7). Working in a nonro-
down-conversion rate is roughly proportional to Int gield-  tating frame of reference, rotation perturbs the Hamiltonian

ing by changingL —L +%(V>< u)XL. We treat the additive
2ksT term in the spin-orbit Hamiltonian as a perturbation
D(T) =1+ ,_25 < (6) P P
vvZm

_ H =S[(VXu) XL]-S'=2(L xS -(VXu). (8
From Eg.(6) we see that the temperature dependence is de- 3 3
termined by the phonon velocity. In g0, the velocities of

the longitudinal and transverse phonons differ by a factor of We must eva_luate the matrix elementlfebf beMeen the
about 3.5(u, =4.5 km/spy=1.3 km/3. LA phonon emis- yellow orthoexciton and yellow paraexciton eigenstates of

sion produces the temperature dependence shown in t g. (7). Waterset a.l'ls Iist_eigenstatesbl through ,, which
dashed curve of Fig. 4, while the TA-phonon-mediated pro- lagonalize the spin-orbit part of E(/). We use these states

cess predicts the solid curv@hese curves take into account @ @ basis in which to solve the full Hamiltonian. To first
the actual distribution of exciton energies and phonon occu@rder inJ/a and inbe;,/ a, the yellow paraexciton is

pation numbers, as discussed later in this seqtibhe data \2be
clearly indicate that the lower-velocity TA phonons are in- lpara = ¢1,— 2 b1,
volved. Notice that the only fitting parameter is the overall a

scaling factor. Our conclusion relies on a good measuremen} g the yellow orthoexcitons are

of the low-T limit of D and a proof that the limiting orthoe- _ _

xciton decay was not caused by some other mechanism than 2\2J \2be,,

down-conversion. The rate 85— 0 is 0.30+0.04 g, lorthoy = ¢hyo~ g‘f’f
How do the phonon polarization and symmetry enter into

the physics? Caswell and ¥pointed out that conversion of [ [

an orthoexcitor(I';¢) to a paraexcitoriI';) should involve a lorthay) = ¢bs - 22J but bfzz ba- \’32622(753,
Hamiltonian with symmetnf'5-® I';=T"7s. We disagree with 3a \2a V2a
Refs. 6 and 10 regarding their treatment of the lattice phonon

scattering as an odd-parity]';s;, interaction. Acoustic 2123 be,, \Ebgzz

phonons precisely at zone center do transform as a displace-  [0rthg) = ¢g— —— 7+ ="+ —=—bg. (9
ment, I';5, but the uniform lattice displacement of these Sa V2a V2a
infinite-wavelength phonons should not be expected to affect \when the perturbatiomd’ acts on the paraexciton, the
the exciton spin state. Finite-wave-vector phonons causg,g,it involves

compression(I';), shear(I';, andI'55), and rotation(I';) in 50 b
amounts proportional to the phonon wave vector. Here we h_ h __ %9 D&y

examine the possibility that the rotatiéh; ) associated with (LS~ LySolpara = 2 P10, (10

TA phonons drives the spin-exchange progestho-para in-

terconversion where we have considered only theomponent of the curl.

Lattice rotation will rotate the atomic orbitals from which Thus the rotation of the lattice by a TA phonon connects the
the conduction and valence bands are built, and rotation gfrtho- and paraexciton with a matrix element
these orbitals will affect the electron and hole spin through 23
spin-orbit coupling. To predict the down-conversion rate we Mop=(ortho/H’[para = —(V X u) - 2. (11)
solve the somewhat simplified 12-state system including the 9
electron hand hole spins, with angular MOomeNtUm operatorgpe giher components GF X u connect the paraexciton to
Se_ and S", and the three.degengra(llmefore spin-orbit cou- each of the other two orthoexcitons.
pling) valence band orbitals, with pseudo-angular momen- We were surprised to find in E¢LO) that there is no term
tuTS operatorl.. This system has been treated by Watets in ¢4 to zeroth order inJ, so that to this order the matrix
al.™ and ?mmc;]re complete .lmod.el ha}ls b_eenf developed bYjement in Eq(11) is zero. That is{¢q/H’| $1=0. Also
I]retrt})(lance:yit.al,-rise static Hamiltonian, allowing for straireg ?101'[)e that the terms proportional be,, exactly cancel in Eq.

We quantize the lattice vibrations and apply Fermi's
golden rule to calculate the transition rate inducedMby,
Under conditions of zero temperature, zero orthoexciton mo-
wherea=132 meV is the spin-orbit splittingl=—23 meV is  mentum and only spontaneous emission of a phonon, the rate
the exchange interaction, amd--1.2 eV is the anisotropic is

2
H:EQL S+215°-S+b D) (3L2-L?), (7)

i=xy.z

195205-5
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, 2w d%q | 2Jsin6|? gh 2q? pendence of the down-conversion rate first appears in higher-
I‘op:? W T 9 55 A‘ﬁUQ‘% order terms proportional to both exchange coupling and
strain. The orthoexciton state thatraisedin energy under
(2 2 q3/3mpu compressive strain(be,,>0) has an increased down-
"\ 9/ kv +hPgy/m’ (12 conversion rate
where the sine of the anglé between the phonon wave , (2] 2Jbe,, -
vector q and 2 picks out thez-component ofVXu, and (ortho/H |para—<§+ 30 >(V xXu)-z. (13

where#qg,=y2mA+mPv?—mu denotes the phonon momen-

tum as determined by energy conservation apd The two orthoexciton states that aexlucedin energy have
=6.1 g/cnt is the mass density of GO. Equation(12) is a  their down-conversion rate reduced

prediction for the absolute down-conversion rate for the state

|ortho) at zero temperature. With an exphange splittihg _ (ortho/H’|para = (E _ %)(V xu)-z, (14
=-23 meV derived from the spectroscopic ortho-para split- 9 3a

ting, it predicts a rate of 0.002 ns which is 150 times L . . .
smgallerE[)han the observed rate Oﬁglns and it is these orthoexcitons that are observed in the strain

There are several factors that increase the theoretical raféell experiments reported both here and in Ref. 10.
estimated earlier. First, the green exciton binding energy is P€nev and Snoké have reported a study of exciton re-
greater than that of the yellow exciton, making the energy@xation as a function of stress in a Hertzian strain well.
Sp“tnng between the ﬂexcitons On'y 58% of the fu” Spin- Thell’ prInCIpal alm was CharaCterlzatlon Of the Auger recom-
orbit interaction . The energy denominators in E@) bination rate at high exciton densities; however, as men-
should have this reduced energy=0.58 instead ofa, tioned earlier they also measured orthoexciton lifetimes ver-

while the interaction in Eq(8) still has the full spin-orbit Sus stress at lower densities. Their analysis involved several
interaction. This correction multiplies Eq12) by (a/a’)?  adjustable parameters and required a correction for a rather
=3.0. short (20 ng paraexciton lifetime in their sample. On the
Second, the different binding energies imply a greateitheoretical side, their deformation-potential Hamiltonian has
electron-hole overlap in the more tightly bound green exci€ven parity and cannot connect the even parity orthoexciton
tons. We should thus expect a larger exchange coupling fotate and the odd parity intermediate state introducekl-py
the green excitons. Waters estimate:0.5) andJy=~2.0]  perturbation.
where J now represents the geometric mean of two con- We have conducted similar low-density measurements on
stants. ThenJ,=-23 meV to match the observed yellow our samplé® which has about 20 times weaker impurity
ortho-para splitting, and the geometric medn—46 meV  recombination than Ref. 10. We have made measurements
appears in Eq(9) and thus in the matrix element. from zero to 6 kbar, corresponding to changingfrom
With these two factors taken into account the predictedl?2 to 3.4 meV.
rate is 0.024 ng or about 1/12 the observed rate. Most se- Figure 5 shows the decay of orthoexcitons in the strain
riously, our restriction to 4 states ignores the strong mixing Well for increasing values of stress at a temperature of 2 K.
that exists between the grees drthoexciton(the state¢p;) ~ The experimental lifetimes are plotted as a function of ex-
and yellow 3 orthoexcitont® A more accurate wave function change splittingA in Fig. 6. The lifetimes increase by an
&g, for use in Eqs(8) and(9), would require solution of the order of magnitude, from 3 ns at zero stress to 30 ns at
radial wave function of the excitons. 6 kbar. The solid curve is the orthoexciton lifetime from the
We believe that the preceding theory captures the essenéew-temperature down-conversion rate, calculated by nu-
of the dominant down-conversion process for excitons inmerical diagonalization of the Hamiltonian Eg). For com-
Cw,0, based on its agreement with the temperature(aed  parison, the dashed line in Fig. 6 shows the prediction if,
laten) the stress dependence of the rate, and because it comiéstead, the LA-phonon velocity is used in the calculation.
close to predicting the order of magnitude of the r@hin ~ Again, the data clearly prefers the TA-phonon velocity,
a factor of 3.5 in matrix elementThis model, extended to Which is required in the theory.
finite temperature and numerically integrated over the ther- An approximate analytic expression for the down-
mal distribution of orthoexcitons, is the solid curve in Fig. 4. conversion rate is obtained by using Ed4), giving the
The predicted rate has been scaled up to compare its tergxplicit A (in meV) dependence of the rate at 0 K:
perature dependence with the experimental data, yielding ex- P
cellent agreement. The TA phonon velociyy=1.3 km/9 D(A) = (E + 3(12 _A)> 2m°A
sets the temperature of the turnover to the observed depen- 9 8

dence at highefl. For comparison in Fig. 4, we show the 14 this order, at finite temperaturB(A, T) is given by this

T-dependence assuming the LA phonon velocity, whichgyhression multiplied by 1 +®as discussed in the previous
yields a poor fit to the data. section.

. 15
3mpvh? (19

V. STRESS DEPENDENCE OF THE
DOWN-CONVERSION RATE VI. SUMMARY AND CONCLUSIONS

Strain changes the exciton states significantly. Extending Experiments and theory have been zeroing in on the in-
the perturbative treatment of the previous section, stress déerconversion mechanism since the first time-resolved ex-
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FIG. 5. Normalized orthoexciton decay curvesTat2 K for 0 0 2 ;1 é é 1'0 1'2
A=3.4,45,57,6.9, 9.3, and 12 meV. The exchange splitlirg
determined from the orthoexciton shift with stress, as detailed in Exchange Energy Splitting ( meV )
Ref. 21. Our measured values of orthoexciton lifetime are approxi-
mately 30% larger than those reported by Denev and SHbKeeir FIG. 6. Stress dependence of the orthoexciton lifetimeT at
measurement may have been affected by the significantly shorter2 K. The dots are measured lifetimes as a function of the energy
non-radiative decay of excitons in their sample. splitting. The solid line corresponds to the TA-phonon process with

the same scaling parameter determined as in the temperature depen-

periments by Caswell and Yu. Our experiments are the firsfen'ce Of Fig. 4. The dashed line corresponds to the LA-phonon

to observe both orthoexciton and paraexciton population8 ¢S

during equilibration. A pulsed laser resonantly createspverall scaling factor. The emission of a single TA phonon is
orthoexcitons, which decay into paraexcitons with the downg physically reasonable model, which not only fits both func-
conversion rateD. The rate of conversion between yellow tional dependencies but also yields the absolute magnitude of
orthoexcitons and yellow paraexcitons in cuprite has beetthe matrix element within a factor of 3.5. The remaining
isolated and measured as a function of temperature and asd@&crepancy may be due to an imperfect knowledge of mix-
function of energy splitting between the states. ing between green and yellow exciton states. We emphasize
In our natural growth, high purity samples we find that thethat no other theory to date has attempted to predict the
exciton number is conserved during the thermalization proabsolutespin-conversion rate for excitons.
cess, leading to an accurate determination of the interconver-
sion rateD over a wide range of temperatures and sample ACKNOWLEDGMENTS
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